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ABSTRACT AND KEYWORDS

Friction in the wheel-rail interface is crucial for the efficiency and safety of railway transport.
Two traditional friction management methods, sanding and wheel-flange lubrication, are widely used
to address low adhesion, wear, and noise issues. Although these methods have proven effective over
decades, issues like corrugation, squeal noise, and rolling contact fatigue still remain. These issues
can be mitigated by the top-of-rail friction management approach, which is the focus of this
habilitation thesis. The research examines the frictional behaviour of various top-of-rail products
under different dosing conditions, their performance under varying operational and environmental
conditions, and their behaviour in the presence of water contamination. The findings provide valuable
insights into both the advantages and limitations of the top-of-rail friction management approach,
offering practical guidelines for optimising this method. Building on these insights, a multi-phase
testing methodology was developed to enable comprehensive performance evaluation and enhance
result transferability. This methodology also includes the study of track performance parameters
under laboratory conditions, which helps reduce the number of time- and cost-intensive field
experiments. The findings of this thesis have been published in fifteen peer-reviewed journal articles.

railway; wheel-rail interface; friction modification; top-of-rail products; adhesion

ABSTRAKT A KLICOVA SLOVA

Tteni mezi kolem a kolejnici je jednim z kli¢ovych faktorti pro efektivitu a bezpecnost kolejové
dopravy. V praxi se bézn¢€ vyuzivaji metody piskovani a mazani okolku, které fesi problémy spojené
s nizkou adhezi, opotiebenim a hlukem. Ackoliv jsou tyto metody efektivni a provéfené desitkami
let praxe, stale existuji dalsi vyzvy, které je tfeba fesit, jako naptiklad vinkovitost, kvilivy hluk nebo
kontaktni inava. Pro zmirnéni téchto nezadoucich projevii se vyuziva metoda fizeni tfeni na temeni
kolejnice, coz je hlavnim tématem této habilitacni prace. Vyzkum se zamétuje na chovani riznych
typd produktd pro fizeni tfeni na temeni kolejnice v zavislosti na aplikovaném mnozstvi, jejich
vykonnost v riznych provoznich a environmentalnich podminkach a jejich chovani pfi kontaminaci
vodou. Tyto poznatky poskytuji prehled o vyhodach a omezenich tohoto pfistupu a mohou byt
vyuzity k jeho optimalizaci. Na zakladé té€chto poznatkii byla vyvinuta vicefizova metodika
testovani, kterd umoziuje komplexni posouzeni jejich vykonnosti a zajist'uje prenositelnost vysledkt
mezi riznymi pracovisti. Metodika zahrnuje také hodnoceni tratovych parametri vykonnosti
produktd, coz napomaha snizit pocet ¢asové a finanéné narocnych tratovych testi. Vysledky této
prace byly publikovany v patnacti odbornych ¢lancich ve védeckych ¢asopisech s recenznim fizenim.

zeleznice; rozhrani kolo-kolejnice; modifikace tfeni; produkty pro temeno kolejnice; adheze
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INTRODUCTION

Railway transportation is crucial for moving goods and passengers over medium distances and
within urban areas worldwide. Moreover, with the development of high-speed rail lines, railways
have become more competitive even for long-distance travel. This mode of transport offers several
key advantages, including environmental friendliness, energy efficiency, and reliability [1]. Despite
these benefits, several challenges must be addressed to ensure the sustainable development of
railway transportation, such as increasing demands for speed, rising axle load requirements, noise
issues, and climate change. The interaction between wheel and rail is one of the keys to overcoming
these challenges.

Two important contact regions between the wheel and rail are identified: the wheel tread/rail head
and the wheel flange/rail gauge corner. Additionally, a third contact region sometimes occurs
between the field sides of the wheel and rail, although it is less frequent. These regions operate
under significantly different conditions, particularly in terms of slip and contact pressure, each
requiring a specific level of friction. For example, a low friction value is desired at the wheel
flange/rail gauge corner to minimise wear. Conversely, a medium friction level is preferred at
the wheel tread-rail head to enhance traction and braking capabilities.

To achieve these requirements, two conventional friction management methods are widely used:
wheel flange lubrication and sanding, see Fig. 1.1. The first method reduces friction at the contact
between the wheel flange and the rail gauge during curve negotiation. In contrast, the second
method addresses low friction between the wheel tread and rail, typically caused by weather and
contamination. Both methods have been tested over decades, proving to be cost-effective, easy to
operate, and environmentally friendly.

—— wheel flange lubrication sanding —— TOR friction modification

wheel wheel

e —— —

m ( high rail

Fig. 1.1 Overview of friction management methods (modified from [2])

Building on these traditional methods, top-of-rail (TOR) friction management was introduced in
the late 1980s and early 1990s to address short-pitch corrugation issues [3]. This innovative
approach not only adjusts but also manages friction between the wheel tread and the railhead,
maintaining it within the desired intermediate range. Today, various TOR products and application
strategies are implemented in rail transport to achieve several benefits, including extended service



life of rails and wheels, which helps reduce maintenance costs [4]-[6]. However, the effectiveness
of these products is affected by environmental conditions, contaminants, and operational
parameters, which significantly vary across railway systems.

Understanding how these factors influence the performance of TOR products is essential for
optimising TOR friction management methods. This habilitation thesis, written as a collection of
scientific articles published by the author, is structured into three main chapters to expand
the knowledge about the TOR friction management approach from multiple perspectives. The first
chapter focuses on the different types of TOR products and their effectiveness in areas such as
frictional performance, wear reduction, and noise mitigation. The second chapter examines
the impact of weather conditions on TOR product performance, and the final chapter introduces
a newly developed multi-phase methodology for TOR product testing.



TOP-OF-RAIL PRODUCTS
AND THEIR PERFORMANCE

2.1 Introduction

As mentioned in the previous chapter, TOR friction management was initially developed to address
short-pitch corrugation and the associated noise issues [3]. That pilot study employed a solid TOR
product, hereafter referred to as solid sticks, which was applied from the vehicle to the wheel treads.
Subsequently, several types of liquid TOR products were developed. In contrast to solid sticks,
these liquid products can be applied in two different ways: directly from a vehicle, similarly to solid
sticks, or using track-mounted systems. These track-mounted systems are usually installed in areas
where issues such as corrugation and squealing noise frequently occur. In such cases, TOR products
with higher viscosity or a higher NLGI grade are generally preferred. Liquid TOR products can be
classified based on their base medium into two groups: friction modifiers (water-based products)
and TOR lubricants (oil- or grease-based products) [7]. The second group also includes the so-
called TOR hybrids, which have both a water and oil base. However, in this thesis, TOR hybrids
are considered as a third, separate group to avoid confusion between oil- and grease-based products
(TOR lubricants) and TOR hybrids.

Another key aspect of TOR products is their composition, which typically includes several types of
solid particles [8]-[10]. These include particles for friction modification (PFM), such as magnesium
silicate or zinc oxide, as well as solid lubricants like molybdenum disulfide or graphite. Other solid
particles, such as talc, are used as rheological control or binding agents in friction modifiers.
The most significant difference between friction modifiers and TOR lubricants lies in the role of
the base medium. In the case of friction modifiers, water primarily acts as a transport medium,
which is necessary for dosing and spreading the product along the track. Once the water evaporates,
a thin, dry, frictional layer of solid particles remains on the surfaces. In contrast, the oil or grease
contained in TOR lubricants remains on the surfaces with solid particles [11].

Because of these differences, friction modifiers and TOR lubricants are often referred to as drying
and non-drying materials, respectively [7]. A boundary lubrication regime typically occurs for
drying materials and solid sticks, while both boundary and mixed lubrication regimes can occur for
non-drying materials, as depicted in Fig. 2.1(a). It is important to note that full-film lubrication can
occur under certain operating conditions, especially when an excessively high amount of
non-drying materials is applied [11]. As a result, accurate dosing is required to prevent undesired
full-film lubrication, as this regime can lead to a significant drop in friction.

Although various types of TOR products exist and have different application and dosing
requirements, they should all provide similar frictional properties. According to [12], TOR products



should meet two key frictional properties to achieve the expected benefits of TOR friction
modification:

e Provide an intermediate level of friction, typically around 0.35. The value may vary
depending on rail characteristics and the type of contaminants present. For example,
the intermediate range in [13] is defined from 0.2 to 0.4.

e Exhibit a positive creep curve beyond the saturation point, meaning the coefficient of
friction (CoF) increases with rising sliding velocity or creep (slip), as shown in Fig. 2.1(b).

Achieving these frictional properties is crucial for obtaining the expected benefits, such as noise
mitigation [14], reduced or suppressed corrugation development [15], decreased wear and rolling
contact fatigue (RCF) [6], and fuel savings [16].
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Fig. 2.1 Expected behaviour of TOR products in terms of (a) lubrication regimes and
(b) creep curve (modified from [2])

2.2 The effect of TOR products on frictional properties

In 2002, Japanese researchers published pilot studies investigating the ability of friction modifiers
to provide an intermediate level of friction and a positive trend in the creep curve [17],[18].
Matsumoto et al. [17] used a scaled roller stand to examine creep curves in both longitudinal and
lateral directions under dry conditions and with the application of a friction modifier. While
a negative trend in the creep curve was observed in both directions under dry conditions,
the presence of the friction modifier changed this negative slope to a positive one in both directions.
Based on these findings, the authors concluded that this friction management approach may be
suitable for reducing noise and corrugation.

In the same year, Tomeoka et al. [18] used a two-roller-rig machine to investigate the effect of
a friction modifier on the creep curve and its development with an increasing number of test cycles.
Additionally, two different application strategies were tested: painting and spraying. Both strategies
demonstrated that the tested friction modifier could produce a positive trend in the creep curve and
maintain an intermediate level of friction. However, low friction values (around 0.1) were observed
during the initial test cycle, particularly when the friction modifier was applied by painting,
as depicted in Fig. 2.2(a). These low friction values were almost avoided when the friction modifier
was applied by spraying, as the CoF was low only for low slip values, as shown in Fig. 2.2(b).
Based on these findings, the authors developed an on-board system, which was subsequently tested
on both tangent tracks and tight curves. In these field tests, the friction modifier was sprayed onto



the rail using nozzles mounted on the last bogie of the trains. The results showed that the friction
modifier substantially reduced tangential and vertical forces on the tested curve sections.
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Fig. 2.2 Effect of a friction modifier on creep curve for (a) painted and
(b) sprayed application [18]

Later studies also confirmed the ability of friction modifiers to provide an intermediate level of
friction [19] and a positive creep curve trend [20]. In addition to research testing the frictional
performance of commercial friction modifiers, a study conducted by Galas et al. [22] focused on
the effect of friction modifier composition on adhesion. The results revealed that even non-complex
substances (two- or three-component substances) could provide the desired frictional behaviour.
Furthermore, the study compared the performance of different compositions in both wet and dry
states, as this factor is important for friction modifiers that need to perform effectively under both
conditions. The study also highlighted the importance of drying, showing that a sharp drop in
adhesion can occur during the transition between wet and dry friction layers. This comparison
further showed that substances with a suitable chemical composition did not cause low adhesion
issues in the dry state. Additionally, it was found that friction modifiers, whether wet or dry, are
less dependent on the amount applied compared to TOR lubricants, as described below.

These findings have been recently confirmed by a study that employed both experimental and
numerical approaches to investigate the performance of friction modifiers for several applied
amounts [23]. The simulation results showed that the peak coefficient of traction (CoT)
decreased from 0.21 to approximately 0.08 as the applied amount increased from 16 mL/mile to
2048 mL/mile, representing an overdosing situation. These results indicate that even when
an extremely large amount of friction modifier is applied, the CoT does not drop as critically as for
TOR lubricants (described below).

In contrast to the extensive research conducted on friction modifiers, studies on TOR lubricants
have mainly received attention in recent years. Galas et al. [24] published one of the first studies on
TOR lubricants, examining the performance of two commercial products using a ball-on-disc
tribometer. The study revealed that TOR lubricants can provide an intermediate level of friction
when applied in optimal amounts, as shown in Fig. 2.3(a). However, TOR lubricants had
a negligible effect on the coefficient of adhesion (CoA) when the applied amount was below
the optimal, while larger amounts resulted in low adhesion conditions. These results indicate that
the frictional behaviour of TOR lubricants is highly dependent on the amount applied. The risk of
low adhesion conditions with excessive TOR lubricant amounts was confirmed using Stribeck tests,
as depicted in Fig. 2.3(b). At very low speeds, the CoA fell within the range of 0.03 to 0.09;
at higher speeds, it was even below 0.02.
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Fig. 2.3 (a) Effect of TOR lubricant amount on the friction curve; (b) Stribeck curves for
excessive amounts of TOR lubricants and oil [24]

Oomen et al. [25] reached similar conclusions while studying the effect of three oil-based TOR
products on CoA under varying speeds using a horizontal twin-disc machine. As speed increased,
CoA dropped sharply to values below 0.02, indicating a transition to a different lubrication regime.
Even at low speeds and high slips, CoA remained significantly reduced for several cycles after
product application. The risk of low adhesion was further confirmed by Liu et al. [26] and Sanchez
et al. [27], who examined the impact of TOR lubricants on CoA. While their findings demonstrated
the ability to mitigate a negative creep curve trend, CoA values remained below 0.1, even
at maximum slip levels, as shown in Fig. 2.4. In contrast, Seo et al. [28] demonstrated that both key
parameters, a positive trend of the creep curve and an intermediate level of friction, can be achieved
with the proper application of a TOR product. However, it is important to note that the study used
a TOR hybrid containing both water and oil.
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Fig. 2.4 Creep curves for dry contact, contact treated with the friction modifier, and contact
treated with TOR lubricants [26]

One of the most recent and comprehensive studies, published by Gutsulyak et al. [29], examined
the performance of three different types of TOR products using a twin-disc machine. This study
specifically tested two friction modifiers, a hybrid TOR product and a TOR lubricant. The findings
align with previous research, showing that low adhesion conditions were observed when the contact
was treated with the TOR lubricant, whereas an intermediate adhesion level was achieved for
the other tested products.

In the case of field studies, Galas et al. [30] conducted a series of tram braking tests to evaluate
the effect of different amounts of TOR lubricant on braking distance. They found that applying
a small amount, less than that recommended by the manufacturer, resulted in a negligible change
in braking distance. However, with larger amounts, a significant increase in braking distance was



observed. Additionally, these braking conditions were accompanied by wheel sliding, causing
the formation of flat spots on the wheels, which are highly undesired as they increase vibration and
noise levels [31]. The tendency toward low adhesion conditions following the application of a TOR
product was later confirmed by another field study conducted by Khan et al. [32], who reported
areduction in braking capacity. Furthermore, tests conducted with excessive amounts of the product
led to a significant drop in friction measured by a hand push tribometer.

Since 1992, when Kalousek et al. [3] published a pioneering study on solid sticks, only a limited
number of studies have focused on the performance of these solid products. Examples of these
studies are investigations from the University of Sheffield, which aimed to determine whether
the application of a solid stick poses risks to wheel-rail isolation [33],[34]. The findings showed
that the tested solid stick did not increase contact impedance, suggesting it would not negatively
affect the functionality of track circuits used to detect vehicles. Additionally, the results of this
study demonstrated that a solid stick can provide an intermediate level of friction without causing
an initial sharp drop in the CoF, as shown in Fig. 2.5. The ability of solid sticks to provide
an intermediate level of friction was later demonstrated by Velez et al. [35], who compared
the performance of a commercial product with two custom-made solid sticks. Although some tested
solid sticks exhibited a positive creep curve, this positive trend was also observed under dry contact
conditions, suggesting that the results may not provide clear information about the shape of
the creep curve.
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Fig. 2.5 Effect of a solid stick on impedance and CoF [33]

2.3 The effect of TOR products on corrugation, wear, and RCF

The field study conducted by Kalousek et al. [3] demonstrated that the application of a solid stick
can suppress the development of short-pitch corrugation. This phenomenon was extensively studied
between 2000 and 2010, with several studies confirming the positive effects of friction modifiers
in reducing corrugation development across various railway systems [36]-[38]. Egana et al. [36]
applied a friction modifier using a wayside system near a curved section of a commuter line where
the inner rail was corrugated. In this study, the rail was first ground, and then a friction modifier
was applied for 19 months. During this period, no corrugation development was observed.
However, once the friction modifier application was stopped, the corrugation amplitude increased
almost immediately. Over the next 22 months, without the friction modifier application, the peak
corrugation amplitude increased from 0.05 mm to nearly 0.18 mm. These results demonstrated
the ability of the friction modifier to suppress or at least significantly mitigate corrugation



development. Supporting these findings, two comprehensive studies by Eadie et al. [37],[38]
investigated the impact of friction modifiers on short-pitch corrugation, with experiments
conducted on various railway systems, including metro, tram, and light rail. These studies were
carried out on tracks with different conditions, such as new, corrugated, and worn tracks, as well as
on various types of track structures, including concrete sleepers with ballast and embedded tracks.
The results showed that applying a friction modifier could significantly reduce or even completely
suppress corrugation growth across all systems. An example of these results from a metro system
is shown in Fig. 2.6.
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Fig. 2.6 Corrugation development in Metro Bilbao [37]

Reducing wear and RCF is another important aspect of using TOR products. Unlike studies on
corrugation, research on these effects has primarily been conducted in laboratory conditions.
Two of the most relevant studies on this topic were conducted by Eadie et al. [39] and Stock et al.
[40], which utilised a full-scale wheel test rig to investigate wear and RCF under dry conditions and
with the friction modifier application at various intervals. The former study [39] revealed that by
applying a friction modifier, rail wear was eliminated on both the gauge corner and the top of
the rail, as shown in Fig. 2.7(a). Surface analyses indicated a significant reduction in RCF crack
formation, with the rail surface becoming significantly smoother compared to untreated conditions,
as evidenced by Fig. 2.7(b). These results were supported by modelling, which demonstrated that
peak pressure shifted from the ratcheting regime to the elastic shakedown zone when the friction
modifier was used. Additionally, sub-surface analyses showed a significant reduction in the depth
of the deformed surface layer. The later study [40] showed similar positive effects associated with
using the friction modifier when a premium rail was used. Additionally, it was found that
the application of the friction modifier had no negative impact on the growth of pre-existing cracks.

Hardwick et al. [41] later investigated the impact of various materials on pre-existing cracks and
wear. The materials tested included both drying and non-drying materials, such as water, friction
modifier, low-viscosity TOR lubricant, high-viscosity TOR lubricant, TOR hybrid, and gauge face
lubricant. Water and low-viscosity TOR lubricant showed the highest mass loss, whereas the other
materials exhibited significantly lower wear rates. Regarding the effect on RCF, the friction
modifier performed best, as this drying product did not accelerate crack growth. In contrast,
the high-viscosity TOR lubricant, TOR hybrid, and gauge face lubricant slightly interacted with
existing cracks, leading to spalling. The low-viscosity TOR lubricant caused the worst surface
deterioration, with significant material loss, faster crack growth, and surface delamination. These
results suggest that non-drying materials should be avoided in track sections with pre-existing RCF



damage to prevent further crack growth and spalling. In contrast, friction modifiers can be used,
as these products minimally impact crack propagation and surface wear due to their quick-drying
behaviour.

Fig. 2.7 (a) Comparison of rail wear profiles for dry and friction modifier conditions; (b) rail
surface images (left to right) for new, friction modifier, and dry conditions [39]

The articles by Sanchez et al. [27] and Seo et al. [28] later confirmed and expanded the findings
from Hardwick et al. [41]. Sanchez et al. [27] compared the performance of two TOR lubricants in
terms of frictional behaviour (as described in the previous subchapter) and their impact on wear and
surface damage. Their analyses revealed that a combination of high slips and the presence of TOR
lubricants between the contact bodies caused ratcheting and delamination, suggesting a crack
pressurisation mechanism. Seo et al. [28] reported similar findings for the TOR hybrid material.
The TOR hybrid reduced wear compared to dry conditions; however, the wear rate was higher than
in water-lubricated conditions. Concerning surface damage, the most significant damage occurred
with the shortest spraying time of the TOR hybrid, representing the lowest applied amount.
The authors described this phenomenon as a mixed environment where both wet and dry conditions
coexist. In this scenario, traction forces in dry conditions initiate crack formation, while fluid
entrapment mechanisms, typical of water conditions, accelerate crack growth.

2.4 The effect of TOR products on curve squeal

Several noise sources are distinguished in railways, including rolling noise, curve squeal, bridge
noise, ground vibration noise, aerodynamic noise, and impact noise [42]. Curve squeal is one of
the most disturbing noises, occurring when a vehicle negotiates sharp curves. High-frequency noise
from light rail systems, trams, and subways is a major problem in urban areas, often disturbing
nearby residents. Curve squeal can be divided into TOR squeal and flanging noise, with typical
frequency ranges of 10005000 Hz and 5000-10,000 Hz, respectively [43]. The latter is often
referred to as grinding noise, as it occurs when the wheel flange rubs against the gauge face of
the rail. Two hypotheses have been proposed to explain the generation of TOR squeal: the falling
friction mechanism [44] and the more recent mode coupling mechanism [45],[46]. The paragraphs
below provide a brief overview of research focused on reducing TOR squeal, as it is one of the most
frequently mentioned benefits of TOR friction management.

The effect of TOR products on TOR squeal has been extensively studied by Eadie et al.
[12],[37],[47], who published several papers on this topic. In a 2002 review article [47], they
highlighted the importance of the rheological properties of the interfacial layer, which directly
influence the trend of the creep curve. They noted that changing the creep curve trend from negative



to positive can prevent roll-slip oscillation, thereby reducing related vibrations and noise.
This change was demonstrated using an elastic-plastic rheological model previously published by
Hou et al. [48]. The study also included a comparison of the noise frequency spectrum for trains
passing with and without the application of a solid stick product on the wheel tread.
This comparison revealed a significant sound level reduction in the 800-6000 Hz frequency range,
including the range of TOR squeal, with noise reductions of up to 20 dB and an average noise
reduction between 5 and 10 dB.

The ability of friction modifiers to reduce TOR squeal noise was effectively demonstrated with
friction modifiers applied using a trackside applicator [12]. Two case studies focused on a light rail
system in the USA and a tram line in Japan. In the light rail system, applying the friction modifier
through the trackside applicator resulted in an average noise reduction of 12.8 dB, while manual
application achieved an even greater reduction of 14.3 dB, as illustrated in Fig. 2.8. This reduction
was observed at a frequency of 1600 Hz, but noise reduction was evident across the entire monitored
frequency range (100-8000 Hz). In contrast, the Japanese tram line showed a significantly lower
average noise reduction. The authors attributed this lower reduction to lower speeds during
measurements than typical operational speeds. The results highlighted the importance of
the application process, as the experiments included two scenarios: applying the friction modifier
on both rails or the inner rail only. When applied to both rails, the average noise reduction reached
5.1 dB, while applying the friction modifier only to the inner rail achieved a reduction of just
3.5 dB. The greater noise reduction achieved by lubricating both rails was due to a decrease in
flanging noise caused by reduced flanging forces on the high rail.
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Fig. 2.8 Average sound pressure level vs. frequency for dry and FM conditions [12]

Eadie et al. [37] published a comprehensive study on the effects of friction modifiers on noise across
five European railway systems, including metro, light rail, and tram systems. The study examined
variations in track structure, track conditions, curve radius, and operating conditions.
Two application strategies for friction modifiers were used: automatic trackside application and
manual application. In all cases, a gauge face lubrication system was also employed, either
on-board or trackside. The overall results showed noise reductions ranging from 6.3 to 22.8 dB,
with an average reduction of 12 dB. The largest reduction was observed in a recently opened tram
system, where severe squeal and flanging noise had been identified, while the smallest reduction
was recorded in a heavily corrugated metro system. Baseline data (without friction modifier)
indicated that gauge face lubrication alone is ineffective at combating noise in curves. In contrast,
applying friction modifiers was observed to reduce both TOR squeal and flanging noise in some
systems.
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Recent field research includes studies carried out in Australia [49],[50]. Kwong et al. [49]
demonstrated the effectiveness of TOR friction management in a high-density tram network in
Melbourne, with noise reductions ranging from 11 to 18.5 dB. This corresponds to an approximate
50% reduction in perceived loudness. In contrast, Curley et al. [S0] revealed unexpected findings
that question established theories. Their seven-month study focused on gauge face lubrication and
TOR friction modification to reduce noise from freight and passenger trains. This extensive
research involved various experiments in which gauge face lubrication and TOR friction
modification were applied separately or together on the inner rail, outer rail, or both. The results
showed that gauge face lubrication significantly affected tonal wheel squeal rather than the expected
impact of TOR friction modification. Additionally, applying friction modifier or TOR lubricant
only to the inner rail was proven to be ineffective in mitigating noise.

There are only a limited number of laboratory studies on the impact of TOR products on noise
compared to the extensive field studies. The pioneering laboratory study on TOR squeal was
published by Liu et al. [26], who used a twin-disc machine to investigate the effect of a friction
modifier and two TOR lubricants using a twin-disc machine. This machine allowed for adjustments
in the angle of attack (AoA), enabling the study of the creep curve trend. The experiments revealed
that squeal noise was not eliminated in all measurements despite the tested TOR lubricants
preventing the negative trend in the creep curve observed under dry conditions. Squeal noise
persisted, especially at higher speeds and greater AoA values. Based on these findings and
the modelling included in the study, the authors suggested that squeal noise may not be suppressed
due to the positive slope of the creep curve but rather by reducing the lateral vibration forces that
excite the wheel squeal mode. However, at higher speeds and larger AoA, an instantaneous negative
creep curve can still exist (see Fig. 2.9), which may explain the occurrence of squeal noise under
these conditions. The authors mentioned that this phenomenon can also be explained by the mode
coupling theory, previously summarized by Pieringer et al. [51].
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Fig. 2.9 Creep curves and instantaneous behaviour [26]

The subsequent study published by Galas et al. [30] examined the performance of a commercial
TOR lubricant on sound pressure levels using a twin-disc machine. The study tested varying
application amounts and an extreme AoA of 4°, simulating conditions in a tram loop. Their
investigation demonstrated a significant noise reduction from approximately 100 dBA under dry
conditions to 70 dBA with the TOR lubricant application. Furthermore, a strong correlation was
found between noise levels and friction data.
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The significance of the mode coupling theory was demonstrated in a recent study by Liu et al. [52],
who employed a twin-disc rolling contact test rig capable of adjusting both the contact angle and
AoA. The findings revealed that the frequency and amplitude of squeal noise closely align with the
analytical predictions of the mode coupling model.

2.5 Summary of the literature review and research gaps

Since the first study on friction management was published in 1992 [3], numerous articles have
explored the benefits of TOR friction modification. The literature primarily focuses on
the behaviour and advantages of friction modifiers, while other types of TOR products have
received considerably less attention. These water-based substances provide the desired frictional
behaviour [17]-[20], specifically an intermediate level and a positive slope of the creep curve
beyond saturation. This behaviour has also been confirmed for TOR lubricants [22],[25], TOR
hybrids [28],[29], and partially for solid sticks [33],[34]. However, many studies indicate that TOR
lubricants can cause low adhesion [22],[29],[53], which may lead to braking issues [32] and
extended braking distances [30]. This phenomenon is not yet fully understood but may result from
overdosing [32] or could be related to the composition of TOR lubricants [24],[54]. Overdosing can
also occur with friction modifiers, although the optimal dose must be exceeded significantly [23].
Adhesion issues may arise immediately after application [20],[S5], as also seen with TOR
lubricants, or due to the drying of friction modifiers, particularly during transitions from semi-dry
to dry friction layers [22].

One of the main benefits of applying TOR products is the reduction of corrugation and wear. While
many field studies have demonstrated the positive effects of friction modifiers in minimising
corrugation growth across various railway systems [36]-[38], findings on wear and RCF reduction
differ by product type. A decrease in wear was observed across different TOR products
[20],[24],[28],[35], but their impact on pre-existing cracks was inconsistent. No adverse effects
were found for friction modifiers [41], whereas RCF crack growth was noted with TOR hybrids
[28] and especially with low-viscosity TOR lubricants [41] due to the oil wedge effect previously
described and observed for other liquids [56]-[58].

Other studies have demonstrated a positive effect of TOR products on noise reduction. Many studies
have shown this effect for friction modifiers across different railway systems with varying track
and operating conditions [12],[37],[50]. The most significant noise reduction was observed on
recently opened or unworn tracks, where noise from corrugation did not contribute to the overall
noise level [37]. These findings also suggested that gauge face lubrication alone can be ineffective
in noise mitigation, as TOR friction modification can effectively reduce both squeal and flanging
noise [14],[37]. However, this contrasts with Curley et al. [S0], who found that gauge face
lubrication of the outer rail impacts squeal noise levels more than TOR friction modification.
Additionally, it was shown that applying a TOR product only to the inner rail was ineffective or
less effective for noise reduction [12]. Regarding the squeal noise reduction mechanism, the study
by Liu [26] found that squeal noise may persist even with a positive creep curve, attributing this to
an instantaneous negative creep curve or mode coupling theory [51],[52].

Based on this literature summary, the following research gaps (RGs) have been identified:

= RG1: While the impact of friction modifier composition was studied in [22], the effect of
TOR lubricant composition on frictional behaviour remains unclear, as most studies have
utilised commercial TOR lubricants. A clearer understanding of these findings could help
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2.6

explain several phenomena related to TOR lubricants, including mechanisms that lead to
a sharp drop in adhesion following TOR lubricant application [25]. Additionally, further
exploration of the relationship between frictional performance and the applied amount of
TOR lubricants is needed [24]. This knowledge could support the development of new TOR
lubricants with enhanced frictional properties and lower sensitivity to dosage accuracy.

RG2: Although various studies have compared the performance of different types of TOR
products [29],[41], a comprehensive study examining their frictional properties across
varying application amounts has not yet been published. As discussed above, the applied
amount is crucial for achieving the desired frictional properties [22],[24].

RG3: The effect of solid sticks on wear and surface damage remains unclear, as previous
studies have primarily focused on wheel-rail contact impedance [33],[34]. The study by
Vélez et al. [35] partially addresses these issues, providing insights into the impact of solid
sticks on wear; however, their effect on RCF has not yet been explored. It should be noted
that the findings of Vélez et al. [35] were published after this RG was formulated and were
unavailable during our research.

RG4: Many studies have explored the performance of various TOR products, focusing on
aspects such as retentivity [20] and minimum adhesion after application [55]. However,
these experiments were typically conducted under fixed operating conditions, including
specific pressure and slip parameters. This approach does not address how variations in
these conditions might influence the performance of TOR products in terms of frictional
properties, wear, and surface damage.

RGS: In relation to RG4, the impact of temperature on the frictional properties of TOR
products and on wear and surface damage has not been fully explored despite their use in
environments with a wide range of temperatures.

RG6: The performance of friction modifiers in reducing noise has been extensively
investigated in numerous field studies conducted on various tracks [37],[50]. However,
these studies primarily utilised commercial friction modifiers, so the effect of specific
compositions on noise reduction remains unclear. The study [22] explored the performance
of various water-based substances on adhesion and demonstrated that even simple,
non-complex substances can provide the desired frictional behaviour. This raises
the question of whether such simple TOR products or even water alone might provide
the required friction properties while simultaneously reducing noise.

Author's contribution

The author of this thesis has been working on the topic of TOR friction modification since 2016,
when he published his first article focusing on the behaviour of oil-based TOR products [24]. Since

then, he has released several articles that expand knowledge about various types of TOR products
from multiple perspectives. The eight articles [59]-[66] included in this chapter directly build on

previous research and fully or partially address the research gaps described above. However,

it should be noted that additional research gaps exist that are not mentioned here but are covered in
the fifth chapter of the thesis as suggestions for future research directions.

The first article [59] contributes to the field by introducing an asperity-based model specifically
designed to predict CoA in rolling-sliding contact. This model effectively combines friction from
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both asperity contacts and liquids, enabling accurate predictions across various lubrication regimes.
The accuracy of the model is validated by a comparison with experimental data for dry and water-
contaminated contacts, underscoring its reliability. While the article does not directly address
previously identified research gaps, it serves as a valuable tool in subsequent studies [60],[61]
aimed at predicting CoA in rolling-sliding contact in different lubrication regimes.

The second article [60] makes a significant contribution by exploring how the composition of TOR
lubricants affects their frictional properties, directly addressing RG1. This research develops
custom-made TOR lubricants aimed at minimising the initial drop in CoA after application while
maintaining a desired friction level for a wider range of applied amounts. This work is crucial for
addressing the common issue of frictional performance dependence on applied amounts observed
in commercial TOR lubricants. Furthermore, the study enhances understanding of the mechanisms
behind the initial CoA drop and the subsequent development of the friction curve by employing
the asperity-based model [S9].

The third article [61] contributes to the field by examining the frictional performance of various
TOR products across a wide range of applied amounts, which addresses RG2. Additionally,
it investigates the effects of elevated temperatures, thus contributing to RGS as well. By combining
shear properties obtained from torsion rheometer measurements with the asperity-based model [59],
the study allows for the prediction of creep curves for different TOR products. This predictive
capability is valuable for vehicle dynamic simulations and improves the understanding of
the physical processes occurring at the wheel-rail contact.

The fourth article [62] contributes to understanding solid stick products by investigating their
frictional properties and effects on wear, surface damage, and the generation of RCF cracks, thus
addressing RG3. By comparing the mechanisms that lead to RCF crack formation in both liquid
and solid TOR products, this study enhances knowledge in this area.

The contribution of the fifth article [63] lies in understanding how operating conditions affect
the performance of the friction modifier, focusing on factors such as contact pressure, slip, and
applied amount. The resulting contour diagrams illustrate both potential adhesion risks and changes
in product retentivity based on the operating parameters, providing valuable insights for optimising
the application of friction modifiers in the field. Furthermore, it highlights the necessity of careful
consideration when applying friction modifiers to rails with pre-existing surface damage under
heavy haul conditions, as improper use may worsen existing issues. This article addresses RG4,
although it focuses on only one type of TOR product.

The sixth article [64] contributes by providing insights into how temperature changes influence the
performance of the friction modifier, specifically regarding retentivity, wear, and the formation of
RCF cracks. By examining ambient conditions and extreme temperatures of -40 °C, the study
simulates typical and severe conditions in the coldest regions where the TOR friction modification
approach is applied. This understanding highlights the limitations of this friction management
method, particularly at very low temperatures and in the presence of pre-existing cracks. This article
contributes to addressing RGS.

The seventh article [64] contributes by expanding on the previous work of the author [22], which
investigated how the composition of friction modifiers influences their frictional behaviour. This
research reveals the relationship among the chemical compositions of friction modifiers, their
frictional performance, and their effectiveness in reducing noise generated from contact.
Importantly, the study identifies a significant bi-linear correlation between adhesion and noise data,
providing valuable insights for managing the application process of friction modifiers based on
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actual noise levels. Furthermore, it proposes that spraying water could be an environmentally
friendly method for mitigating squeal noise, enhancing the overall strategy for noise reduction in
rail systems. This article contributes to addressing RG6.

The last article [66] contributes to the exploration of water as an eco-friendly lubricant for noise
mitigation. It investigates how water can effectively lower noise levels without negatively
impacting traction and braking capabilities. However, the research also suggests that more frequent
applications may be necessary in field conditions to maintain this effectiveness. By examining these
factors, this article addresses RG6 and enhances the understanding of the role of water in noise

management strategies.

The author has contributed to the following papers':
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2.6.1 Asperity-based model for prediction of traction in water-contaminated

wheel-rail contact [59]

The aim of the first article was to develop a numerical model to predict CoA in the rolling-sliding
contact across various lubrication regimes, from boundary to elastohydrodynamic lubrication
(EHL). The resulting CoF includes both the CoF associated with surface asperity contact (usL)
and the CoF related to the lubrication film (u#gnL). Moreover, the dimensionless loads carried by
the asperities and by the EHL film are calculated according to Greenwood and Tripp's theory [67],
as shown in Fig. 2.10.

Friction in asperity contact was calculated using Kalker's simplified theory implemented into
the FASTSIM algorithm [68], with the influence of asperities and contaminants modelled as
a change in the flexibility parameter, following Rovira et al. [69]. Instead of using a limiting CoF,
Voce's hardening law was employed to model the contact interface [70]. This approach enabled
the calculation of the CoF associated with surface asperity contact (ugL).
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Fig. 2.10 Schematic representation of the proposed model

Change h

For fluid film lubrication, the film thickness and viscosity of the liquid are required. The film
thickness was determined using a formula for the iso-viscous regime [71], assuming Newtonian
liquid behaviour, as the water was used to validate the model experimentally. Once the film
thickness was known, the CoF for the lubrication film (ugnr) was calculated.

Numerical data were compared with experimental results obtained for water-contaminated contact
to assess the accuracy of the model. A ball-on-disc tribometer with optical interferometry was used
to measure both the CoF and film thickness. The comparison between model predictions and
experimental data is shown in Fig. 2.11. This figure shows the relationship between film thickness
and speed (Fig. 2.11(a)), and it also includes typical creep curves (Fig. 2.11(b)). These results
support the accuracy of the proposed model.
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Fig. 2.11 Comparison between predictions and experiments for water-contaminated contact:
(a) film thickness vs. speed, (b) creep curves

2.6.2 The effect of top of rail lubricant composition on adhesion and
rheological behaviour: The effect of environmental conditions on

adhesion in rolling-sliding contact [60]

The second study focused on optimising the composition of TOR lubricants to maintain a desired
friction level for as long as possible. The goals included preventing a significant initial drop in CoA
after application and reducing the product performance dependence on the applied amount, thereby
mitigating the risk of contact overdosing. Additionally, the study aimed to identify the lubrication
regime responsible for the frictional behaviour of TOR lubricants at various stages of
the experiments, given that CoA varies significantly during the tests.

For this purpose, both experimental and numerical approaches were employed. The experimental
part involved investigating the frictional performance of custom-made and commercial TOR
lubricants using a tribometer in a ball-on-disc configuration. Additionally, rheological properties
were assessed through experiments conducted with a high-pressure torsion (HPT) apparatus, which
enables the investigation of the boundary layer parameters necessary for predicting CoA using
the boundary friction model described in [59] and illustrated in Fig. 2.10. For EHL friction,
a previously developed model was adjusted from an iso-viscous to a piezo-viscous regime [72],[73]
as oil-based products were tested. Unlike [59], this study did not consider the mixed lubrication
regime.

The results regarding the composition of TOR lubricants revealed that PFM particles have
a dominant effect on their frictional behaviour, with particle hardness as a key property. As shown
in Fig. 2.12(a)-(c), the best-performing custom-made substances exhibited stable frictional
performance across a wide range of applied amounts. This indicates their resistance to overdosing,
which helps avoid long periods of critically low adhesion, a problem commonly found in
commercial TOR lubricants. This suggests that a suitable chemical composition can effectively
address potential overdosing issues often seen with TOR lubricants. However, even these
well-performing substances could not prevent the initial drop in CoA.

A deeper analysis of the results, using the model and data from HPT tests, revealed that the initial
drop in CoA results from the EHL regime and an excessive amount of TOR lubricant in contact.
This aligns with a previous study [24] suggesting that the effect of oil dominates over the influence
of particles under fully flooded conditions. Under these conditions, most PFM particles are expected
not to enter the contact area. Subsequently, contact starvation begins, causing an increase in CoA
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until saturation is reached (0.22 in Fig. 2.12(c)). This study found that this saturation value
corresponds to the CoA observed in boundary lubrication tests conducted with the HPT apparatus,
as indicated by the boundary line (BL Subs. AZ in Fig. 2.12(d)), which falls within the desired
friction level. The result for the commercial product (TOR A) also corresponds with the predicted
values; however, its behaviour is not desirable for this larger amount.
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Fig. 2.12 (a)-(c) Comparison of custom-made and commercial TOR lubricants for different
application amounts; (d) experimental vs. predicted results (dashed line)

2.6.3 Shear properties of top-of-rail products in numerical modelling [61]

This study aimed to compare the performance of various TOR products, specifically focusing on
friction modifiers in different states, two TOR lubricants, and a solid stick. The evaluation also
considered the effects of applied amount and temperature. All experiments were conducted using
the HPT apparatus under pure sliding conditions. The experimental data served as input parameters
for the boundary model [59] to predict creep curves.

Fig. 2.13(a) summarizes the performance of different TOR products across various applied
amounts. Significant sensitivity to the applied amount was observed for all TOR products except
the friction modifier in the wet state. While this sensitivity was anticipated for the TOR lubricants
(OFM1 and OFM2), unexpected results were noted for the friction modifier in the dry state and
the solid stick.

In the case of the dry friction modifier film, the results differ from those reported in [22], where
low sensitivity to the applied amount was found. The unexpected drop in the CoF occurred due to
a uniform thick layer covering the entire contact area of the specimens, indicating low shear
strength. This scenario is unlikely to occur on the track unless a bulk quantity of the product dries
at the application point before the first vehicle passes over it.
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For the solid stick, the results were likely influenced by the application method. In this study,
the solid stick was crushed to a fine powder and then applied. Although this method allowed for
precise application, it appears unsuitable, as it may lead to different results compared to applying
the product in its original stick form pressed against the surface. These findings suggest that further
exploration is needed to fully understand its frictional behaviour in relation to the applied amount.
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Fig. 2.13 Effect of applied amount (a) and temperature (b) on CoF

Fig. 2.13(b) illustrates the effect of increasing temperature on CoF. It was observed that CoF
decreases with increasing temperature for dry contact, consistent with studies [74],[75] that
employed similar specimen material. In contrast, a negligible change in CoF was observed for
contact treated with TOR products. The experimental data were utilised as input for the boundary
model [59] to predict a set of creep curves at a speed of 10 m/s, as shown in Fig. 2.14. These curves
demonstrate the potential application of laboratory test results combined with the developed
boundary model.

The results in Fig. 2.14 align with the literature on CoF values [26], indicating that TOR lubricants
typically provide lower CoF than friction modifiers, while the solid stick shows an intermediate
CoF [34]. A negative slope was expected for dry contact; however, the absence of a positive trend
in the creep curves with TOR products may result from lower sliding speeds compared to those
typical in the field. At higher sliding speeds, TOR products are removed more quickly, leading to
a potential positive trend in the creep curve.
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Fig. 2.14 Predicted creep curves for dry contact and contact treated with TOR products
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2.6.4 Effects of solid friction modifier on friction and rolling contact fatigue

damage of wheel-rail surfaces [62]

The objective of this article was to investigate the effect of a solid stick on adhesion, wear, and
surface damage using a twin-disc machine that allows for the adjustment of various slip conditions.
A custom-made solid stick was formulated with polytetrafluoroethylene (PTFE), molybdenum
disulphide, talcum, and carbon fibre. The study was divided into two types of experiments:
(1) focusing on frictional behaviour and (2) examining wear and surface damage.

Fig. 2.15(a) shows the friction curves for different slip values. Unlike liquid TOR products
[20],[24], the tested solid stick did not cause a significant initial drop in CoF. Based on these friction
curves, the creep curve for the solid stick product was plotted, demonstrating that an intermediate
level of friction was achieved, as shown in Fig. 2.15(b).
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Fig. 2.15 (a) Friction curves for a solid stick at different slip values; (b) creep curves with and
without the solid stick application

The second type of experiment revealed that applying a solid stick reduces the wear rate of both
wheel and rail discs and decreases both the thickness of the plastic deformation layer and the surface
hardness, as illustrated in Fig. 2.16. Surface and subsurface analyses demonstrated that the solid
stick prevented the initiation of subsurface cracks observed under dry conditions and also reduced
the length and depth of RCF cracks. This study suggests that applying a solid stick can suppress
the acceleration of RCF crack growth typically associated with liquid TOR products [58].
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2.6.5 Wheel/rail adhesion and damage under different contact conditions

and application parameters of friction modifier [63]

This study aimed to investigate how changes in operating conditions affect the performance of
friction modifiers applied in varying amounts from 5 to 80 pL. The study evaluated the performance
of friction modifiers from two perspectives: frictional performance and the ability to reduce wear
and surface damage. Frictional performance was evaluated by measuring two parameters:
the minimum CoA and retentivity (holding time), while wear rate, crack length, and crack depth
were measured to evaluate surface damage. Operating conditions varied by adjusting creepage from
0.3 to 5% and contact stress from 800 to 1500 MPa to simulate typical conditions for both light rail
and heavy haul systems. All experiments were conducted using a twin-disc machine with a line
contact configuration.

The experimental results on frictional performance were used to plot a set of contour diagrams
for different applied amounts. As shown in Fig. 2.17(a)-(c¢), each diagram shows how the minimum
CoA varies with creepage and contact stress, with colours representing the corresponding minimum
CoA values across various operating conditions. Another set of contour diagrams was created to
depict the dependency of retentivity (holding time) on creepage and contact stress, as illustrated in
Fig. 2.17(d)-(f). These contour graphs enable the determination of a suitable application amount to
maximise product retentivity while ensuring that the minimum adhesion value reaches
the necessary levels for traction and braking.
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Fig. 2.17 (a)-(c) Contour diagrams of minimum CoA across different operating conditions;
(d)-(f) contour diagrams of retentivity (holding time) across different operating conditions

The wear rate was determined under dry conditions and with the application of a friction modifier.
For the friction modifier application, two different scenarios were considered: (1) application after
the pre-worn phase and (2) application without the pre-worn phase. The pre-worn phase was
conducted under dry conditions to create more representative surface damage typical for actual
operation.

The results in Fig. 2.18 indicate that under low and medium contact stress levels (900 and
1100 MPa), a significant reduction in the wear rate was achieved, particularly in the test without
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the pre-worn phase. In contrast, a rapid increase in the wear rate and rail crack length and depth
was observed for the rail disc at a high contact stress of 1500 MPa with the application of the friction
modifier. This behaviour can be attributed to the oil wedge effect [58], where the combination of
a liquid medium and high contact pressure promotes crack propagation. Therefore, caution is
advised when applying friction modifiers directly to rails with pre-existing surface damage,
as it may worsen rather than alleviate the issue.
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Fig. 2.18 (a) Wear rate of specimens under different application conditions; (b) rail crack length
under different application conditions

2.6.6 Wear and damage behaviours of wheel and rail materials: Effects of

friction modifier and environmental temperature [64]

The study aimed to investigate the effect of a friction modifier on wear and damage behaviour in
a cold environment. For this purpose, a twin-disc machine equipped with a cooling system
was used. Experiments were conducted at 25 °C (ambient), 0 °C, and -40 °C. All tests began with
a pre-worn phase at room temperature and dry conditions for 5,000 cycles to create surface damage
representative of actual operation, following the procedure used in the previous study [63].

Fig. 2.19(a) illustrates how temperature affects the CoA and retentivity (lasting effect), while
Fig. 2.19(b)-(c) show the changes in wear rate with decreasing temperature for dry conditions and
with the friction modifier, respectively. The results indicate that the application of the friction
modifier reduced the wear rate at all tested temperatures. It should be noted that different trends in
the overall wear rate were observed between dry and friction modifier conditions. Under friction
modifier conditions, the wear rate corresponded with the changes in CoA values.

However, surface and sub-surface analyses revealed that applying friction modifiers at temperatures
lower than ambient led to the growth of fatigue cracks and an increase in their depth, as shown in
Fig. 2.20. Moreover, at -40 °C, a very deep fatigue crack with a distinct ‘C-shaped’ propagation
was observed, see Fig. 2.20(d). Based on these findings, it can be concluded that the friction
modifier effectively controls wear rate and surface damage and maintains the minimum CoA at
levels sufficient for traction and braking only at ambient temperature. In contrast, severe RCF
damage to the rail specimens was observed at temperatures lower than ambient.

Significant RCF damage at low temperatures occurred due to the material transitioning from
a ductile to a brittle state as the temperature dropped below -15 °C, which increased its brittleness
[76],[77]. At -40°C, the pearlite structure became shorter and more irregular [78], leading to
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subsurface cracks that easily merged with surface cracks, forming larger fatigue cracks and
resulting in severe RCF damage. Additionally, the friction modifier penetrated these cracks,
intensifying the oil wedge effect [79] and further aggravating RCF damage, especially in the rail
specimens. This effect is further intensified as the lasting effect of the friction modifier shortens
(Fig. 2.19(a)) at low temperatures, requiring more frequent reapplication. Overall, this study has
demonstrated that applying friction modifiers at very low temperatures to surfaces with pre-existing
cracks can lead to severe RCF damage, showing a limitation of this TOR friction modification
approach.
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2.6.7 Wheel Squeal Noise in Rail Transport: The Effect of Friction Modifier
Composition [65]

The objective of this study was to investigate the effect of friction modifier composition on CoA
and squeal noise levels. Ten compositions, including pure water as a reference, were prepared with
varying complexity based on a previous study [22]. Their performance was evaluated in both dry
and wet states, as they are all drying products. Experiments were conducted using a scaled-down
twin-disc machine at an AoA of 4° to simulate extreme curve conditions in tram loops. The sound
pressure level (SPL) was measured in the range of 20 Hz to 18,000 Hz. Based on the friction curves,
several parameters were determined to evaluate the frictional properties of the compositions.
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The results revealed that only complex substances (containing a base medium, binding agent, PFM,
and solid lubricant) provided long retentivity. It was found that retentivity increases with a higher
solid lubricant content; however, it can also cause a more significant initial drop in CoA. Based on
the results for both dry and wet films, the most suitable composition was one containing a base
medium, binding agent, soft talc particles, and a low concentration of solid lubricant (2 wt%),
as it provided the required frictional properties in both conditions. Aside from these complex
substances, good results were also achieved when water was used as a TOR product, suggesting it
as a potential eco-friendly option.
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Fig. 2.21 Dependence between CoA and SPL for (a) wet and (b) dry films

For the best-performing substances, the relationship between CoA and SPL for both wet and dry
films is shown in Fig. 2.21, indicating a bilinear dependence in both conditions. The graphs clearly
indicate that there is a specific CoA value above which a sharp increase in SPL occurs; in this study,
this value was found to be approximately 0.25. This finding can be used to manage the friction
modifier application process using wayside systems based on actual noise levels in the nearby area.

2.6.8 Wheel Squeal Mitigation Under Water Lubrication [66]

The aim of this study was to build on previous research and further investigate the potential of using
water as a TOR product to mitigate unpleasant squeal noise. For this purpose, a full-scale twin-disc
machine was developed, equipped with a tram wheel and an adjustable AoA to simulate curve
conditions [80]; see Fig. 2.22(a). This setup allows for the measurement of vertical and lateral
forces, enabling the determination of CoA in the lateral direction. The device is also equipped with
a sound meter to record noise data from 20 Hz to 20 kHz. Additionally, a laser Doppler vibrometer
was used to identify the frequencies at which noise is generated solely by the wheel, and these
frequencies were subsequently compared with the results of FEM modal analysis.

Six dominant frequencies corresponding to wheel vibration modes were identified using
measurements (Fig. 2.22(b)) and then verified with FEM modal analyses. The most significant
vibration mode under both dry and wet conditions was found at 1087 Hz, as shown in Fig. 2.22(b)
and (c). Subsequently, creep curves for both dry and wet conditions were measured at 2 and 4 m/s,
with SPL recorded simultaneously; see Fig. 2.23(a)-(b). The experiments revealed a significant
decrease in SPL. when water was applied, with reductions of 11-17 dB at 2 m/s and 9-11 dB
at 4 m/s, while CoA was maintained at the desired intermediate friction level.
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The final set of experiments investigated the effect of the applied amount on retentivity, noise, and
CoA reduction, as depicted in Fig. 2.23(c). It was found that increasing the applied amount
significantly extended retentivity, while both CoA and SPL showed minimal change. It should be
emphasised that for all tested amounts, the CoA drop was no more than 0.1 (from 0.48 to 0.38),
while noise was reduced by around 10 dB (from 107 to 97 dB). These results suggest that water
application is an effective way to combat squeal noise without risking low adhesion conditions.
However, the results were obtained on perfectly cleaned surfaces, indicating that further research
is needed.
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TOP-OF-RAIL PRODUCTS IN
AN OPEN TRIBOLOGICAL
SYSTEM

3.1 Introduction

The previous chapter provides a detailed overview of the benefits of TOR friction modification.
While these studies offer valuable insights into the behaviour of TOR products from multiple
perspectives, most of them were conducted without considering the effects of environmental
conditions, including contaminants and changing weather conditions. However, these conditions
can significantly affect adhesion at the wheel-rail interface, as it is an open tribological system [81].

Various contaminants affect adhesion at the wheel-rail interface, such as water, oil or grease, and
solid particles like wear debris, oxides, and sand. Among these, crushed fallen leaves represent one
of the most discussed contaminants, as they cause the seasonal low adhesion problem, leading to
delays, platform overruns, and even collisions. This condition is commonly referred to as
the ‘wet-rail” phenomenon [82] or ‘wet-rail’ syndrome [83]. Although this phenomenon is often
attributed to fallen leaves, it must be highlighted that many low-adhesion incidents in operation
were reported as non-contaminated [84]. According to [85], there is a high probability of low
adhesion occurring in the morning or night hours, likely due to the dew effect leading to water
condensation. This small amount of water wets the leaf layer or interacts with other third-body
particles, resulting in low adhesion conditions.

Although the wet-rail phenomenon is not fully understood, the interaction between small amounts
of water and other materials is believed to play a key role [86]. This situation is inevitable even
with the application of TOR products during rainy or dew conditions. This issue can be particularly
critical for TOR lubricants, as they are oil-based, and it is well known that the interaction between
oil and water can result in extremely low adhesion levels [87]-[90]. In contrast, for friction
modifiers, water contamination can disrupt the drying process, which may also significantly affect
product performance. Besides water contamination, other natural contaminants, such as leaves and
oxide particles, as well as artificial contaminants like oil and grease, can substantially affect
the performance of TOR products. Therefore, understanding how TOR products behave under
contaminated conditions can help optimise their application strategy and prevent potential risk
scenarios associated with product contamination.
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3.2 Contaminants Affecting wheel-rail contact

3.2.1 Water as a lubricant

Water is the most common natural contaminant, as it comes from the atmosphere and can appear
anywhere, unlike contaminants such as oil, which are usually limited to specific areas. Water can
be present on the track in various forms, including heavy rain, drizzle, dew, frost, or mist, each of
which can lead to different levels of adhesion, especially when interacting with other contaminants.
Significant research has focused on the impact of water contamination on adhesion between
the wheel and rail. Numerous studies have examined the effect of bulk water, simulating continuous
rain, on wheel-rail adhesion. In such conditions, large amounts of water wash away solid railhead
contaminants, creating a boundary lubrication regime where water acts as a lubricant [91]. Both
experimental [92],[93] and numerical studies [94],[95] have shown that adhesion in water-
contaminated contact is influenced by surface roughness, with higher surface roughness resulting
in a higher CoA. In addition to surface roughness, surface orientation also affects adhesion;
however, published results are contradictory [96],[97]. Although the CoA varies between 0.1 and
0.45 [98]-[104] depending on the test conditions, critically low adhesion usually does not happen
when a large amount of water lubricates the contact. However, as speed increases, the situation can
change, leading to a drop in adhesion due to the transition from the boundary to a fully lubricated
regime. This drop becomes significant at speeds exceeding 150 km/h, where adhesion can fall below
0.1, and at 200 km/h, where it can decrease to 0.05 [92],[105], as depicted in Fig. 3.1. Moreover,
a further decrease in the CoA can occur as the water temperature decreases [106].
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Fig. 3.1 Relationship between CoA and speed: comparison of field data and simulations [92]

3.2.2 Water in interaction with other contaminants

A more serious situation can occur when water interacts with other contaminants on the railhead.
As mentioned earlier, critically low adhesion that compromises braking and traction capabilities
can occur when water mixes with operating fluids, such as grease and oils, on the top of the rails
[87]-[90]. This issue can be prevented or at least mitigated by proper flange lubrication to minimise
lubricant migration and by maintaining vehicles in good technical condition to avoid lubricant
leaks.
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Another risky situation regarding low adhesion occurs when solid particles on the rail, such as wear
debris or surface rust, are wetted and mixed with a small amount of water, typically from dew
or light rain. As this mixture dries, a non-Newtonian viscous paste can form between the surfaces
[107]. This lubricating paste can lead to extremely low adhesion, as low as 0.05 (see Fig. 3.2),
particularly when the water-to-particle ratio is small [107], as the viscosity of the paste increases
exponentially [108]. Although this phenomenon was first mentioned in 1974 by Broster et al. [91],
and despite numerous laboratory studies addressing it [86],[109],[110], it remains not fully
understood. The difficulty lies in experimentally observing this phenomenon on real tracks,
as it occurs within a very narrow window of conditions because it is highly transient [86]. While
this phenomenon is generally believed to be responsible for many low-adhesion incidents, some
results suggest that these incidents are not always associated with solid railhead contaminants [111].
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Fig. 3.2 Friction test with water-particle mixture demonstrating a drop in CoA [109]

3.2.3 Leaves on the line

Leaves on the track are a frequently discussed issue, often leading to low adhesion conditions during
autumn [112]. When crushed on the railhead, fallen leaves form a layer that can significantly reduce
adhesion, sometimes dropping below 0.1, as observed in both field [113]-[114] and laboratory
conditions [115]-[118]. In some instances, the CoA dropped as low as 0.02 [113], particularly when
a wet film was present. This layer is commonly called the ‘black leaf film’, believed to form due to
a chemical reaction between organic materials from the leaves and inorganic components like iron
oxide. A study by Zhu et al. [119] supports this explanation using electron spectroscopy, which
revealed a high carbon content of approximately 48% in the tarnished leaf layer. Furthermore,
the study identified three types of leaf-contaminated surfaces: with a residual leaf layer, with
a tarnished layer, and without any obvious layer. The existence of the last category may explain
some low-adhesion incidents where the rail appears visually clean. This is supported by studies
[120],[121] showing that leaf extract, which contains some typical leaf components mixed with
water, can significantly reduce adhesion.
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3.2.4 Humidity and oxidation

Relative humidity and temperature are additional factors that are not controlled in the open
tribological system and affect friction. Beagley et al. [122] investigated the effect of relative
humidity on CoF using the Amsler machine. The results showed that relative humidity directly
influences friction; specifically, the CoF varied between 0.57 and 0.22 as relative humidity
decreased from 100% to 15%. That study also disproved the theory of long-term oxide growth,
as a change in the humidity was quickly followed by a change in the CoF. At 100% relative
humidity, condensation occurred, leading to a more significant drop in the CoF. This drop was
attributed to the formation of a paste, and the rate of this decline depends on the water/solid ratio.
Other researchers later found similar trends in the field [91] and in the laboratory for both sliding
[123] and rolling-sliding conditions [124].

A friction value is influenced, among other factors, by iron oxides (rust) covering surfaces due to
humidity, as well as both ambient temperature and the temperature within the contact. Various types
of anhydrous and hydrated iron oxides, differing in colour, hardness, and crystalline structure, can
be found on rails [125]. Moreover, the thickness of a formed layer can range from a few microns
to tens of microns [126]. Suzumura et al. [127] analysed oxides on rail segments exposed to
atmospheric conditions typical for tunnels. Analysis using a portable X-ray diffractometer with
integrated X-ray fluorescence revealed that most rust consisted of red rust (y-FeOOH and
a-FeOOH) and magnetite (Fe3O4), as depicted in Fig. 3.3. According to [128], other common oxides
and oxy-hydroxides, specifically Fe,Os; and B-FeOOH, may also be found on rail surfaces
depending on atmospheric conditions. For instance, in the submarine railway tunnel on
the Shinkansen line, B-FeOOH was formed, causing a significant reduction in the CoF and leading
to rail corrugation [129].
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Fig. 3.3 Portable system for oxide analysis with example results from the railhead [127]

Several laboratory studies investigated the effect of oxide layers on the CoF. Nakahara et al. [130]
used a twin-disc machine to measure friction curves (relationship between friction and time/sliding
distance) under both dry and wet conditions. Each experiment was stopped at different stages, and
the oxide layer was analysed using various spectroscopic techniques to determine its composition.
A comparison of friction data and spectroscopic analysis revealed that a rapid increase in
the CoT under both dry and wet conditions is associated with an increase in hard o-Fe;Os
in the thin oxide layer. Conversely, the formation of softer Fe;O4 appears to reduce the increase in
the CoT. It was observed that oxides increased the CoT only at the beginning of the test, which is
typical for non-run-in specimens. The CoT then reached an intermediate value of 0.3 at sliding
distances of 0.5 m and 1 m for dry and wet conditions, respectively, with friction continuing to
increase in both cases. These results partially align with the findings of Zhu et al. [131], who tested
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pre-treated oxide layers with varying thickness and initial roughness of specimens. Their findings
indicate that low friction conditions are unlikely when an oxide layer is present under dry
conditions. In contrast to [130], Zhu et al. [131] reported a more significant drop in the CoA for wet
conditions, where the saturated adhesion varied between 0.14 and 0.17 depending on the thickness
of the layer and roughness.

Besides water-contaminated contact, Zhu et al. [132],[133] conducted two studies exploring
the effect of pre-created oxides under dry, wet, and varying RH and temperature conditions using
a pin-on-disc tribometer equipped with a climate chamber. Both studies found that increasing
RH led to a sharp decrease in the CoF due to lubrication by water molecules. The CoF stabilised at
an RH of 65%, with no further decrease observed as the RH increased. This behaviour was
explained as a balance between water molecule lubrication and the increasing effect of hematite
formed on the surfaces, as illustrated in Fig. 3.4. It should be pointed out that the CoF did not fall
below 0.4 for any of the tested conditions, including dry and rusted specimens. The only exceptions
were conditions involving leaves, glycol/water mixture, or a combination of both, with the lowest
recorded value being approximately 0.1 [133].
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Fig. 3.4 (a) CoF vs. relative humidity; (b) CoF vs. amount of water vapour [132]

3.3 Interaction of Top-of-Rail Products with Contaminants

A pilot study on the interaction of TOR products with other materials was published by Lu et al.
in 2005 [134]. This study examined the interaction of friction modifiers with iron oxide (Fe>O3)
and grease. The experiments were conducted using two different methods: a pin-on-disc rheometer
and a disc-on-disc Amsler tester. For the mixture of friction modifier and iron oxide, it was found
that friction modifier particles primarily controlled the friction value. Even at a high concentration
of oxide, the frictional behaviour was still primarily controlled by the smaller amount of friction
modifier, as shown in Fig. 3.5(a). This aligns with predictions based on the wear model [135],
which suggests that behaviour mainly depends on the volume fraction of particles and their wear
resistance, as particles with higher wear resistance dominate the CoF. In contrast, grease
contamination significantly affected the performance of the friction modifier, lowering the CoF and
disrupting the adhesion between the friction modifier layer and the steel surface of the specimens,
as shown in Fig. 3.5(b). In the case of light grease contamination, the trend of the creep curve did
not change and remained positive, as observed for the uncontaminated friction modifier. The article
suggests three hypotheses to explain the mechanism behind the positive creep curve.
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Fig. 3.5 (a) Shear strength vs. displacement for a friction modifier and oxides mixture;
(b) interaction between friction modifier and grease [134]

In 2009 and 2010, two studies on the performance of friction modifiers under wet and leaf
contamination were carried out [20],[136]. Although both tested TOR products were categorised as
friction modifiers, they were used in these studies more as friction enhancers, as their performance
was primarily evaluated based on their ability to restore adhesion under contaminated conditions.
The fact that these are special types of TOR products is evident from their composition, as both
products contained much larger particles than is typical for common friction modifiers. Moreover,
both products were previously tested on the track specifically to overcome low adhesion conditions.
The first product, FMA, was tested at a train depot in Japan to address adhesion issues caused by
rain. The second product, FMB, was applied during autumn on British and Dutch railways to
combat problems caused by wet leaves on the tracks. On the other hand, the trend of the creep curve
was another evaluated parameter, typically assessed for friction modifiers. For this purpose,
experiments at various slip values were performed using the twin-disc machine.

The first study [20] showed that both TOR products provided a positive creep curve, while
a negative trend was observed under dry conditions. Under dry conditions, the product with smaller
particles, FMA, demonstrated better performance compared to the second product. In contrast,
FMB showed better performance in wet conditions, where results for FMA indicated potential
traction issues. Regarding wear rate and surface damage, the large, hard particles in FMB caused
severe surface damage, such as indentations and scratches, whereas FMA showed no significant
surface damage. These results align with the second study [136], which reported similar wear and
surface damage under leaf-contaminated conditions. On the other hand, the large, hard particles in
FMB ensured fast adhesion recovery, as they could break up the leaf layer. The results of both
studies highlight that the hardness and size of particles play a key role in improving adhesion under
contaminated conditions.

One of the most relevant articles on TOR product interaction with other materials was carried out
by Lewis et al. [137]. The study explored how red and black iron oxides affect friction modifier
performance under varying atmospheric conditions. The experiments were conducted using
a pin-on-disc tribometer equipped with an environmental chamber (see Fig. 3.6(a)), simulating
typical underground and tunnel conditions at temperatures of 10 °C and 20 °C and relative humidity
levels between 40% and 90%. For this purpose, the friction modifier and iron oxide mixtures
in concentrations of 25%, 35%, and 45% were tested. Results indicated that friction levels were
primarily controlled by relative humidity and the concentration of iron oxide in the mixtures. It was
observed that at humidity levels above 70%, friction remained consistently low throughout the test.
At lower humidity levels (40%), friction increased with sliding distance due to the evaporation of
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water within the friction modifier, as shown in Fig. 3.6(b). These findings led to the conclusion that
low friction occurs when the mixture of iron oxide and friction modifier remains wet, as this
prevents the formation of a dry frictional layer required to achieve desired friction levels. Another
key finding was that mixtures with higher oxide concentrations (45%) retain water within
the friction modifier, maintaining undesirably low friction levels.
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Fig. 3.6 (a) Pin-on-disc tribometer test of friction modifier and red oxide mixture; (b) effect of
relative humidity on CoF of friction modifier and black oxide mixture [137]

Following these controlled laboratory experiments, two field studies were conducted to evaluate
the performance of TOR products under actual operating conditions [138],[139]. The first study,
by Oldknow et al. [138], measured the lateral-to-vertical force ratio (L/V ratio) on a 300 m radius
curve under heavy-haul conditions. Measurements were carried out under four conditions: dry, wet,
with an applied friction modifier, and with a friction modifier under precipitation conditions.
Results indicated that applying a friction modifier in dry conditions produced a narrow L/V
distribution with a peak value 0.2. However, a notable change in this distribution was observed
when precipitation was combined with the friction modifier. Under these combined conditions,
the peak distribution value shifted gradually. Initially, it was at levels typical for wet conditions,
then it progressed to levels where the friction control was not yet fully effective, and finally reached
a value characteristic of the friction modifier alone. The final peak was slightly below 0.2 due to
contamination of the friction modifier by precipitation.

The second field study focused on the interaction between TOR products and various materials
[139]. The experiments involved braking tests conducted under both dry and wet conditions at
a speed of 40 km/h, with several products applied to the inner rail surface. Initially, tests were
conducted without product application to establish reference values for dry and wet conditions.
The products tested included one water-based product, one oil-based product, and two solid sticks.
Results showed that, depending on the product used, braking distance increased by 2.1% to 16.8%
under dry conditions and by 7.2% to 20.9% under wet conditions compared to the reference values.
Under both tested conditions, the most significant increases in braking distance compared to
the reference values were observed with the non-specific water-based product.
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3.4 Summary of the literature review and research gaps

The literature review above focused on the open wheel-rail tribological system to identify
conditions where low, and particularly very low, adhesion can occur. It has been demonstrated that
water plays a dominant role in both untreated contacts and contacts treated with TOR products.
Several mechanisms illustrate how water can reduce adhesion in an untreated contact. The first
mechanism is associated with heavy rain, where a large amount of water is present on the track.
These conditions can cause low adhesion only at very high speeds, resulting in an EHL or
hydrodynamic lubrication regime [92],[105]. In contrast, no low-adhesion incidents occur at lower
speeds where water acts as a boundary lubricant [98]-[104]. Additionally, large amounts of water
wash away other contaminants from the railhead, which may prevent the second mechanism [82].

The second mechanism describes a small amount of water, such as light precipitation or dew
conditions, interacting with free solid particles on the railhead [91]. Several studies have shown that
such mixtures can cause a significant drop in adhesion [86],[109],[110], depending on the water-
to-solid ratio [107]. In critical cases, adhesion can drop to values as low as 0.05 [107].
This phenomenon has been observed in both field [108] and laboratory experiments [109].

Besides the direct effect of water on adhesion, water on the railhead or in the air can accelerate
the formation of oxides, which also affects adhesion [140]. While some types of oxides increase
friction, others reduce it, potentially causing additional issues such as rail corrugation [129].
It is important to note that oxide layers may have a short lifespan on the railhead [128], which makes
reproducing them in laboratory conditions difficult [110] and their effects challenging to study.
Furthermore, as these layers are removed, oxide debris is left on the surface, potentially forming
the paste under light precipitation.

Water also plays an important role during autumn, when numerous low-adhesion incidents are
reported due to fallen leaves [85]. Water softens the formed leaf layer, leading to lower adhesion
conditions compared to dry crushed leaves [113]. Additionally, water can mix with oils released
from the leaves, forming a substance similar to an oil-water emulsion. This liquid, termed leaf
extract in the literature, can cause critically low adhesion values as low as 0.06 [120].

Only a few publications address the performance of TOR products under contaminated conditions.
Furthermore, two of them tested products that should be categorised as friction enhancers rather
than friction modifiers [20],[136]. Studies have investigated the effect of water on contacts treated
with TOR products, showing that water-contaminated products increase braking distances for
various product types [139] and cause changes in the L/V ratio distribution in curves for contacts
treated with the friction modifier [138].

When examining interactions between TOR products and other contaminants, it was demonstrated
that the behaviour of the mixture of friction modifier and iron oxides strongly depends on the wear
resistance of the particles [134], following the wear model published in [135]. This indicates that
even when friction modifier particles are present in smaller proportions than oxides, they can still
control friction. However, such mixtures on the track can contain up to 90% oxides [134],
suggesting that the friction modifier may not provide the required frictional properties under these
conditions. Lewis et al. [137] studied these mixtures and found that higher relative humidity can
keep a friction modifier layer mixed with oxide particles wet, which leads to low friction values.
Additionally, higher oxide concentrations can retain water in the mixture, similarly resulting in low
adhesion conditions.
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Although many studies show a decrease in adhesion when the contact is contaminated, these drops
often do not reach critical values typical of low-adhesion incidents. Furthermore, there are some
contradictory findings regarding the effect of relative humidity on adhesion. Several studies report
that no further significant decrease in adhesion occurs when relative humidity exceeds 60-70%
[132],[133]. However, other studies reported a continuous decrease in adhesion with rising
relative humidity, with a sharp additional drop when dew conditions are reached [91],[122].
This discrepancy may be due to several factors, with one key factor potentially related to
the experimental configuration. While the experiments in [132] and [133] were conducted under
pure-sliding conditions, the experiments described in [91] and [122] were carried out under rolling-
sliding conditions.

Based on this literature summary, the following RGs have been identified:

= RG1: Although several studies address the low adhesion phenomenon, only a few of them
found critically low adhesion values [107],[113]. Additionally, none of these studies
provide comprehensive findings across various environmental conditions. As mentioned
above, many studies employed a pin-on-disc tribometer [132],[133], which is not
representative of wheel-rail contact and may not be suitable for studying critically low
adhesion conditions. A comprehensive study focusing on low adhesion conditions under
rolling-sliding conditions is lacking.

=  RG2: Only little is known about the performance of TOR products under contaminated
conditions. Several possible contaminants could be investigated; however, even the effect
of water, as the most common contaminant, on the behaviour of TOR products has not been
explored in depth. Unlike untreated contact, both small and large amounts of water may
pose risks when interacting with TOR products. In particular, larger volumes may lead to
low adhesion conditions, especially when combined with TOR lubricants, as a similar effect
to oil-water mixtures can be expected [87]-[90]. It should also be noted that water can be
present on the track in various forms. Therefore, this gap is divided into two parts: the first
deals with TOR products contaminated by directly applied water (RG2.1), while the second
focuses on TOR products interacting with water from condensation (RG2.2).

3.5 Author's contribution

The authors contribute to the topic of adhesion in wheel-rail contact under contaminated conditions
with three articles [141]-[143]. The first article focuses on untreated contact [141], while the other
two examine the interaction between water and commercial TOR products [142],[143]. All studies
utilise the same experimental approach, a ball-on-disc tribometer, to ensure consistency and
accurately simulate rolling-sliding conditions typical for wheel-rail contact. It should be noted that
these articles do not address all possible contaminants, as the scope is extensive. Therefore,
potential future directions in this area are described in the fifth chapter of this thesis.

The first article [141] significantly contributes to the understanding of the conditions that lead to
low, and particularly very low, adhesion in rolling-sliding contact, specifically addressing RG1.
It highlights how various environmental factors, including liquid contaminants such as water and
leaf extract, as well as a solid pre-created leaf layer, affect adhesion. Furthermore, the study
explores the influence of temperature and humidity variations. Based on these data, formulas for
predicting adhesion in rolling-sliding contact under different temperature and humidity conditions
were derived. By providing a comprehensive overview of these conditions and predictive models,
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the article enhances our understanding of how low and very low adhesion can occur in rolling-
sliding contact, which is crucial for improving strategies to mitigate low adhesion issues.

The second article [142] provides valuable insights into the effects of water contamination on
the behaviour of TOR products under simulated precipitation conditions, thereby addressing
RG2.1. By applying different water volumes directly to the contact, the study identifies how
varying precipitation levels interact with existing TOR product layers, potentially leading to low or
very low adhesion. A key contribution of this research is the identification of specific conditions
that increase the risk of low adhesion due to the interaction between TOR products and water. These
findings can help improve application strategies for existing TOR products and assist in developing
new products to prevent adhesion issues caused by water contamination.

The last article [143] contributes to the understanding of the effects of water contamination on
TOR products, specifically under dew conditions. Unlike the previous study [142], which involved
direct water application, this research simulates dew formation by allowing water to enter
the contact through controlled relative humidity and temperature changes. By addressing RG2.2,
the study enhances the understanding of the behaviour of TOR lubricants in conditions commonly
found in the morning, evening, or within tunnels, particularly regarding water and TOR product
interaction. Together with findings from the previous study [142], these insights can be utilised to
optimise the dosing strategies of TOR products, thereby helping to prevent adhesion issues
associated with water contamination.

The author has contributed to the following papers?:

. [141] Galas R, Omasta M, Shi L, Ding H, Wang W, Krupka I, et al.

TRIBOLO GY The low adhesion problem: The effect of environmental conditions on
INTERNATIONAL adhesion in rolling-sliding contact. Tribology International 2020;151.

5. Bow-Said, Hors Luang and Wi Lu

Author's contribution 40%

Journal impact factor (2020) 4.872

JIF/AIS Quartile Q1/Q1

_ Citations (WoS/Scopus/Google Scholar) 23/28/27
[ [142] Skurka S, Galas R, Omasta M, Wu B, Ding H, Wang W, et al.

TRIBOLO GY The performance of top-of-rail products under water contamination.
Tribology International 2023;188.

INTERNATIONAL
T Author's contribution 30%
Journal impact factor (2023) 6.052
JIF/AIS Quartile Q1/Q1

— Citations (WoS/Scopus/Google Scholar) 2/3/4

2 All listed articles are listed in Chapter 9.
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TRIBOLOGY [143] Skurka S, Galas R, Omasta M, Ding H, Wang W, Krupka I, et al.
LETTERS

Assessing the Performance of TOR Lubricants in Humid Environments and
Under Dew Conditions. Tribology Letters 2024;72.

Author's contribution 30%
Journal impact factor (2023)* 2.858
JIF/AIS Quartile* Q2/Q2
Citations (WoS/Scopus/Google Scholar) 0/0/0

*The data for the year 2024 are not yet available.

3.5.1 The low adhesion problem: The effect of environmental conditions on
adhesion in rolling-sliding contact [141]

The aim of the first article was to investigate the conditions that lead to low and very low adhesion
under contaminated conditions. The initial section explores the effects of water and leaf extract
(a mixture of water and lubricants released from leaves) as potential liquid contaminants
of the contact. It is important to note that some experiments were prolonged to study the effect
of oxide formation. The second section investigates how variations in temperature (1-50 °C) and
relative humidity (8-100%) influence the CoA. These experiments were conducted with both
clean discs and discs with a pre-created leaf layer. All experiments were carried out using the Mini-
Traction machine (MTM?2) in a ball-on-disc configuration.

The results of the first part showed that a large amount of water does not significantly decrease
adhesion; however, a notable drop occurred when an oxide layer formed on the surfaces due to
the action of water, as shown in Fig. 3.7(a). In the most critical case, the CoA dropped below 0.05,
which is considered the threshold for very low adhesion. When a small amount of water was
applied, the adhesion dropped to an intermediate value of around 0.4. Before adhesion fully
recovered, a secondary drop related to surface drying was observed (see Fig. 3.7(b)), consistent
with observations in [87],[107]. A similar trend in the friction curves was observed for the contact
with leaf extract, which exhibited a second adhesion drop. However, both the first and second
adhesion drops were more significant, with CoA falling below 0.1.
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Fig. 3.7 (a) Creep curves for water-contaminated contact operating under fully-flooded
conditions; (b) effect of a small amount of water on CoA
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The results of the second part showed that relative humidity significantly affects adhesion values,
particularly at lower temperatures, as depicted in Fig. 3.8. Unlike findings from pin-on-disc studies
[132],[133], a substantial drop in adhesion was observed when relative humidity exceeded 70%
due to water condensation, consistent with observations in [122]. The lowest recorded adhesion
values were below 0.15 for clean discs and even below 0.05 for contaminated discs. Based on these
results, equations predicting the CoA for contact operating under rolling-sliding conditions were
derived for both clean and leaf-contaminated specimens.
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Fig. 3.8 Effect of relative humidity on CoA for (a) a clean disc and (b) a disc
with pre-created leaf layer

The results overview depicted in Fig. 3.9 shows when low and very low adhesion conditions occur.
It can be seen that very low adhesion conditions can be simulated when specimens covered with
an oxide layer are exposed to wet conditions or when dew point conditions are reached, causing
a small amount of water to mix with the leaf layer. In general, it can be concluded that very low
adhesion conditions are always a result of the presence of water. The second important conclusion
is that a rolling-sliding configuration is a more suitable experimental approach than other
configurations for studying low adhesion phenomena, as it reproduces the severe adhesion drops
observed in the field. This conclusion is supported by Fig. 3.14, where the results obtained using
several experimental approaches are compared.
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Fig. 3.9 Overview of the tested conditions with highlighted adhesion values
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3.5.2 The performance of top-of-rail products under water contamination
[142]

The aim of the second study was to explore the interaction between water and TOR products and
determine what happens when a TOR product layer is contaminated with water. Experiments were
conducted using the MTM2 in a ball-on-disc configuration. Initially, three commercial TOR
products, including two TOR lubricants and one friction modifier, were tested under varying
conditions without water contamination to identify the most appropriate amounts for subsequent
experiments. These experiments included testing of four specific application amounts: 2 pL, 8 uL,
32 puL, and 2 mL. In the case of water contamination, water was applied at three specific moments
(T1, T2, T3; see Fig. 3.10) to simulate different track conditions, contaminating the TOR product
layer at various stages of the friction curve: shortly after applying the TOR product (T1), during
the intermediate stage of the friction curve (T2), and when the product had become ineffective (T3).

The results in Fig. 3.10 show that a small amount of water causes a sudden drop in adhesion;
however, this is followed by the immediate sharp increase, suggesting that this situation is not risky
in terms of low adhesion. In contrast, a different scenario occurs when a large amount of water is
applied, as shown in Fig. 3.10(b) and Fig. 3.10(d). The application of a large amount of water
significantly affects both the TOR lubricant and the friction modifier. For the TOR lubricant,
the water application results in extremely low adhesion values, dropping below 0.04 and remaining
almost unchanged until the end of the experiment. This undesired behaviour can be explained by
the water-oil emulsion lubrication theory, which covers various lubrication regimes, from the fluid-
film regime to the mixed regime. However, further research is necessary to verify these hypotheses.
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Fig. 3.10 Interaction of water with TOR lubricant (a),(b) and with friction modifier (c),(d)

In the case of the friction modifier, a large amount of water also caused a significant drop in
adhesion, reaching approximately 0.1, followed by a further drop to values lower than 0.03. This
behaviour is characteristic of the viscous paste formed when a small amount of water mixes with
solid particles [22]. These results indicate that this low adhesion phenomenon can occur even when
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the contact is treated with a friction modifier. On the other hand, no additional adverse effects were
observed when the friction modifier interacted with water. The experiments also included a scenario
where a dry friction modifier layer was contaminated with water. In this case, the frictional
behaviour was similar to that observed for the friction modifier before the base medium evaporated.

Fig. 3.11 shows the duration of low adhesion conditions for different TOR products and various
amounts of water. The data indicate that low or critically low adhesion is most likely when a large
amount of water contaminates a TOR lubricant. For the friction modifier, low adhesion can also
occur; however, it persists only for a short duration, as is typical for water-debris mixtures. When
the largest amount of water was applied, the friction modifier was washed off the surfaces, and
no further adverse effects were observed.
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Fig. 3.11 Duration of low-adhesion periods for various TOR products and water amounts

3.5.3 Assessing the Performance of TOR Lubricants in Humid

Environments and Under Dew Conditions [143]

The third study aimed to investigate how changes in relative humidity affect the performance of
TOR products. It focused especially on dew conditions, which often occur in the morning and
evening and are associated with many reported low-adhesion incidents. Moreover, these conditions
are common in tunnels. Based on the results of the previous study, this study focused only on TOR
lubricants, as they are more prone to causing low adhesion conditions when contaminated with
water. For this purpose, the MTM?2 in a ball-on-disc configuration was equipped with a climate
chamber that supplied moist air from a humidification unit. The performance of two commercial
TOR lubricants was evaluated at different levels of relative humidity (34%, 70%, and 100%) and
two specimen temperatures (22 °C and 12 °C). Unlike the previous article, all experiments were
conducted as traction tests following the [-OLF methodology, specifically designed to assess TOR
product performance. This methodology is introduced in detail in Chapter 4.6.1.

Fig. 3.12 shows the results of experiments for six sets for one of the tested TOR lubricants
(TORL-A). Each graph includes several creep curves, illustrating the behaviour of the product from
its application (typically represented by the lowest curve) until the point where the effect of
the TOR product becomes negligible (the highest curve meeting the criterion). In the corner of each
graph (except the first), information about the measured condensate water volume on the disc is
provided. It should be noted that calculations indicate that only approximately 4% of this water
volume was directly on the contact path. The results show that the number of curves rapidly
increased with rising water amounts, particularly in or near the red traction zone, representing
the critical area where very low adhesion occurs.
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Set 1: TORL-A, lab. ambient conditions Set 2: TORL-A, RH 70% for 20 min Set 3: TORL-A, RH 70% for 20 min, 12 °C
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Fig. 3.12 Effect of relative humidity, specimen temperature, and humidification duration on
the performance of the TOR lubricant (TORL-A) tested using the I-OLF methodology

The data from Fig. 3.12 were then used to create a performance map, as shown in Fig. 3.13.
The performance map categorises TOR products into four performance classes, ranging from Q1
to Q4. Arrows on the graphs show how the performance of TORL-A varies with increasing
condensate levels. The best result (Q2) was observed when a minimal amount of water was present
(set no. 2), while the poorest result (Q3) was seen in set no. 8, where the highest water volume
interacted with the TOR lubricant. Under these conditions, 1 uLL of TOR lubricant interacted with
approximately 7 pL of water. The results for the second tested TOR lubricant (TORL-B) followed
a similar trend as observed for TORL-A.

Fig. 3.13 (a) Performance map; (b) dependence of OLF on water amount for TORL-A;
(c¢) dependency of the C parameter on water amount for TORL-A
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CONCLUSIONS AND FUTURE WORK

Since the initial use of TOR products to address corrugation issues, the field of TOR friction
management has made significant progress, leading to the development of various products and
applications. Scientific effort has focused on understanding the potential benefits of this approach,
such as reducing noise, wear, corrugation, and RCF. While many studies have confirmed
the positive effects of TOR products, some negative impacts, such as traction and braking issues or
the inability to reduce noise, have also been identified. However, these negative effects cannot
always be attributed to the products themselves and can result from improper dosing, testing
methodology, or the influence of operating and environmental conditions and contaminants.

This habilitation thesis provides insights into three areas of TOR friction modification, detailed
in Chapters 2 to 4. The first area covers the behaviour of various TOR products under different
dosing and operating conditions. The second area deals with the effect of contaminants on both
untreated and treated contacts with a TOR product. The third area addresses the development of
a multi-phase testing methodology for TOR products. Each of these chapters began with a general
introduction, followed by a review of the state of the art, which led to the identification of research
gaps. An overview of the studies that addressed these gaps was provided, with a summary of
the author's contributions to each study. Finally, the content of each paper was briefly described
(all described papers are attached in Chapter 9). This habilitation thesis includes a total of fifteen
papers, all published in peer-reviewed journals. Twelve of these articles were published in journals
with an impact factor indexed in the Web of Science database, while three were released in journals
indexed in the Scopus database.

The first research area, Chapter 2, consists of eight papers, each contributing to various aspects of
TOR friction management. The first study presented an asperity-based model that enables
a prediction of CoA across various lubrication regimes under rolling-sliding conditions. This model
was then employed in two subsequent studies, which focused on two important phenomena related
to TOR products, especially TOR lubricants: a sharp CoA drop that occurs after product application
and a significant dependency of product performance on the applied amount. The combination of
experimental and numerical approaches provided valuable insights into both these phenomena and
highlighted the limitations of TOR lubricants in terms of the initial CoA drop. Further limitations
of TOR products, specifically friction modifiers, were revealed by two studies that tested friction
modifiers under a wide range of operating conditions, including high contact pressure and
extremely low temperatures. The research showed that applying water-based products can present
risks, particularly when pre-existing cracks are present, and the highest risk occurs under heavy
haul conditions and low temperatures.

In addition to wear and RCF, another study focused on the ability of friction modifiers to reduce
noise. Unlike most studies, this study tested non-commercial friction modifiers, investigating
the effect of friction modifier composition on CoA and noise and their relationship. A significant
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AoA Angle of attack

CoA Coefficient of adhesion
CoF Coefficient of friction
CoT Coefficient of traction

EHL Elastohydrodynamic lubrication
FEM Finite element method

HPT High-pressure torsion

L/v Lateral-to-vertical force ratio

MTM Mini-Traction machine

NLGI National Lubricating Grease Institute
OLF Over-Lubrication Factor

PFM Particles for friction modification

PTFE Polytetrafluoroethylene

RCF Rolling contact fatigue
RG Research gap
SPL Sound pressure level

TOR Top-of-rail
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