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Abstract

The chemical, physical, and tribologifedtures of the wheel rail contact are studied through a
combination of environmental monitoring, chemical analysis, rheology, andHeigting. The work
presents novel platforms for the combined analysis and physical testing of rail steel surfaces and
oxide pastes, including friction mapping of surfaces, which have clear use in wheel / rail contact
researchas well asvider applicationsX-Ray Diffraction identified eight iron compounds including
iron oxides and iron oxideydroxides on the surface operational raitracks Trackside
environmental monitoring revealed variation in conditions due to shaded areas and presence of
vegetation. The railhead temperature is shown to lag behind that of the environment and
occasionally below the dew point temure; this is shown to happen most frequently in the early
morning and can be related the frequency of low adhesion events. A low adhesion condition was
linked to the presence of wustite, iron oxitgdroxides, and small amounts of dew on the railhead.
A newly proposed mechanism for the loss of traction due to oxides and debris on the raithead
combination with small amounts of watgs supported by rheological and twehsc tribotesting

which considers the extent of material entrainment as well as effect within the contact. Aqueous
oxide pastes are shown to exhibit behaviours of Bingipdamstic fluidsdisplayingooth solid and

liquid propertiesHigh yield shear stregzastesare more entrained in the wheélrail contact.High
viscofty pastesamore effectivelftransmit tractional forces through their layer and decrease the
coefficient oftraction less as a resuResults from the work provide new insights into how the
surface of the railhead changes with environmental conditions as well as how oxide/water mixtures
interact within the wheel / rail contact, including potential uses of vigchigh shear stress pastes to
control traction levels.
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1 Introduction
Railways play a significant role in the transport sector both in United Kingdom and internationally.

In 2015 approximately 62 billion passenger km were travelled on the UK rail ndtiyankd, in 2013,
21 billion tonne kiloratres of freight where hauled on the UK rail netwdizk

Rail transportation has distinct economical, technical and environmental advantages over other
transport modes. Compared with road transport, rail can be economicathpettive, significantly
less energy and carbon intensjand safe(3, 4].

Between the years of 2002 and 2014 the UK railways have seen a 70% rise in the number of
passenger journeyd]. This is expected to increase along with the use of the network for friaght
as the demand for the railways continues to grow.

Control of adhesion is critical to the safe and effective operation of a railway bedaussst
railway vehicles, all the traction and braking forces are transmitted thoughvttel/ rail contact.

There are numerous benefits to making adhesion more reliable and predictable and it is important

to ensure that levels are balanced for operatidrthe coefficient of friction is too high, the loads

applied at the contact are transmitted close to the rail surface and can lead to plastic shakedown

2N I LINPOSaa (y26y |a WNIF GdOKSGGA ywhigtEcaused highK S R dzO (
wear rates, crack initiation and high costs for the opergfdr If too low, braking and traction may

be impaired leading to poor performance and safety issues.

Low adhesion events can also lead to unacceptable levelsaf on the railways. Loss of traction

when driving leads to wheel spins which cause significant damage to the rail and when braking can
lead to the wheels locking up and flattening of the profile. Wheel flats requipraéling which is
expensive and the consuming for the operator.

Infrastructure improvements achieving additional capacity for both passenger and freight operations
is central to managing the UK rail infrastructure with greater traffic volume being increasingly
demanded of existing railwdines.b S i ¢ 2 NXontml-paribdBEnhancementdeliveryPlan

(2019) sets out many strategies and projects to increase capacity as well as provide faster & more
frequent service$6]. These changes put pressure on the am@ging and braking duty of the trains.

By managing and providing predictable adhesion levels, the safety of the railways may be improved,
fewer delays caused, journey times reducadd there be less Signals Passed at Danger (SPAD) and
station overrun incidents.

1.1 The wheel / rail contact

The wheel rail oontact is extremely complex and understanding the system is of great importance
to effective operation of railways. The contact patch, where the weight of the vehicle is supported,
as well as driving anoraking forces are transferred, is typically Zémarea per whe€]7]. Pressures

in this region are usually within the range of @8Pa and typically are greater for freight rolling
stock which tend to carry heavier payloadsrepresentation of this contact area is showrrigurel

for a typical wheel / rail contact where the contact is between the wheel tread and railhead.

Figure2 shows three general positions that the wheel make take on the railhead which may vary
depending on the curvature profile of the track; these may change the geometry of the contact. On
straight track or high radius curves, position B is normal with posiloaisd C only experienced on
tight curves.



<

PN
T

Direction of travel

Figurel, Representation of the wheel / rail mact geometry, presenting area of contact between the surfaces (red)

a) i b) c)

Figure2, Wheel / rail contact positions; &detween the field side of wheel and rail; b, between the wheel tread and rail
head; c, between the wheel flange and rail gauge corner

WI RKSAA2yQ AY NIAfglre GSOKy2ft238 KlFa I RAFTFSNBYI
a railway locomotie quantifies the forces applied at tiéheel/ rail contact as the ratio of tractive
or braking forcesH) to the normal loadN). The coefficient of adhesion definition covstigling
rolling, as well asollingsliding contactsThe adhesionoefficient (1) is given as:

-2 M

0

Thewheel/ railA y G SNF I OS OF y 0 Sa ftOfRAYARF AG2RY U a0 G & WNRS f O\2yyAl
wheel and the rail is divided into 2 regions: stick and slip. The longitudinal forces of traction and
braking occur due to the slip that occurs in the trailing region dedrélative areas of each vary
depending on the force applied at the contact as can be se€igime3.

Creep = 0.01 to 0.02

% Rolling

Slip Direction
-

TRACTIVE e

GRRKD
FORCE (=nN) :“. ) Tractive Forces

Figure3, Creep curve and sltick contact diagranj5]
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Ly AYLERNIOFYGd LI NFYSGSN (G2 O2yani B yladiffleSte RSTAY A Y =
relative speed of the surface of the wheel to the rail (sliding velo¥ifys) as a fraction of the
velocity of vehicle traveMenicd:

TS 5 2

where.  andry, are the angular velocity and radius of the wheel respectively.

Under pure rolling, no tangential forces are transmitted by the contact and there is negligible creep.
As the slip increases with the amount of tangential force, the tractive force reaches a saturation
value where the entire contact is in the sliding regand transmitting force. This condition is

typically reached at creep levels 02% after which it falls due to thermal effects. The relationship
can be seen on a creep curve which plots the traction force against the creep in the contact, an
example crep curve (dry contact) is shownhigure4 and the condition of the contact illustrated in
Figure3.

The maximum level of traction able to be transmitted by the contact patch is taken as the coefficient
of adhesion for that system and can be determined from the creep curve; exemplifiéguire4
where it is shown to be 88.

Good levels of adhesion are in the regions of0335; operating with coefficients of adhesion in

this range is said to not impact on driving or braking requiremggjtdn a study of adhesion on the
British railway network the adhesion on rails was found to vary between 0.04 and 0.55, averaging
around 0.3 in reasonably dry conditioj8.

0.7 T / T d d

05

T

04r

0.3

Coefficient of adhesion

0.2

Full slip achieved

0.1

1 1

0 0.5 1 1.5 2 2.5
Creep ratio (%)

Figure4, Example reep curve from twirdisc testind10]



The following levels of adhesion levels are typically definddHsndare referred towithin this
thesis as such:

1 Medium low: 0.10 <u<0.15
1 Low: 0.05<u<0.10
1 Exceptionally low: 0.02 <u<0.05

Thewheel/ rail contact, in contrast to most other mechanical contacts, is an open system meaning
that the interfaces are exposed to the wider trackside environment. Additional substances which
maybecome present in the contact mix with wear particles to form a third body layer at the
interfaces[12].

The third body layer is used to generalise the analysis and effects of contaminants in the interface.
The layer has beerategorised as either naturglcaused by naturally existing materials like dirt,
leaves or water; or artificial, where substances are purposefully added to the contact such as sand,
grease or friction modifiers.

Third body thicknesses of 150um to 200unvédea observed on wheels taken out of service and
thicknesses around 15um were observed on the rail; however, these figures are expected to vary
considerable because of wide variations in the open environment of the whaélsysten{13].
Descartes et a[13] have also shown that the third body layieicapable of adsorbing and digesting
certain solid and fluid contaminants, leading to complex rheological behaviour and very different
friction values.

Traction has been shown to be both enhanced and diminished by the presence of other compounds
in the wheel rail contact as well as the environment the system is contained within. Traction
effecting conditions are broadly grouped into tf@lowing: water, snow, ice and dew; oils and

greases; iron oxides / rusts, inorganic materials / rocks; and leaves.

1.2 Traction management in the rail industry

Traction of railway locomotives has been managed since at least[18Bi& the form of sanders

which apply sand to the rail in front of the driven wheels or into the contact. Such devices are widely
used in the modern dayften alongside active control systems such as electronic traction control,
but there are now anuchwider variety of method$or managing traction

In addition to sanding, there are other mitigative strategies to manage tractionasickeaning the

rail surface which replenishes the surface and potentially removes the cause of low adhesion. A
similar @proach to sanding is also used in the form of traction gels which consist of hardileand
particles in a gel suspension which is applied directly to the railhead and achieves a similar effect of
increased adhesion. It must be noted that not all tractibanagement of the railway aims to

increase the available traction. Friction modifiers may be used to either increase or decrease friction
and are typically used to reduce wear or noise but may include pariickee same way athe

traction gels to inazase traction.

Methods for the prevention of low adhesion are less understood and utilised by the rail industry
than sandersalthoughtrackside management, such as ensuring a minimum distance between any
lineside vegetation and the track, has been showbéceffective at combatting low adhesion

caused by leave€hemical treatments of the railhead aiming to disrupt the formation of low
adhesion conditions are in their infancy, primarily floe prevention of leaf layers, butow they
functionas well agheir effectivenesssyet to bevalidated. The use of hydropholaad hydrophilic
compounds to disrupt other mechanisms of traction loss have been investigated but are also

9



uncertain as to their effects. It is clear from the wide variety of suggested chketréatments that
the mechanisms of traction loss are not well understood eestarch towards understanding these
mechanisms can be of great value in the development of novel abatement strategies.

1.3 Approach and objectives

Managing traction and understamdj low adhesion is of great importance to the railway industry to
make passenger and freight operations safer and increase operating performance. It is therefore
important to not only study the effects of conditions on tractjtut identify the mechanismby

which traction is losto allow both the prediction of problematic traction conditions as well as
advancing knowledge to lead towards prevention of such conditions

To narrow the wide scope of what is the open system of the whesil contact, the rgearch will

focus primarily on iron oxides; however, throughout the study, other compounds will be discussed
where relevant as itnay be that the presence of humerous compounds causes synergistic effects on
traction.

This study approaches the topicdlimee stages:

1. Understanding the railhead environment: The physical and chemical environment of
railways is explored through environmental monitoring and chemical analysis to establish
the environmentexperienced by the system which lead to both the formation of low
adhesion areas and the conditions at the time of low adhesion events.

2. lIron oxide groups: A deeper analysis of iron oxide groups is performed to investigate how
they form as well as their physicaheologicaland chemical properties.

3. Tribochemical propertiesThe effect of iron oxides and oxidation on the wheeglil system
is examined through various scaled experiments and using-schllk wheel rail rig to
determine the mechanisms at play which affect traction properties.

The objectives of this studyeto:

1 Understand howconditions of the railhead lead to the formation of different oxide tyjoes
the railhead.

1 Understand how environmental conditions at the trackside effect the wheail conditions
during train operations.

1 Determine the mechanisntsy whichthe presence of different types of iron oxidefect
the available traction between the wheel and rai$ well as the magnitude of these effects.

1.4 Chapter Overview
This thesis is composed of 10 chapters, after the introduction the content ofaegter is outlined
hereas follows

2. Literature review

A literature review was assembled to explore current knowledge related to low adhesion in the
wheel / rail contact. The main topics include: the third body layer, documented causes of low
adhesiontest methods, numerical models, and abatement methods.

3. Chemistry of the railhead

A comprehensive review surrounding the chemical magend formation of compounds generally
found on the railheadOrganic and inorganic substances and their structures @remical

10



components are identified. Known surface interactions between the chemical species identified and
the surface of the railhead are studied including surface chemistry and omgetallic interactions.

4. Hypothegs

Severahypothesedor the formation of low adhesion conditions as well as the mechanisms of
traction loss are presented in this chapter.

5. Methodology

This chapter presents the design of experimental rigs, procexlarel equipment used in thihesis
includingnovel railhead samplingnd analysis techniquess well as novel experimental procedure
to produce friction mapping of surfaces.

6. Railhead analysis

Environmental monitoring around different features, sites, and seasons are performed to
characterig trackside conditiondRailhead sampling anchemical analysis usingR@ay Diffraction
identifies iron oxidepresent.

7. Synthesis and rheological properties of iron oxides

Iron oxides are synthesised on rsieelsubstratesunderlaboratory-controlledconditions and their
evolution examined visually as well as usiAgay Diffraction and Scanning Electron Microscdjmne
rheological properties of aqueous pastes of different oxide types and particle qualities are tested.

8. Tribachemical properties

Thetribological properties of synthesised addpositedoxides are examined through a series of
tribo-tests to assess how the oxides effect the wheel / rail contact. A UMTDrgilat, tribometer

was firstused to performa novel friction mapping techniguand overlay friction map onto sample
surfaces A twindisc tribometer was used to explore the effect of oxide pastes of different types and
concentrations in a rollingliding contact. Lastly, a ftdtale wheel / rail contact rig was used for
validation and confirmation of findings on a fedize contact, with some limitations.

9. Discussion

The discussion summarises the outcomes and findings of the work as well as proposes next steps for
further understanding the formation of low adhesion conditions amechanismsAbatement
strategiesfor low adhesiorare suggested based upon the findingstioé thesis.

10. Conclusins

Conclusions of the thesis are presented in this chapter and proposed further work is outlined.

11



2 Literature review

This chapter explores the wheel / rail contact through topiagitionally used to study the contact.
These arethe properties of the third body layer, common causes of low adhesion, test methods for
tribological as well as chemical analysis of the contact, some contact models for numerically
simulating the traction coefficient, and abatement techniques.

A preliminary quantitative literature analyssoutlined torank the current extent of research
performed in tgicswithin the scope of this worKThe relevant literature is then presented.

2.1 Initial quantitative literature analysis

Initially, to identify the scope of low adhesion research as well aguiole the direction ofhesis
work, a quantitative literature analysis was performed to establisberstanding of where there
were gaps in currerthowledge The sources assessed were those published aaithhle at the
time, as of the first quarter of 201& must be noted that research has since advancetti@se
areasas outlined in the later sections of the literature review

The papers were reviewed with regards to the extent research has been diatiegeowheel/ rail
interface; where topics are covered that had not yet been appliethéowheel/ rail interface this is
reflected in their score. It must be noted that a low score does not indicatsaquality paper but
rather that the topic hasot been extensively explored in relation to low adhesiothefwheel/ rail
contact.

The categories explored were: causes, surface chemistry, test methods, numerical modelling and
abatement. The scoring was standardised based on a rhetoric of 5 cfitgfia G KS F2NY 2F d & ¢
guestions as follows:

1 Is the literature a peer reviewed publication?

9 Is the theory in the source tested and supported by results?
9 Are the conclusions in the work evidenced?
9 Is a scale test used in the work?
1 Is afull-sizetest usedin the work(including railway operational data)
9PSNE WwWesSaQ aoO2NBa (KS a2dz2NOS I LRAYyGEX GKSAS I NF

literature is then graded and colour coded according &dlel.

Tablel, Quantitative literatureassessmensgcoring colour codes

Score Rank Colour Code

0¢3 at 22 NE Red
4 G! @SN 3S¢

5 G4D22R¢

EaclNBEFSNBYy O0SaQ ydzYoSNJ 2y GKS LIX 20 NBFSNER G2 Ada o
this report AppendixA gives a template of the form used for the scoring and Appengiroizdes a
summary scoring table of the sources reviewed.

The graphial representation of the literature has been separated into the primary categories which
cover different topics within the reviewrigure5 outlines the topic of cases,Figure6 outlines the

topics of test methods and numerical modelling dfidure7 outlines the topics of abatement and
surface chemistry.

12
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From the quantitative literature analysis, it was revealed thatew is a welkesearched and
establishedas a case of low adhesion; it has been studied much in the laboratory aaayof the
smaller scale testhave been supported by full scale operating data. Oxides are alseastblished

as a cause of low adhesion, but less-$athle testing has been performéal understandthem.

Leavess well ail and greasgboth have many studies relating to them as causes of low adhesion;
however thesestudies frequently fail to incorporateither full-scale or operational data to validate
lab-scale testing

There had ben various weltleveloped test methods for determining the tribological properties of
the wheel/ rail contact, most of which have been well validated with full scale tests. Powerful
techniques for analysing the chemical and physical properties of theMvinail contact were seen;
however, most of these had seen very limited use in studies.

The nine numerical models studied used underpinning experimental research as inputs into the
models.Many of these models are validated with real operating conditiamg most had validating
test data for real operating conditions.

Techniques for the prevention of low adhesmereless researched and understood than
mitigation; small scale tests have been performed butgolle testing is generally lacking. Sanding
is well understood as a mitigation method and many papers score excellent results for the
guantitative literature amlysis. Other mitigation techniques mainly ledlaccessible supporting full
scale or operational data in the literature.

Most sources in the surface chemistry topics skdwp as poor due to the lack of information
directly relating to the topic of the wadel/ rail interfaceand, as a result, it provides a gap and
opportunity for future research in this area.

The largest gaps identified related to the chemical environment of the railhead, the contaminants
present and the analysis in these are@semical dta, and the properties of these conditionscha

not been researched extensively with respect to the topic of the wheel rail contact; however,
information of value may be obtaingtiroughapplyingother fieldsof study to the wheel rail

contact

2.2 Third bog layer

The wheel rail contact, in contrast to most other mechanical contacts, is an open system meaning
that the interfaces are exposed to the wider trackside environment. Additional substances which
may become present in the contact mix with wear pads to form a third body layer at the
interfaces[12].

The third body layer is used to generalise the analysis and effects of contaminants in the interface.
The layer has been categorised as either natqiadused by naturallexisting materials like dirt,

leaves or water; or artificial, where substances are purposefully added to the contact such as sand,
grease or friction modifiers. Its effect on adhesion is currently accounted for indirectly in dynamic
railway models by global wheel rail friction parameter; however, this may be insufficient to
account for local phenomena which may change the composition and physical properties of the
layer[15].

In addition to friction modifying propertieglectrical isolation of the wheel and the rails by the third
body layer is a potential problem for track signalling which requires a good electrical contact
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RAIL % 30 . WHEEL 50 um

Figure8, Optical analysis of the basic third body layer created on the rail (a) and wheel (b) discsdigawin
experimentation12]

Figure8 shows a basic third body layer, consisting of particles stemming from the wheel and rail
materials only, generated to observe its traction characteristics as well as analyse optically and
through Xray diffraction. The investigations revealed that the lagerthe wheel formed up to
50um thick made up of iron and iron oxide.

displacement
of the train

ard

thickness of 3
body=15 um

1 body
(wheel)

1* body : rail

Bulk of 1* body 50 um

Figure9, Third body layer of a locomotive wheel (a) and rai[1B)

Figure9is a similar analysis of the third body layers taken from a wheel and rail in service. Several
layers are observed on the wheel to an overall third body thickness from 150um to 200pum and a
layer of 15um was observed on the rail surface which is far thicker than the surface roughness
typically found on the wheel and rail. Descartes ef18] have also shown that the third body layer

is also capable of adsorbing and digaegtcertain solid and fluid contaminants, leading to complex
rheological behaviour and very different friction values.

Flows of the material in the third body layer have been studiiea papeby Berthier et al[17]
showingthat material flows within the third body layerR S & ONJA 6 SR I¢ &s wilifag flowsf
of material into andbut of the layer. The paper attempts to describe the influence of these flows on
railhead tractionand describes a third mechanism involvthg removal and rentroduction of
YIEGSNALFE Ayidz2 (KDANOKNAIR DieRoRhe Giernsgs@ihbf #halivheaNail
interface and the trackside environment, the third body layer is expected to be an extremely
complex; even the mateal removal leading to wear debris and thioddy particles is said to be one
of the least understood areas in the field of tribold@$].
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A more detailed review of common natural and artificial substances potentially presesicial/
rail system is provided in sectighin the sectioron composition and formation

2.3 Causes of low adhesio
The causes of low adhesion, for this review, have been divided into four sections: fluid lubricants,
dry frictionreducers, leaves, and oxides and wear debris.

2.3.1 Lubrication regimes: water, oils / grease

When two solids have direct contact with each other, without a separating layer, it is known as dry

contact; in these conditions, the coefficients of friction are gt RNE  FNRA OQUGA2Yy 0D | 24 S
presence of a fluid, lubrication occurs which can induce some form of hydrostatithen, the

surfaces are moving irlationto each other hydrodynamic separation between the solid bodies

[19]. Water in thewheel/ rail contact has been shown to decrease the adhesion coeffi§fjiand

is found in abundance in the natural environment. Common sources include rain, drizzle (light rain),

snow and dew. Other fluids have also been found in the trackside environment including oils and

greases, which can cause similar effects, but mo#tefocus regarding fluid mechanisms in the

wheel / rail contact have been based on studies of water in the contact.

Various lubrication regimes can exist in a contact depending on the system dyna@h@aggime of
lubrication can be determined from thedrsey numberHe, given by:

-
0Q —— (3)
)
GKSNBY ' I fdzoNAOlIyld @radz2airideT b I NBfFGIABS
Dry |
Friction

/

Film Thickness, h

Boundary
Lubricatio

Mixed
Lubrication

Lubrication

Hydrodynamic
Lubrication

Friction Coefficient, p
Elastohydrodynamic

n-N/P (Hersey Number)

FigurelO, Stribeclkcurve showing lubrication regimes, adapted from Jan €i.8].

The lubrication regimes can be found on the Stribeck diagram, shokiguinel0, which plots the
friction coefficient against the Hersey number. The effective lubricant thickhessalso plotted on
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the diagram and shown to be proportional to the Hersey humber. Fain habrication regimes can
be identified from the graph:

1 Boundary lubricatiorg No liquid film is formed and the surfaces are in direct contéct (lh n

9 Mixed Lubricatiorg The thickness of the formed film is approximately the same height as
the surface roghnessR(K § w

1 Elastehydrodynamic lubrication (EHE)The liquid film formed is marginally greater than the
surface roughnes$ (> R and there is full surface separation

1 Hydrodynamic lubricatioq The liquid film forms is much thicker than the sudaoughness
(h >> Rand there is full surface separation

At low Hersey numbers, the conditions are not present to permit the formation of a liquid film

capable of significantly supporting the contacts, even paytiahdis] y2 6y & &0 2 dzy Rl NB
lubricatiorg. In this regime thin molecular layers of substances on the surfaces are of great

importance in determining the tribological conditioWhere there is incomplete coverage of a film

Ay 02dzyRENE f dzoNROFGA2Yy T &RNE dOmydtdur@asudtinggrS G 6 SSy
extremely high coefficients of friction.

As a fluid is entrained into a converging geometry a pressure is generated which forces the surface
apart. This may cause separation if the hydrodynamic forces resulting from the presstire o

bodies is greater than the load applied to the components. This is known as hydrodynamic

lubrication and, with complete separation, the frictional force experienced in these regimes results

from shearing of the fluid between the surfaces. As thetiedavelocity of the surfaces increases the

friction coefficient increases due to the higher shearing rates and thickes dilftuid being sheared

between the solid surfacdg1].

Due to the great mass of railway locomotives and small contact area between the wheel and rail, it is
generally accepted thatignificantor completeseparation of the sliding bodies is not theoretically
possible under the conditionsixed or EHL modelsetypically used for simulating the contact

under wet conditiong§22, 23]

Elastehydrodynamic lubrication (EHL) is a special case of hydrodynamic lubrication which only
becomes significant in specific conditionsLEidnsiders systems under extreme pressures and the
phenomena expands the mechanism of hydrodyndmticication to include 2 additional factors:

9 Variable viscosity
9 Elastic deformation of solid surfaces around the contact region

These two phenomena allow eponents to be effectively lubricated by liquid film separation at far
higher loads than hydrodynamic lubricati{24].

Hydrodynamic lubrication and EHL are associated with significant drops in friction coefficient due to
complee surface separation by the lubricating film. Studies of rail adhesion do not report drops in
traction coefficient with rolling speed to such a significant ded2&; therefore hydrodynamic
lubrication or EHL cannot be accaable. This is believed to be due to the high loads exerted on the
small contact areas between the wheel and rail.

aAlESR 91 [ o6lLfaz2 1yz2éy & WLINIAFE 91 [ Q0 NBTFTSNA
In this lubrication regime, the load isgorted between the solid contact regions and the liquid film.

EHL assumes that the surfaces are smoothibutkality, the surfaces of the contacts are far rougher
than the thickness of the liquid film that can be produced.
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Mixed EHL contacts are usuaipdelled by integrating a statistical function accounting for the
effects of surface roughness into EHL simulagj@nconcept known as loasharingg which resolves
both the asperities contacting with EHL and those directly contacting in boundary tidomica
separately[26]. Mixed EHL is complex with various mathematical models developed to account for
particular properties of the contact including the conformity of asperities between the surfaces
28].

Authors have reported adhesion coefficients as low as 0[23]f 0.082[29] and 0.2[30] being
achieved by the application of water alone on twdisc testing rigs. Operating conditions of these
rigs are around 17 tonnes of load or 1500MPa at 1% Biglower adhesion valuesf these tests
arereported at high rolling speeds (25M)sand tre highervaluesat low rolling speeds (1ri}.

Lower values of adhesion have been achieved in similar experiments, but it should be noted that
even in laboratory experiments, the nature of tribological testing inherently makes maintaining
clean testing enivonments extremely difficult and therefore the testing of water contamination
alone is unlikely. Oxides will always be present in the contact when there is water present.

At higher rolling speeds on studies utilising railway operational data from thexdap&hinkansen

high speed network, lower adhesion coefficients were also obsgBE®2] The results are shown

in Figurell, a mixed lubrication regime model was used to estimate the adhesion coefficients at
different speeds based upon boundary friction coefficients determined through twin disc
experimental results (0.2 and 0.45). As the real operating case will have lowerdrguridtion

coefficient due to additional contamination, the model ovestimates the adhesion coefficients. It
should be noted that the Shinkansen network is an exceptional case due to very high rolling speeds
and very smooth contacts making; therefoiteis more likely to experience hydrodynamic effects.

0.50
—&— Boundary friction coefficient 0.2
- 0.40 —#— Boundary friction coefficient 0.45
& Measured results of
o Japanese Shinkansen Vehicle
e 0.30 (200 Series)
Uy
o
O
Q
= 0.20
O
%) Ao
.= =
o f'
= 0.10
<T Low adhesion
Ultra-low adhesion
0. 00 ‘ ‘ l -
0 100 200 300 400 500

Running speed (km/h)

Figurell, Wet condition adhesion coefficients plotted against the running speed for a mixed lubrication model and
operating measurement22]

Dry contact tests have also been shown to exhibit the same behaviour of decreased adhesion with
increasing rolling speed and sJ&0], but to a much lesser extent with its effect on adhesion only
becoming significant past spee of 300km.R[32]. This is however, likely due to thermal effects
resulting from increased slip in the contact which occurs at higher speeds.
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The higher the temperature of the water, the greater the coefficieradiiesion31, 22] This
relationshipg which is possibly a result of falling viscosgjys well as the relationship with rolling
speed, suggest that water can act to lubricate the wheel /rail contact in the mixeitdtion regime
if the right conditions prevail.

Comparison of these results foundthre literature has limitations due to different testing
parameters and the amount of control which is possible to exercise in the gathering of the data,
both in the fieldand lab; however, research into the wet rail phenomena has shown that water
alone is unlikely to cause levels of ultcav adhesion (<0.05). Higher viscosities or lower boundary
friction coefficients are normally necessary to drop the levels of adhesiorihia ultralow levels.

Studies suggeshat only a slight amount of water is required on the railhead in order to cause

adhesion levels to drop significan{B0, 9] Where greater amount of water is applied, the adlon

levels improve. Results of a questionnaire given to industrial stakeholders affected by the problem of

f26 I RKSaAA2y 3INBS 6AGK (KA& FTAYRAYI S6AGK mnmE: 2
on levels of adhesion and far fewer seeing heay as having high significan(@3].

2.3.2 Friction reducers

Where a thick lubricant film resulting from hydrodynamic lubrication is not able to be farmed
chemistryand other properties of the surfacesay prove to be an importannto understanding the
tribological phenomenaf the wheel / rail contacat the interfaces.

Under the great pressures exerted upon the whieglil contact by railway locomotives, it is
hypothesised that hydrodynamic lubrication gives way to boundamjidation. When these surfaces
are physically in contact with each other, lubrication at the surface can still reduce the amount of
friction which they experiengeherefore surface chemistry may play a significant role in many low
adhesion events.

Inthemcpu nad | ljdz-rtAde 2F &42YS fdzoNAOFIydGa ola y20A0S
of a substancéo actas a lubricant at slow sliding speeds, independent of its viscosity. The American
Society of Automotive Engineers define the qualitydffoA ySda & I AGRAFTFSNBYyOS

can be accounted for on the basis of viscosity when comparing lubricants under identical test
O 2 y R A 4. 2upricants found with this quality were usually of natunadjin (organic
compounds) and had surfactant properties.

20-60% of oil sampled from rails at various sites was found to be suafetoee chemicals such as
acids, esters, ketones, amides and sulphur containing hydrocarbon compounds which can potentially
interact with the railheachind wheelsshanging properties of the wheel / rail contd&].

Figurel2 gives the results of a solution of feextracts applied to a batin-disc traction device
compared with water. During the tests of the solution, black particles rapidly formed in the solution
at the start of the test suggesting that the colour of leaf residue films is a result of the reaction
between the steel surface and the watsoluble components of the leaf layer. This result is
significant because it demonstrates that, from a leaf layer, solid material is not essential for a
significant reduction in adhesion coefficient; however, it maybe as effective as with a full leaf
layer presen{35].

Surface agents in the form of acids or alcohols from organic matter, such as leaf residue or greases,
are present in the environment whegtail interface; if allowedo disperse over the railhead they

may form films on the surface leading to low adhesion conditions. The topic of surface chemistry
with regards to the wheel / rail contact has been sparsely covered.
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Figurel2, Frictioncurves for watessoluble leaf extractf35]

2.3.3 Leaves

Leaves are one of the major contaminants often presemté@wheel/ rail interface. During the
autumn, leaves present on the railhead pose considerable problems for theyaiharound half of
overrun incidents recorded in the UK in the autumn report leaf contamination prg38htin
addition to reducing the levels of adhesion on the rail, leaf layers can also be problematic for
signalling by aasing electrical isolation of the wheel and rail.

In studiescomparing common r#iead contaminants, leaves were shown to give the lowest
adhesion values (within the ultdew adhesion region); especially when water was introduced to the
contact[36]. During the tests, leaf layers formed of compressed leaf material were formed on the
surfaces. In wet conditions, two distinguishable layers were formed comprising of a soft dark upper
layer and a hard compacted, difficult to remgoVayer underneath; its similarity with leaf layers

found on actual track is noted.

The film on the railhead is created rapidly, requiring only one train pass (16 axles) to develop a black
durable contaminant layer; after which the layer remains for tyjycabout 19 trains (300 axle
passes)9].

The friction coefficient of leaf slurry has been found to be in the range of-@@& with a batbn-
disc tesf[35]. In this test, a black layer was als@duced and in lRpectroscopyests, was found to
contain pectin and cellulose derived from the leaf sampgRextin is thought to produce a gel in the
presence of metal ions and also cause cellulose fibres to aggloni8wehich is what is
hypothesised to be the black biomass film, giving a darkish colour to the leaf layer.

The typicathemical constituents of two common types of leaves are giv8raimle2. Tribochemical

reactions are expected to occur in the leaf layers and constituents be converted through chemical
reaction to other organic forms. Research into the chemical composition of the leas layehe

railhead is limited and the analysis done normally only identifies the presence of the leaf layer on

the railhead. Fourier Transform InfRed (FTIR) spectroscopy is used in various st{®beS7, 38,

39T /| y Y B% analisdsihéldpectra in detail for compounds and as a result is referenced in
YIEye 20KSNJ LI LISNE LISNF2NXYAY3I Ce¢Lwd ¢KS | ylfeara
pectin and cellulosebut also suggested there are highly polymerised fatty acids, understood to be
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effective lubricantg9]. Other analysis of the leaf layer includes Electron Spectroscopy for Chemical
Analysis (ESCA) and Glow Discharge OptiuabiBn Spectrometry (GOES) which was used to
RSGSNXYAYS G(GKS flFeSN&R LINBS&aSyOS yR (KAOlySaa

Table2, Percentage @nstituents of oak and hickory leaviéd]

Constituent Hickory Oak
Soluble reducing sugars 18.02 £ 0.87 11.13+1.50
Soluble polyphenols 9.14 £ 0.98 16.24 + 0.25
Hemicellulose 14.67 £ 0.30 16.44 £ 0.27
Cellulose 15.06 £ 0.43 18.39 £ 0.13
Lignin 10.01 £ 0.25 12.2 +0.46
Lipids 5.22 +0.30 490+ 0.24
Nitrogen 1.48 £0.10 0.71+0.03

Research concerning the detrimental impact of leaves to railhead traction has been conducted at

The University of Sheffield2]. Athree-layer model of the leaf layer was explored with a top
GGFNYAEKSRE f1@8SNE || YARRES Sl aate akKSThalBR FNR O
cause of low adhesion by leaf layers is still not greatly understood and other work has sdgpest

compounds such as pectin may form lubricating gels that cause low adté8jon

A focus of some studies into the chemical nature of leaves as causes of low adhesion aim to

determine bonding mechanisms between the l&afers and raihead[44]. Organic compounds

from the leaf material was shown to have reacted with iron ions during the formation of the layers

leading to an organanetallic layer which creates a complex linking the leaf laperthe railhead

surface. The chemical reactionbich from these compounds result due to the pressures and

temperatures of the wheel / rail contact. This research also identified the presence of graphite and
phosphate compounds which are known to be luants[45]T K2 6 SOSNE dzyt B9, S / | Yy C
no substantial reduction in friction was noticed with leaf extracts psilggesting that reactions

leading to the formation of leaf layers are necagsfor low adhesion due to leaves

2.3.4 Oxides and wear debris

Oxides of iron are found on the rail and wheel surfaces aral/Xiffraction analysis have shown 2
common forms of iron oxides, Iron(ll) Oxide (Haematite, red coloured) and Iron(ll,111) Oxide
(Magnetite, black coloured), make up a large portion of tffek®dy layer along with iron debr{80].
These anhydrous iron oxide compounds typically form a robust layer on the surface of theoinon.
oxy-hydroxides also known as rusthavealsobeenfound on the railhead three forms of which
have been identified as- - i y RFe®@OH (goethitegkagarite and lepidocrocite respectively36,
47].

Conditions greatly effedton oxide formation; wet conditions, the chemical environment, and the
cycling of such conditions result in both the rate and typesxades formed48].

Whilst the oxide layers have been studied in detail when on the rail, in the contact patch, little
information has been gathered regarding the state of the layer. Iron oxides have many chemical and
physicalphases which are sensitive to changes in temperature and pressure. Thin iron oxide layers
have been studied under different conditions and are shown to undergo reversible and irreversible
reactions[49]. The properties of th&on oxide layer when under the pressures and temperatures
within the contact is likely to differ in phase to that of the oxide layer found on the railhead.
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Understanding this may potentially give insight into the mechanism of low adhesion due to oxides
and debris on the railhead as well as potentially understand some of the mechanisms leading to the
bonding of leaf layers to the railhead.

Table3, Proportions of three types of oxyhydroxides present on the railhead under: accglédatimg and braking 1;
free rolling, 2 and accelerating on guage corner of the high rail in curved trjt] 3

Running Condition | Rust Initial State 1 Cycle 5 Cycles

No. 1 3-FeOOH 10.2 5.1 No peak
U-FeOOH 3.7 4.5 4.2
1-FeOOH 3.8 5.5 5.0

No. 2 3-FeOOH 8.4 8.5 7.1
U-FeOOH 4.9 5.3 5.9
1-FeOOH 7.5 9.7 9.1

No. 3 3-FeOOH 16.3 6.8 No peak
U-FeOOH 6.7 4.2 2.3
1-FeOOH 7.5 5.9 No peak

Table3 gives the proportions of different types of iron oxyhydroxides on various positions of the
railhead before and after train passes. The intensity of the BBe@OH trace is reduced to negllgib
levels after five cycles on the accelerating railhead positions, it is suggested that this is caused by
removal of the materialAfter one cycle the alphand gammaFeOOH initially increased in their

trace readings, this could be due to the revealifighe surface after removal of the befeeOOH or

may be caused by a chemical change within the oxide; the specific cause has not been confirmed.
BetaFeOOH is understood to produce low friction coefficidAg].

White et al.[50] explored the wetrail phenomenon through testingaematitepastes on a twirdisc
tribometer. The experimendimedto simulate a small amount of moisture generating oxide pastes
which are hypothesised to lead tow adhesiorj51], potentially owing to higher viscosity and a
mixed lubrication regime. The results of the experimentation is givéigarel3 showing a
relationship that the higheconcentrationof oxide in the paste, the lower the coefficient of traction
up to a point whereasthe oxide content approaches 10G#4s marked by a steep increase in
coefficient of traction.The significace of this result supports reports that small quantities of water
lead to the wetrail phenomena; &ry strong inversely proportional relationships have been found
between the friction coefficients at theheel/ rail interface and the amount of water addwed in

the debris at higher humiditigls1]. With the application of further water, the paste is pushed away
from the contact patch or potentially diluted, becoming ineffective in loweringtthetion.

Iron oxides are abundant in the natural environment as well as on the railhead and can take on
many forms depending on the conditions they are subjected to or formed under. Research has been
done to characterise the oxides on the railhead and their efdecadhesion; however, current
understanding of the reactions leading to the formation of the oxide layers and their intermediates,
as well as the properties when subjected to the condition ofvitieeel/ rail contact, is lacking.

Roughness of the surfacé the railhead is shown to be linked to oxides as well as the running
conditions and behaviour of the track. A newly ground length of track is shown to reach these values
for roughness within a day and a half of operation suggesting that the removal aedagien of

oxide layers reaches an equilibriys2].
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Figurel3, Traction coefficient values of twin disc tests with varying concentratiomsevhatiteoxide @stes[50]

In dry conditions, thick oxide layers on rough surfaces have been shown to greatly increase levels of
adhesion between the rail and wheel whilst thin oxides resulted in no significant change in adhesion
in comparison to the contrdb2]. The same tests conducted in wet environment gave adhesion
coefficients within a range of 0.14 to 0.2 and no significantly lower adhesion than the clean control.
In the wet condition the initial adhesion of the rough thick oxide layer sampdeshigh, but quickly
reduced to the same range as the other samples.

It should be noted that the testing of the oxide layers was done under low rolling spbedsfore,
boundary lubrication or solid layer shem@ay bethe only significant lubrication méanisms.

Hardness of the oxides have been hypothesised to be important to the friotmaifying properties
of the tribo-chemical system. Nakahara et @3] noted that an abrupt rise in traction coefficient
may be caused bgn increase in hard thin oxide layers but that an increase in soft oxides may
prevent an increase in the traction coefficient.

Low adhesion caused by oxides on the railhead is notoriously difficult to reproduce in the laboratory
[54, 55] Studies have suggested that the reason for this is a very narrow band of conditions required
to cause the phenomena.

2.4 Test methods

This section outlines some of the test methods used to sthdywheel/ rail contact as well as some
proposed methods which hold potential to analyse the system. It is broken into two sections: Tribo
testing, which contains tests to study the tribological behaviour of the systems; and Analysis
Techniques, which involve techniquies chemically and physically characterising the contact.

When selecting a tribotesting method, there is always a traffdbetween complexity, time, cost
and control.
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Simple test rigsanprovide data quickly and cheaply regarding one or two variabldsisystem. It
is also easier to control the input parameters in the testing. In this study, the simplest are slow
slidingonly tests.

More complex testing involves rollirgliding contacts where more representative simulationshe
wheel / rail contactan be made but some control over the individual parameters is lost.

The most representative data can be gathered by full scale or field testing which involved real
operating conditions; however, costs are high and the control over most parameters @uisliad
and unexpected and uattributable errors to the datare introduced Full scale field testing is
normally reserved for validation of testing using the simpler methods.

Wherever possible, specimens are machined out of wheel and rail section nhategise physical
and chemical consistency with the steels used on the railway network.

2.4.1 Tribotests

Up until themid-1990sBritish Rail conducted extensive testing of adhesion on a number of British
Rail routes using a purposely designed tribometer twait instrumented wheelsetsTesting on
operational track with dull-sizerailway locomotive provided extremely representative readings.
Ever since the retirement of the tribometer train in 1996, researches have relied on data from
portable handoperatedtribometers for field readings as well as varidals-basedequipment to
studythe wheel / railcontact[9]. In this section some of these methods are reviewed.

2.4.1.1 Pinon-disc (PoD)

A Pinon-Disc tribometer simulates a sliding ¢anot. The device consists of a horizontal rotating disc
with a pin loaded against it. Contact pressures comparable to those experienttedvitneel / rail
contact (900 MPa) have be generated with this equipniét 57]

Lyu et al[56] have used this method within@imate-controlledenvironment, allowing
manipulation of the temperature betweerl0°C to 20°C and humidity between-30%, to study the
wear between wheel and rail.

2.4.1.2  Mini traction machine (MTM)

The mini traction machine consists of a rotating ball in contact with a rotatieg) disc. The ball and
disc can be driven independently and to create a rolling sliding contact. Due to the nature of the
contact it can be used to determine the coefficient of adhesion between the two surfaces by varying
creep levels and has been usednvestigate the influence of various contaminants and surface
roughness orthe wheel/ rail contact[58]. In the studypressures of up to 1.25GPa were simulated.

The system can be enclosed iteenperaturecontrolledchamber and liquids applied to the contact
allowing the study of contaminants under varying environmental conditions.

The MTM is often preferred to the pion-disc or piron-flat testing platform as iallows for a rolling
sliding contacf59] and the machine has been used to investigate various factors influencing-wheel
rail adhesior{60].

2.4.1.3 Twindisc

The twindisc apparatus consists of two hydraulically loaded discs machined from the rail and wheel
materials. They are driveseparatelyand their relative speeds adjusted to induce slip, simulating
driving and braking forcg82, 50] Such examples include SUROS (the Sheffield University ROIlling
Sliding) maching36] and fultscale wheel rigi61].
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The use of twirdiscsfor wheel/ rail contact studies wasdrkt developed to simulate wear and
fatigue but has since been used for adhesion and the testing of various contaminants including
leaves, oils & greases and waf6ég].

2.4.1.4 High pressure torsion (HPT)

High Pressure Torsion teggitnfthe wheel/ rail interface has been developed by the University of
Sheffield[63]. During the testing procedure, a specimen of wheel material with a machined raised
ring area is compressed against a flat rail sample. Eoigjthen applied to slowly rotate the samples
relative to each other at a constant speed.

The stress required to rotate the specimens relative to each other is plotted against the
displacement. From this information, is it possible to predict the frictigoroperties othe wheel/

rail system. Contaminants can be placed within the contact and stuiedkleyJohnstone et al64]
investigated the influence of concentrated oxide pastes on adhesion using this apparatus and found
only a narrow range of oxide concentrations of the pastes reduced adhdsiargver,sustained

low adhesion was not achieved.

This testing procedure has beesed to provide inputs into the Virtual VehioleS & S NOK / Sy i NB ¢
Extended Creep Force (ECF) model for use in-mdty dynamic simulationg.he HPT has recently
been used to simulate and assess the impact of oxides and water in the wheel / rail ie{éAhc

Due to its lowspeed slidingonly operation, many lubrication effects of contaminants may not be
studied; however, HPT testing is likely to be one of the more controllable methods for determining
the rheological propeies of solid third body layers, as well as the frictional behaviours of
contaminants.

2.4.15 Full scale rig
Full scale rigs offer realistic contact geometry, loads and materials for the testing wheel/ rail
contact.

Various configurations of full scalgsihave been developed. Examples includeaal@ high speed
bogie on rail rollers capable of being excited, to simulate irregularities in the[Ba&gkand a ful
scale slow rolling/sliding rig operated at the universitysbiffield which uses a wheel on a short
length of straight track66, 67]

The larger rigs offer realistic testing conditions but are more complex systems to control and have
limitations. An example limitation of theili-scale rig at Sheffield is that the same section of the
wheel and rail contact on each cycle which may not allow for dispersion of substances on the
railhnead to be simulated realistically.

Instrumented wheelsetfitted to locomotivesin operationare ako used by train operating
companies and researchers, providing dinepresentative data of realorld train operating
conditions[68]. Whilst this data is valuabtee implementation is both difficult to control and
expensive.

2.4.1.6 Field testing

Portable tribometers introduced to replace the tribometer train are problematic and concern has
been expressed after comparative testing studies demonstrated poor correlatioveleetthe mean
values determined from the fuflized wheel rail contact and the handheld devices. The handheld
devices tended to produce higher values. The cause of the discrepancy as a result of the scaling has
been theorised to be a result of large dehrwear and surface roughness effects which are more
significant with smaller geometridS].
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A pendulum test rig, traditionally used to assess the slip resistance levels of flwopnblic spaces

for health and safety redation, has also been adapted to assess the levels of friction found on the

railhead which provide results agreeable with those found using the twin disc mgBhd
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units byoffering more control over the testing; good agreement has been observed between

instrumented wheelsets and values recorded on the new portable nsatisleloped68].

2.4.2 Analysigechniques

Aside from properties directly relating to adhesion, other conditionthefwheel/ rail contact such

as the presence of a tribofilm or chemical compositions have been studied through use of various
techniques. Some of the most relevant are a@itgd in this section.

2.4.2.1 Fluorescence and electron spin resonance

Fluorescence and Electron Spin Resonance (ESR) have both been used to investigate the properties
of adsorbed layers of surfactant molecules to the stitidid interface. The polarity, viscogi

diffusion, solute partitioning and aggregation numbers can be determined through use of these
techniques; thereby providing information of interest to boundary lubrication. These methods are
highly sensitive to the environment but have been used talgtiayers of hydrocarbon chains

adsorbed onto solidiquid interfaceq70].

2.4.2.2 Ultrathin film interferometry (UFI)

Film interferometry is a technique used for studying tribofilms. It uses the principle of optical
interference to siperimpose light reflected onto a fixed surface and light reflected off a sudbce
which position varies based upon the thickness of a film. The augmented signal is then analysed to
estimate the thickness of the film. A sep similar to the MTM rig issed for this analysis with the

main difference being the disc replaced by an optical slide and a microseopera focused on the
reverse of the slide to the ball contact.

Its main use has been to study EHD films and this technique has been proved tarenleasicant
film thicknesses between 1 and 500nm with an accuracy of +0.5nm below 10nm and +2 percent
above 10nn{71].

2.4.2.3 Spacer layer imaging (SLIM)

Spacer layer imaging technology has badapted oo the MTM tribometer to oberve and

determmine the thickness of tribofilm®rmed between ball and disc surfacémlike UFI, the
GNRO2FAEfTY Ad 20aSNIBSR 2dziaARS GKS O2yidl Od LJ GOK
The device consists of a spacer layer coated optical whileh, when the device is stationary but

before the surface is drained, is loaded onto the rubbing patch of the ball. Using a microscope with
attached camera, the interference image is captured for the corjfié}t Analysis of the colour

bands then allows for the estimation of the film thickness and a contour map of the contact to be
generated.

SLIM is used in place of surface layer interferometry when a sliding or rolling/sliding contact is
required as the rubbingfdhe surfaces abrades the optical coating used in interferometry
limitation of this method is that the film can only be analysed stationary; therefore, no
hydrodynamic lubrication effects may be observed.

It has been used to research ZDDP tribofiim&tvifiorm on metal surfaces and are extensively used
as antiwear additives in engine 0i[g3].
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2.4.2.4 Chemical analysis

Table4 outlines chemicatome main chemical analysis techniques which have been used to study
the wheel/ rail contact. Other techniques, relevant to topics of this research, are also included for
consideration of further research regarding the low adhesion phenomena.

Table4, Analytical chemistry technique overview

Technique Description Topics of Example uses
interest

Chromatography, Analytical chemistry techniques for Oils and Separate and

Gas the separation and characterisatio | greases, leaves| determine fractions

chromatography ' of components in a mixture surfactants of chemicals present

(GC), Liquiesolid in oily contamination

chromatography on the railhead. GC
[74] and LiquidSolid
chromatographyj34].

Mass Analysis technique which All

Spectrometry determines ions based on their

weight, it is often combined with ga
Secondary lon chromatography.

Mass

Spectrometry

(SIMS)

Infra-Red (IR) anc Spectroscopy measuring the Oils and Determination of

Fourier absorption or transmittance of greases, leaves| fractions of chemicals

Transform Infra | infrared radiation vs frequecy or surfactants, present in oily

Red (FTIR) wavelength oxides contamination on the
railhead[34].
Leaf layer analysis to
determine the
bonding within
organic compounds
present in leaf layers
[35, 37, 39]
Unsuccessfully used
to detect the
presence of hydroxide
anions on the surface
of iron oxide (too thin
layen)[75].

Scanning Electron microscope using focused Raihead Surface topography

Electron beams of electrons for imaging. Ca| surface analysis ofailhead

Microscopy be combined with other JRay and oxideg52].

(SEM) analysis methods.

Energydispersive| Can be combined with SEM to Oxides Elemental analysis of

X-Ray provide elemental analysis or oxides on the railheac

spectroscopy chemical characterisation of a [52].

(EDS) sample.

X-Ray Diffraction | The physical interaction between x| Oxides Determining

(XRD) rays and material are observed usir composition, type,
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XRD and may be used to determine and structure of

Also Synchrotron| crystal structure as well as the oxides on the railheac
X-ray Diffraction | chemical composition. [46, 76]
Raman Similar to IR, observes the Oxides, oils and Used successfully in
Spectroscopy interaction between radiation and | greases, leaves| the detection and
matter to studychemical characterisation of
Also: High composition of compounds and the iron oxyhydroxides or
Pressure Raman | functional groups. rail surfaceg47].
Spectroscopy
Glow Discharge | A destructive analysis technique | All Along with electron
Optical Emission | which analyses the elemental spectroscopy for
Spectrometry compositon of materials. Can also chemical analysis
(GDOES) be combined with mass (ESCA or XPS), used
spectroscopy. determine the
elemental

composition of the
top of the railhead as
well as a five
micrometre depth
profile into the
railnead[40].

X-ray Analyses surfaces in a high vacuun All, Surfactants | Characterising
photoelectron to accurately determine the monolayers on
spectroscopy elemental composition and chemic: stainless steel surface
(XPS), Electron | state of a material [77,78, 79, 40]

spectroscopy for
chemical analysis

(ESCA)

Contact angle Quantifies the thermodynamic Surfactants, Characterisation of

measurement wettability of a surface surface surface properties

characteisation | and determination of

monolayer presence
[78].

X-ray Adsorption | Signals can be extracted from All

Spectroscopy surface monolayers or buried layer:

(XAS) and Xay | in the presence of a large
Adsorption Near | background signal. Powerful

Edge technique for organic and inorganic
Spectroscopy chemical structure analysis which
(XANES{ also allows the examination of molecule
1ly26y | & adsorkedon surfaces.

Edge Xay

AdsorptionFine
{ G NHzO G dzN.
NEXAFS

2.5 Numerical modelling of the wheel / rail contact
RSSB Report 1077 reviews as well as quantitatively assesses and ranks mathematical models for
simulatingthe wheel/ rail contact[33].

There are three classes of friction force models for tangential contacts divideahtyylexity[80]:
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1 The least complex are approximate approaches including lookup tables which are used for
fast calculations but are unsuitable for detailed studies of the contact required for
simulations running at or close toc the adhesion limit such as traction contf8lL].

1 Haltspace models use simplified geometry but are more complex and use physical principles
to compute the contact outputs.

9 The most complex models use comprehensive finigengint approaches that are
appropriate for studying detailed geometries and effects in the contact but are
computationally intensive making them unsuitable for dynamic simulations.

The extent of simplifications to the models depend strongly on their intendse[82].

Friction force models are used to simulaie wheel/ rail contact and provide understanding for
complex system behaviour. The models allow for simulation of experiments as well as be able to
conduct parametric stiies and optimise the system. Vehicle dynamic simulations incorptrate
wheel/ rail contact models as an essential part of larger model simulations which are increasingly
being used in vehicle design, track engineering, wear/damage models and secioesin
investigationd80].

2.5.1 CONTACT

Contact is a hal$pace based approach. It has been extended to include further relationships,
including a thirdayer rheological law, friction memory and falling friction effect. Thesetaim
describe the effects of surface roughness, temperature effects and a third body layer; hothever
third body layer is generalised formula and the effect of liquid lubricants are only included within
this empirical relationshif80]. Results generated from the model have been shown to agree well
with experimental results taken from the Bombardier locomotive in wet conditions.

252 FASTSIM

FASTSIM is a simplified theory of rolling contact wshmilar derivation as CONTACT. It is faster to
compute due to its simplicity and relies on empirical correlations to approximate the system
properties[83].

2.5.3 Polach

¢CKS t2tFOK Y2RSt A& |y SYLakthebrpdnd is ugerl BsSah altérmativé R
to FASTSIM. It has been developed for dry and wet contacts taking into account the shape of the
contact amongst other parametef81]. The Polach model was determined to be the most &lgta
model in the RSSB T1077 report for modelling the influence of waterheel/ rail adhesion levels

due to its representative results under water lubricated conditions as well as being computationally
efficient and empirically extendable. &udition, it has already been implemented in MuBiody
simulation softwarg33].

2.5.4 Spiryagin

The Spiryagin model is anoth@odelbased on FASTSIM and extends it to fit more closely to
observed traction curves by employing an initial slope reduction and decreasing friction coefficient
at high creepagef84].

2.5.5 Tomberger

Based on the FASTSIM, the Tombergedel incorporates other models for lubrication conditions
into the calculations, including a temperature and a micomtact mode[82]. The Tomberger
model also considersurface roughness and its effect on adhesion levetteudry and wet
conditions (boundary and mixed lubrication conditions).
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2.5.6 Extendeccreepforce model (ECF)

Based on the Tomberg€FASTSIM) model, the Extended Creep Force (ECF) model adds more
complexity in the form of a temperature and normal stress dependent elplststic thirdbody-layer
model. This allows the effect of solid interfacial layers on the traction characterigtius $tudied
[12]. Nonlinear traction characteristics also allow for the simulation of liquid lubricants within the
contact.

In RSSB report T1077, the ECF was identified as one of the most suitable models for studying the
G2 S Af ¢ LIR3S)yIreaddRighlito this, High Pressure Torsion experiments for determining
the frictional behavioursf wheel/ rail systemsaccounting fothe presence of contaminanthave
beenconducted at the Universityf Sheffieldandhave been used as inputs into the ECF model.

2.5.7 Beagley

. S 3t Se, atich aask&< both solid and liquid railhead contaminatisiased on two
phenomena: the shearing of a solid contaminant layer and viscous lubrication effect&lfifosod
mixtures of the contaminantf85].

2.5.8 Chen

A 2D model based on elastiydrodynamic lubrication and contact theory of rough surfa@3 was
extended into a 3D model. Its main applicatioms at high rolling speeds where lubrication effects
are expected to become significai@6].

2.5.9 Popovici

t 2R OAOAQa SEGSyardsS Y2RSt KlFa 0SSy RS@St 2LISR
The layer between the wheel drrail is modelled as a viscoelastic lubricant. Extensive field testing

and validation of the model was conducted and shown to have good correlation for a wide range of
lubrication (mixed and EHL) regimes and temperature condi{®ris

2.5.10 Wu

Wu et al.[88], factorsEHLinto a numerical model considering small pockets of water and oil which
can be stored btween the asperities othe wheel/ rail due to the roughness of the interface being
of the orderof several microns. The study shows that the adhesion coefficient is reduced to the
lowest levels when a mixed environment of oil and water is present as a contaminant on the line
more than oil or water alone. Higher train speed is also presented teecasgnificant reduction in

adhesion through th€HLY SOK I yAaY® ¢KS 2Af FTNIOGA2Y FyR AdQa

studied and shown to influence the adhesion coefficient.

2.5.11 Waterinduced low adhesion creep force mod&IiLAQ

The WILAC model caimulate the wheel / rail traction coefficient in dry, moist, and wet conditions;
however,it puts special emphasis on moist condits{humid conditions and during the onset of

rain) [89]. The model is an extension of the Polach model incorporating numerous linear regression
modelswhich modify the parameters of the underlying model based on the normal force and rolling
speed to encounter for a wider range of operating condisiofhe modesimulates the creep curves

F2N) F2dz2NJ RAFFSNBY G aO0OSy Il NR 2 a albdatbsh EBeightisyior daghR (0 ¢ 2
of the scenarios to the current computatiaetermined by the water flow rate.

2.5.12 Modelsuitability
In this study of low adhesigmesearch is likely to be done on a fundamental chemical or physical
level; therefore, the approximate approach models such as the ones based on FASTSIM are not ideal
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for exploring the causes of low adhesion at this level. CONTACT, Beagley and Cheoade al
candidates for predicting the effect of physical or chemical influenctseatheel/ rail contact.

A secondary intent of the research is to be able to provide predictable adhesion levels. Whereas, the
ECFand WILA@odelk may be unsuitable for stlying the fundamental mechanisms leading to low
adhesionthey are extendable the ECF model hdmen implemented in simulation packages and

they are developed to accept input from tribtesting lab results; thereforesither are good options

for integrating the outcomes of this research into vehicle dynamic models to improve the reliability

of simulations.

2.6 Abatement

Control of the levels of adhesion on the railway has been divided into two categories in this section:
prevention and abatement. Preventionmool methods aim to eliminate the problem by removing

the conditions required for low adhesion to form. Mitigation methods, on the other hand, work to
reduce the impact of low adhesion after it has developed or had the opportunity to form.

Active controkystems, such as electronic traction control or magnetic trainds;dkave been
omitted from this study as they do not deal directly with the conditions between the physical and
chemical connections dhe wheel/ rail system.

2.6.1 Prevention

2.6.1.1 Hydrophobic
The brmation of dew on the railhead can be controlled somewhat by the application of a
hydrophobic product forming a wateesistant surface on the head of the rail.

Lewis et al[69] study the effect of applying a hydrophobic liquid prodtotthe rail-headsurfacein

order to attempt to prevent the formation of dew on the railhea@nhanced coefficients of friction

FNB NBLRNISR dzyRSNJ aYAaildSRé 02y Rediihe BeptadTrailk 2 6 S 3 S NI
are shown to have lower coefficients of adhesion than with water alone. This suggests that the

chemicals are acting as lubricants when in solution.

The study demonstrates that hydrophobic treatment with chemicals similar to thosedestn
make a rail more resistant to adhesion loss, but in limited conditions, and worsen the effect in others.

Otheralternative chemicals, such as rorganic hydrophobic agents which may have the desired
water-resistance properties yet not exhibit lubating effectsmayworth investigating.

2.6.1.2  Hydrophilic

Use of hydrophilic agents have been the focusarhelow adhesion stuigts[90, 91] The theory

behind hydrophilic chemicals is that they may reduce the amountatékwvhich can be supported

on the railhead by preventing beading and encouraging dispersion over the surface; essentially

draining the contact. The study demonstrates the effectiveness of using dioctyl sodium

sulfosuccinate as a coating for increasing dfffenity of water to the rail surface and promoting
RAALISNAAZ2Y® ¢KS STFFSOG 2F (GKAa Aa AYONBFASR FTNRC
friction where there is a greater quantity of water on the railhead.

It should be noted that the trib¢esting has been performed using a pendulum tester with a rubber
contact which complicates the system and that there may be unaccounted interactions with the
coating which would not be present in a stestéel contact.
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2.6.1.3 Trackside management

Preventing ingess of contaminants onto the railhead may allfmwbetter control of trackside
conditions and reduce impact on adhesion. These methods primarily target leaf contamination but
may also reduce dust or debris contamination. Such management strategiede[14]:

1 Vegetation managemergensuring a minimum distance between any lineside vegetation
and the track.

1 Rail leaf guards involving farriers to influence the flow of air around the rail, reducing the
entrainment of leaves do the railhead through turbulence created by passing trains or
crosswinds.

1 Trackside leaf fenoceproviding a barrier to prevent leaves and other debris from the wider
environment entering the trackside region.

These management strategies may be limiteg do cost of maintenance, environmental legislation,

or the design/layout of the railroad area. For instance, the extent of management of rail side
vegetation on UK railways is often limited due to the role trees play in ensuring structural stability of
embankments.

2.6.1.4 Chemical treatment of the railhead
Characterising leaf contamination, primarily what binds the leaf layers onto the railhead, has been
recommended for further research by the Rail Safety & Standards Board (B]SSB)

The mechanism by which leaves chemically bond to the railhead to form a layer causing low
adhesion has been studied through the disciplinettgmistry andiochemistry[92, 42, 44]

The exactechanisms have not been validated potoposed hypotheses are drawn up, most of
which involveron ions It is suggested that the formation of leaf layers can be preventeatidyse
of chemicals which suppress the formationirai ionsand, in turn, h# the formation of
problematic leaf layers on the railhead.

The prevention options proposed include:

T bSdzi NI f A&t GA2y 2F aFNBS¢ ANRY o0& OKSt Il G2NH
1 Use of Enzymes
1 Soapy hydrophobic solutions

2.6.2 Mitigation
Methods to increase adhesion to acceptable levels wharoantering low adhesion after its
formation.

2.6.2.1 Sand

The process of applying sandttee wheel/ rail interface is known as Sanding. Sanding is the oldest
and most commorf61] method employed to tackle low adhesion and railwagolmotives have

been fitted with sanders since 188#54].

The sand is applied tihe wheel/ rail interface by being blown from a hopper mounted under the

train using compressed air. Sanding is rarely used in normal operation but is applied during
emergency braking. It is effective and easy to use but can lead to complex and costly problems with
the rail or wheel surfaces and has been shown to increase the wear rate of both the rail and wheel
materials by up to an order of magnitug3]. Sand has also been shown to cause track surface
electrical isolatiorj94].
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For leaf and grease contaminated contacts, the application of sand has been shown to be effective in
recovering adhesion; however under dry and wet conditions it was shown that sanding initially
reduces adhesion through the creation obavtshearstrength solid layer which prevents direct

contact of the surfaces until the layer is broken and adhesion levels ref@ier

Alumina particles have been found to be more suitablerfguroving traction tharthe traditionally
used silicaandasit is shown to subject the wheel and rail surfaces to less wear for the amount of
adhesion recovere(B].

2.6.2.2  Friction modifiers

The aim of a friction modifier is to be able to have control over the friction coefficienteaiheel

/ railinterface by either increasing or decreasingrite first friction modifiers were developed as
solid stick application products to lower coratgn and squeal noise and do so by reducing the
traction coefficien59]. Increasinghe traction coefficient is the objective of other friction modifiers
which may benecessaryn places that regularly suffer from low adh@sio enhance the adhesion,
for emergency braking situation for instanjés.

Friction modifiers can be either watfs9] or o0il [95] basedand often include particles isuspension.
Theycan be applied by brush or spray to the railhead suspensiorio form a thin film.Application

is important when applying ebased friction modifiers as too much can result in very low adhesion
levels[95]; however, watetbased friction modifiers are less sensitive to overdoga§é Another
method of application is to use an abrasive block made from a synthetic resin which is pressed
against the wheel and applies the particles to the wheel surface in a controlled m@jngome
friction modifiers provié the required traction with no solid particle suspension,

Non-particulate based friction modifiers are mainly used to reduce wear and fatigue or to control
noise. In doing so they can occasionally cause adhesion levels to drop to levels unacceptable for
braking or tractior{96]. Typicallysolid particles are present in suspension when an increase in
traction is required.

2.6.2.3 Traction gels

Traction gels, also known as traction enhancers, are a particular type of friction madif@r has

been developed in the aim of replacing sanding as the primary adhesion control solution. They
consist of a solid/liquid suspension of sand particles within a gel base and are designed to be applied
either by a vehicle mounted system or a pumpiram trackside devices.

A commercially available traction gel has been tested with the aim of recovering adhesion levels
with leaf contaminatior{97]. It has been shown to enhance the rate of adhesion recovery and lead
to lowerwear rates compared when compared with sand; however, immediately after application
there is a reported drop in adhesion and some electrical isolation. This suggests that a vehicle
mounted system may be problematic but applied to the track it may beldevgubstitute to

sanding.

2.6.2.4 Cleaning of the rail surface
Where a layer of leavdsasbuilt up they can be physically removed from the railhead using various
methods[93]:

1 Water Jets
9 Sandite blasting (mixture of sand and aluminioride particles)
1 High power lasecleaning
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The removal of the leaf layer may eliminate the cause in that situation; however, this method is
expensive and difficult to apply extensively on the rail network.

2.7 Summary of literature

Providing predictable andpdimised traction and braking of the wheel / rail contact presents great
difficulties. The causes of adhesion loss are well documented; however, the mechanisms by which
traction is lost are not fully understood and replicating the effects of documenteslesalias only
achieved limited success in the lab.

Very high rolling speeds such as those associates with high speed trains have been shown to be able
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also eperience low adhesion but thmechanisms leading to thihenomenaare less cleabut

believed to be associated with small amounts of water such as from the onset of rail (drizzle) or dew

on the railhead.

Current numerical models effectively predict traet of locomotives over most operating conditions
and incorporate extensions to account for narrow watentent conditions which are shown to
produced reduced traction, but these are often based on empirical relationships rather than from
first principles

Much of the research into the material components which result in low traction conditions regard
leaves and leaf layers which are only present during half of the incident during the autumn period;
other components such as oils / greases and iron oxideseas covered. The literature exploring

these materials in the context of the wheel / rail contact is also often of high level and rarely explore
the chemistry of these components. It is clear that this lack of chemical analysis is a large gap in
currentknowledge which the work of this thesis will aim towasdkiressing

Abatement techniques for tackling low adhesion reflect the current lack of understanding for the
chemistry and mechanisms of low adhesion incidents, often resorting to the almost 200lgtea
method of sanding as a design basis.

Overall the literature shows a need for further understanding of the chemical and physical
conditions and behaviours of the railhead whiolaybe instrumental in identifying mechanisms of
low adhesion and desigrgmew methods to counteract its development and impact.
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3 Chemistry of the Railhead

Thethird bodymaterials of the wheel / rail system adiverse buthave been grouped inttwo
categoriedo explore in this chaptetinorganic andrganiccompounds. This chapter seeksfitstly
identify and therexplore these compoundshrough the literature in greater detail than they have
been studied directly in the context of the wheel / rail contathe physical and chemical properties
of these materials and their interactions are explored here mainly through the fields of chemistry
and materia$ sciene.

The chapter is separated into three parts: inorganic compounds; organic compounds, including
structures and chemicals in leaves; and documented chemical and physical surface interactions.

3.1 Composition and formation

The typicabrade of steel used on railys is gearlitic steel, composed dilhely laminated
structuresof ferrite and cementite. By weight it is approximately 0.6% cafl88h The wheels are
steel manufactured to various grades via hot forging and roJiragying slightly in chemical
composition and mechanical propertif39].

In addition to the materials of the wheel and rail, compounds found in the wheel / rail contact
system originate from the trackside environment which can wédely in climate conditions and
materials present.

3.1.1 Inorganic compounds

Oxides are always going to be present to some extent on the railhead and will therefore make up the
majority ofinorganic compoundesearchin thischapter.The oxidesmainly originatefrom the

corrosion of the rails. Other inorganic compounds that may be present include ores, from mining /
guarrying and transport of materials; dirt and stones, from the trackside environment and ballast;
and sand from the practice of sanding to imprdxection of locomotives.

Iron is a transition metal and as such can exist in many states of oxidation which are chaongeable
time if exposed to differenenvironmental conditions. In typical conditions, where oxygen and water
are present, three groupsf@ompounds may form: Iron Oxides, Iron Hydroxides and Iron Oxide
HydroxidesThese common compounds are gived ableb.

These iron compounds have differantiterial properties and therefore have a direct impact on the
mechanical tribology of the wheélrail interface[100]. Their chemistry is also of interest as the
compounds may interact differently with organic materials ankleotcontaminants on the railhead.

Table5, Overview of common inorganic compoufiti3l]

Iron Oxidation State | Formula Morphology
Iron oxides 2 FeO
3 FeOs alpha
3 FeOs gamma
2,3 FeO.FgD;
Iron hydroxides 2 Fe(OH)
Iron oxide hydroxide | 3 FeO(OH).n(#D)* | alpha
beta
gamma
delta

*alternatively: Fe(OH)
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Iron, as a transition metal, can have many oxidation stdiastypically takes on one of two under
conditions where oxygen is present: ferrous (Irendt Fé? and ferric (Iron ) or F&3) [102]. Most

of the iron will be found in the ferric state due to the relatimeundance of oxygen in the

atmosphere. All compounds covered in this section consist of iron with these two oxidation states.

Iron (1) oxide, or vstite, is a rare form of iron oxide which exists in a cubic lattice. Its presence
usually indicates a heayifeducing environmentit was not identified on the railhead by the-&itu
X-ray diffractometer{46] and is not mentioned often ithe very fewother studiesinto iron oxides.

LNRY OLLLO 2EARS A &-hematitedriel -YAly3 KiS YOiiv@n@xtle isikdred S& vy h
common but‘-iron (II) oxide may be formed through the thermal dehydratioh @fon (l11) oxide
hydroxide[101].

A final common iron oxide composed of both ferrous and ¢emxidation states, iron (ll, Ill) oxide is
magnetite.

Most iron hydroxide compounds exist as Iron oxigelroxidesbut a less stable iron (11) hydroxide
may be possible; however, in the presence of oxygen it rapidly oxidises into iron (lll) oxide dg.droxi
This compound is also an intermediate product of rusfi@l]but due to its stability, the

concentration on the railhead is unlikely to be more than a trace

Iron (111) oxide hydroxide can be found in either anhydrousyairated forms depending on moisture
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found to form in high pessure environments such as deep sea condititins pressures

experienced in the wheel / rail contact mpgtentiallypermit its formation but, as it would have to

be analysed isitu, detecting it is likely to require extreme technological difficulties

ORusting is a complex electrochemical process by which there is successive oxidation and reduction
reactions occurring at the surface of the metal along with an electrolytic solutiersolvent of

which is typicallyvater. The liquid film on the metalrface is often microscopic, bistalmost

always present due to moisture in the environment. Rusting of the railheadasmtinuously

ongoing procesgherefore it is important not only to consider the end products of the reaction, but
also intermediatecompounds formed temporarily during the process.

The three major compounds involved in the rusting mechanism are iron, oxygen and water. Other
ions may occasionally be involved such as calcium and chlorine; they may act as catalysts, speeding
up the reacion, or form compounds in addition to the common rust compoufidxl ].

The first stages to the reaction are the oxidation of iron from the surface of the metal whereby the
electrons are transmitted through the electrically cartive metal; the iron ions formed are soluble
and enter into the solution. At the same time, water and dissolved oxygen are reduced into hydroxyl
ions at a separate surface site:

"0® "0Q cQ [A]
0 ¢O0 1TQ O 100 [B]
Some of the iron may be oxidised further by the oxygen dissolved in the solution:

1°0Q 6 ©oQ q ©
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Iron hydroxides / oxiddaydroxides are then formed from disassociation of water molecules and
ionic attraction to the hydroxyl ions:

"0Q (OGP OO ¢O

o0

[D]
[H

These compounds may precipitate from the solution and exist to varying degrees of hydration
wherebywater molecules are physically adsorbed to the compounds.

"0Q  g0§P "0QH '0J0U

Over time these compounds undergo dehydration, precipitating water to form iron oxides:

"0Q) 'O P "0Q{§ 00 A
"M 0 P "OQH 0 00 (€
¢OQl "OP "0 "0 [H]

It should be noted that mangeactions which occur during the rusting mechanism are reversible
causing the chemical composition to vary with the conditions. The phases of the compuaunicls
are associated with the crystal morphologye also transient and different structures oftloxides
and hydroxides may vary with the railhead conditions.

3.1.2 Track ballast

The track ballast which is placed and packed to form the track bed upon which the railway sleepers
are laid varies depending on requirements and available material. Crinstrddstones must be used

for new or replacement ballast laid in maintenance in the[LO3]; however old materials such as

ash and sand mayilitbe present on the network as well as a vast varatynaterialsinternationally.
Graniteis the most common choice afaterial,but occasionallyrard limestoneor steel slag may be
used[104].
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Figurel4, Soil particle size classificatidi®5]

Quarlying, natural geological features and human activities ultimately give rise to a vast diversity of
trackside materials and soils. The great variety of debris and soils has resulted in many systems to
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attempt classify their chemical physical and biologiraperties[106]. Of these systems, patrticle
sizes are of great interest, as can be seefigurel4 which set out the categories of clay, silt and
sand for fine earth§105].

Soil texture classes and subclasses have been further defined by the United States Department of
Agriculture as combinations of these particle sizesaasbe seen ifigurels.
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Figurel5, USDA texture triangle for soil classificatjp@5]

3.1.3 Organic compounds

Oilsand greases are present on the railhead in small quantities. Even though they may not be as
abundant as other kinds of contaminant their presence has been shown to control adhesion. Their
composition, chemistry and effect on railhead adhesion is therefoportant to understanding
railhead chemistry.

Typical oil contamination levels found on rails from organic chemicals extracted from rust scrapings
have been found to be around@7ug per square cm. Analysis of this contamination has shown that
the majoiity of the oils found can be grouped into three fractions, summariséchlrie6.

Table6, Content summary of oily railhead contaminat[84]

Fraction | Composition, % | General chemistry Example compounds

A 30¢ 65 Mixture of mainly branched aliphati¢ squalene
hydrocarbons, ¢ and higher

B 2¢6 Viscous large aromatic compounds| none mentioned
Go-Gs

C 20¢ 60 Mixture of large molecules acids, esters, ketones,

containing C=0 grouping as well as naphthenicacids
amine and sulphur containing
compounds. Highly surface active.
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The oils may originate from oils and greases on the locomotives or rail infrastrutttayemay also
originate from lubricants or friction modifiers which often use an oil additive in addition to particles
to control levels of traction on flanges or in the wheel / rail interfaces in ciu@5 108]

Leaves are a major contaminant of the wheedil interface and accourfor approximately half of
the safetyincidents in the United Kingdom during the autumn peijib@9].

The number of uniqgue compounds found within the structure of the legfegt,but this section will
only includethe mostabundant chemicals and structures found within leaassvell as those that
have been identified as of interest in the context o tivheel / rail contact.

The leahas beersimplified into 4 parts showas a cross sectidn Figurel6: the inner mesophyll,
the epidermis surrounding it, a covering surface waxy cuticle layer and (neinshown here)

_/

| __—— epidermis

cuticle

mesophyll

epidermis

:\

cuticle

Figurel6, Diagram of leaf cross section, adeg from[110]

The cuticle is a layer of waxy film covering epidermis cells on the surface of leaves or other parts of a
plant which are not covered in bark. It consistsnsoluble lipid polymers and waxes synthesised by

the cells in the epidermis. This waxy layer is moulded to fit tightly into and around the spaces
between the cells and bonded to it with a thin pectin layer.

The epidermis is a single layer of cells covering the leaf oligmmms a boundary between the plan
and the external environment as well as synthesising the chemicals of the plant cuticle.

The tissue in the middle of the le@fcalled the mesophyind normally consists of 2 layera thin

upper surface of 1 or 2 densely packed vertically elongatéd wdere the majority of

photosynthesis takes place, and a less densely packed layer below with air pockets to facilitate the
transfer of gasses within the leaf. It is in these aaflithe mesophylivhere chlorophyll is most
abundant
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Veins within the laf are made up of a vascular bundle containing a core of 2 cell tgdes and
phloem, which transport water and minerals, and sap with dissolved sucrose respectively.
Surrounding the vascular tissue is a sheath of lignin which strengthens the strattheeleaf.

¢KS LIXIFyd OStta Ay | €SIFFT |ff a&tedetNBbylktheirdllY At [ NJ 3 S
walls.An illustration of a cell is given Kigurel7. The main parts of the plant cell include the cell

wall, a membrane, cytoplasm fluid inside, a vacuole, the cell nucleus and plastids which can serve a

variety of functions.

nucleus

plastids

wvacuole

cell

cytoplasm
ytop membrane

Figurel7, Simplified leaf cell, adapted frojhl0]

The structure of plants is formed from networks of cells working together. Plants do not have
skeletons likeanimals and therefore rely on the rigidity of this network of cells to support the entire
organism. The cell walls are atrenable thigigidity and their strength comes from organic fibres.

The bulk of the cell wallre composed mainlyof mic)8 AO NAt & 2F OStfdzZ 2aS adGSi
hemicelluloses. Lignin fills some of the spaces between the Hilmits, reducing tle porosity as

well as strengthening the structure. Pectins and other plant proteins form a matrix which the

structure resides withifil11]. The plant cell walls can be thought of as an interwoven network of

fibres held togetheby the presence of thin strands which bond to the fibres and themselves, this is

shown inFigurel8.
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cellulose fibres

hemicelluloses

Figurel8, Plant cell wall general structure

The fibres are a muiscale structure of mainly cellulose, but with trace amount of hemicellulose
between the larger scales. The elementary fibril from which the larger strands are formewd, laso
the micelle, is composed of a parallel bundle of crystalline cellulose molecule chains. It is the
connectednetwork of these fibres which give the plant its structure.

Between the cell walls is a discontinuous layer called the middle larfaaittaingthe interface
between plant cells and gluing them together. This middle lamella consists of pectin, digein
some proteins.

The cell wall is often porous to many substantes the cell membrane, attached to the inside of
the cell wall, regulates matgl transfer into and out of the inner cell. The membrane consists of a
phospholipid bilayerillustrated inFigurel9, with various types of proteinghich aid the
YSYONIYySaQ aStSOGA@A LISNYSFoAfAGE FdzyOlAazy

integral membrane proteins

hydrophilic
— head

hydrophobic
T tail

Figurel9, Phospholipid bilayer
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Chloroplasts, a type of plastid abundant in leaves, contain the chlorophyll and carotéfithih

them they synthesise glucose from photosynthe8ither plastids can store products such as starch,

or synthesise other compounds such as proteins. Plastids in the epidermis cells synthesize fatty acids
and enzymes to form the plant cuticle.

Cytoplam is the main liquid making up the cells. Mainly composed of water but can include other
compounds such as inorganic compounds, starch, glycogen and lipid droplets.

The nucleus is a membrane enclosed organ which contains a complex mix of proteins. It also
containsmembranemateriak similar to thosewithin the cell membrane.

The vacuole within a cell is a compartment of fluid enclosed within a membrane. In the leaves it
supports the structure of the cell by exerting a pressure but may also serve othéohsmcluding
the store of enzymes, waste products, water and other small molecules. Polyphenols are also
present within the vacuole and have a significant compaosition (9% hickory and 16941dabyit
normally only found irother parts of the cell when it is ruptured (when the cell is destroyed). Its
membrane can be thought of as similar to the cell membrane in composition.

A major component of leaves is water and depending on the species, it may vary from between 98%
for turgid (saturated) spring leaves, to around 40% in desiccated leaves. Wilting leaves typically have
a relative water content of around 600%[112].

Thechemical compounds are grouped into three groups of discussion: sugars, starches, polyphenols
and structural polymers; carboxylic acids, cutin matnist Apids; andchlorophylland seasonal
changesn the compounds which make ugaf plant cells

Manycompounds are based on the glucose monomvéh the general formula of é120s, existing

as both a straight chain form as well as the more abundant various cyclic isomer forms shown in
Figure20. These compoundsre known as sugars or saccharidesl are an important source of
energy for plants cellsThey may be in the form of monosaccharides, composed of only a single
monomer (likeglucose); disaccharides, consisting of 2 monomers; or longer polysaccharides,
consisting of long chains of monosaccharide units in linear or branched configurtaoiomnd

together by glycosidic bond$13].

There are two genetl classificatioaof polysaccharides: storagelated, such as glucose and
starches intended to store energy, and structural polysaccharides such as cellulose which have a
stronger form of glycosidic bonding and are not hydrolysed easily.

Reducing sugarsinlike many polysaccharides, are sugars which can act as reducing agents due to
the presence of free aldehyde or ketone greu@lucose and all monosaccharides are within this
classification. Many disaccharides and some polysaccharides are also rediggirey $hese sugars
are found in concentrations of roughly 18% and 11% in hickory leaves and oak leaves respectively
[41]. For the purpose of this study, they differ from starches by their solubility in wstEches are
insolble in cold wateand the more simple sugars, including glucdsee good solubility in water.
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CH,OH OH

Figure20, Molecular diagrams of glucose; a, opemin form; b, cyclic form

o)

When stored irstarctes, glucose monomers aj@ined byglycosidic bonds (covalent bonds between

a hemiacetal or hemiketal group and a hydroxyl group of another moleditie)starch molecules

are composed of two main types, an amylose (linear) form and a more abunda®0¥%3ypical)
amylopectin (branchedpfm. The general structures of these can be sedfigure21. Starch

content within leaves varies throughout the course of the year. A study into the starch coritent o
pear trees showed that the starch in the leaves increases in concentration towards the end of the
year after harvesting of the fruit. The concentration was shown to be 4% of dry weight in the leaves
towards the end of the monitoring perigd14].

OH
a b.
0
- . HO
CH,OH CH,OH CHgOH oH 2o
o) @) o 0
OH OH
OH o 0 Hoo 0 OH
OH | OH | HO
HOO 0
HO
HOO___

Figure21, Skeletal diagrams of amylose (a) and amylopectin (b) starch forms

Structural polymers are compounds predominantly found within the cell walls. Whereas the
monomers in thestoragepolymers are bound by easily hydrolysed algigcosidic bonds, structural
polymers are bound bgtronger bonds such d®ta-glycosidic bonds which are more resistant to
hydrolysis.

Cellulose is a 1;8-poly-anhydroglucose polysaccharide. It is@rto-polymer of glucose, meaning
that it is composed entirely out of glucose monomers. It can also be thought as a polymer formed
from monomers of cellobiosehich structure can be seen kigure22; a disaccharide molecule
formed from 2 glucose units.
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Figure22, Cellulose monomer skeletal formula (n = 26000 typical)

The compound is a major chemical constituent of plant tissue varying leet&@70% overall;
however, the cellulose content of leaves is usually significantly less than in other parts of trees.
Depending on source, the molecules are usually formddngthsof between 2000 and 6700 units.

Cellulose is an unbranched highly cajste polymer and is capable of a high degree of hydrogen
bonding which gives the microfibrils their strength.

Hemicelluloses, unlike cellulose, are heprolymers and composed of various monomer units
including glucose, glucuronic acid, xylose, arabimrskgalactoseThey are branched polymers.

Within this classification are the compounds xylan, galactan, araban and pectins. Usually consisting
of between 500 to 3000 monomer units, hemicelluloses are typically shorter molecules than
celluloses and due ttheir random amorphous structur¢hey have little mechanical strength and

may be hydrolysed easilldlemicelluloses are about as abundant in leaves as cellul$gand the
composition of the hemicelluloses present varieselydaccording to the plant source.

Determination of the type of hemicellulose is done by identifying the number of carbon atoms in
monomer structure. Xylan is the most abundant of these hemicelluloses, one possible structure can
be seen irFigure23.

-00C
H,CO
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Figure23, A possible configuration of xylan molecular structure (n =300)

The hemicellulose, pectin, has a complex irreghtaskbone chain of monomers derived from d
galacturonic acid (homogalacturonan) and occasionally a rhamnose mono##)(Lhe structures
of glucuronic acid and rhamnose are giveifrigure24. The main chain of the polymer appears to
contain groups of similar modifications. A significant portion of the galacturonic acid groups have
been esterified to contain methoxy groups and some containing acetyl groups. The letiggh of
polymer is composed of distinct regions dominated by homogalacturonan (smooth) and regions
dominated by side groups (hairy) as showikigure25. Common side gups include xylose,
arabinose and galactose sugars.
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Figure24, Skeleltal molecular diagrams of galacturonic acid (a) and rhamnose (b)
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Figure25, Pectin primary structure showing smoathbranched regions and hairy regions, rich in sugar side chains

Pectin is typically found in and between the cell walls of plants. Its presence helps bind the cells
together as well as allow for cell growth and extension.

Like all hemicelluloses, their vaus components making up the polymer vary depending on their
source. For instance, citrus peel pectin is low in galactose and arabinose. Molecule sizes vary widely
and molecular weights have been observed betweeto6030 000g.mott [113].

The last major structural polymer is lignin which, unlike cellulose and hemicellulose, is not a
polysaccharide composed of glucose monomers but a polyphBobtphenols are a class of
aromatic compounds composed of many multiple phenotauim their structue. Lignin is insoluble
but soluble polyphenolslso exist whicltonstitute to around 9% of the composition of hickory
leaves and 16% of oak leaves.

At the basic levdlignincan be considered to be a polymeraahniferyl alcohokhown inFigure26.

Related aromatic compoundsnd a representative structure of the polymer can be sedrigure27.
Similartocellulos& t Ay Ay Aa fSaa lFodzyRIyd Ay GKS St @Sa
this is in part due to its mechanical structural role in the organism.
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Figure26, Coniferyl alcohol structure

Lignin fills in the spaces between other components in and around the cell walls offering rigidity to
the organism as well as controlling water permeability due to its hydrophobic nature. Unlike many
other chemcals within the cell walls it forms covalent bonds with hemicellulose and-tirdss
molecules, further strengthening the organism. Due to this tight bonding of lignin to other
compounds, extraction processes cause a breakup of the polymer making exgthmisize and
structure of lignin difficult.
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OH HO O HO
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Figure27, Representative structure of part of a lignin polyfidi5]
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compounds cross linked to the lignin by making them inaccessible to enzymes, thereby slowing
degradation.

Tannins, includingainnic acidis anotheran exampleof polyphenols found within leaves$n plaris

they serve many functioniacluding acting as UV screens to protect against ionising radiation, as a
signalling chemical interacting with morphology and hormones, and deterrence of microbes and
herbivores due to their toxic propertie$hey are typically contained within the vaceslof the cells.
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Figure28, Structure of condensed tannin, n < 18 typical for soluble var[étié$

Condensed tannins are the most abundant type of polyphenols. The general structure of this group
of molecules is given iRigure28, typical soluble molecules of tannins consist of between 2 and 17
monomer groups.

In the plant cuticle, epicuticular wax coats thet@usurface of the leaf attached by a pertinacious

glue layer. Cutin and cutan are the two polymers responsible for this layer. The compounds are
solids at ambient temperatures and have melting points above 40°C. They are soluble in organic
solvents incluthg hexaneThicknesssof the layers varies by species and has a coverage of between
20 to 600 ug per square cm of surface area.

The most abundant chemical found within the cuticle is cutin, a polyester polymer composed of
straight chain carboxylic acidBhe monomers are in two families of 16 and 18 carbon chain length
omega hydroxyl acids and their derivatives. The acid and hydroxyl groups on the monomers react to
produce ester bonds and form an amorphous polyester coating of molecules of extensiveipides
monomers of this polymer may also be found within the layer. For some plants, a different
molecular structure called cutan may be found; unlike cutin, which is a polyester containing ester
and epoxide bonds, cutan is a hydrocarbon polyr@itan ianore resistant to degradation due to

its absence of ester groups which can be hydrolysed

Fast growing parts of the plants tend to have higher quantities of the C16 family of monomers in
their cutin; this includesdeaveswhich are approximatelg5%C16 pdymer. The most common major
components in the C16 family are-b§droxyhexadecanoic acid and 9 or 10; 16
dihydroxyhexadecanoic acid which are liberated when the ester bonds of the polymer are
hydrolysed. Their structures are givenTiable?.

Figure29 gives a general polymerised form of the cutin components which may cross link due to the
Y2Yy2YSNRE YdzZf GALX S KE@RNBEe&f INRdzLIA ®

The C18 family of monomers has similar molecular shapes bunalsdés some epoxide group
molecules as well as unsaturated carboxylic acids (enoic acids) and trihgdroxis. Bonding in the
formed polymer is, alike C16 cutin, dominated by ester bonding.
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Table7, Major C16 components of cutin

Name Structure (skeletal)
16-hydroxyheadecanoic acid 0
AV AVAVAVAVAVAVA.
HO
9,16-dihydroxyhexadecanoic acid OH 0
OH
HO N\/\w
10,16dihydroxyhexadecanoic acid 0
OH
HO W
OH
(0]

Hexadecanoic acid

NN o

Figure29, General structure of plant cutin based on 9diBydroxyhexdecanoic acid, R may represent a dinsbetween
polymers or a hydrogen atom

Also present within the cuticle are lipid molecules which are the monomers making up the
epicuticular waxy layer. The are fatty acids such as those givefaile7 but, unlike cutin, remain
unpolymerized

The structure of the cutin monomers are similar to molecules found witterthim membranes of

the cells, called lipids which are surface agents enabling them to bassalmbling. These thin
membranes separate the interior of the cell from the external environment, as is the case with the
cell membrane, but also enclose andlée parts of the cell such as the nucleus, plastids and
vacuolesThese blogical membraneare mainly of the form of phospholipids composed of double
chained hydrophobic fatty acid chains of 16 to 18 carbon atom lengths joined by a glycerol molecule
containing a phosphate group which is hydrophilic.

Chemicals are present within leaf layers with specific functions serving processes within the
organism. These include photosynthesis, membrane selectivity, plant metabolism and growth.

Proteins are naturallgpccurring polyamides and diverse in variety. They are also referred to as
polypeptides due to the peptide bond (or amide linkage) which joins the amino acids. The two major
groups of proteins are fibrous proteins and globular protefitwous proteins beig long molecules

which are held together in coiled immiscible chains by hydrogen bonding between the molecules.
Globular proteins are held in spherical or elliptical shapes by intramolecular hydrogen bonding and
are soluble in water with low salinity.

Chbrophyll is the substance within a leaf which is responsible for the primary function of the leaf of
photosynthesis. Two main types exist within terrestrial plants, showngare30; however, they
have similar physical properties.

50



O o
LA |

1ﬁ> f:?

o]

H H
- [ .

a b

Figure30, Structure of chlorophyll a and chlorophyll b

Chlorophyll is responsible for the strong green colour in leaves and vadeadantration over the

course of the year. Leaves of deciduous forests have been shown to contain, at their peak,

F LILWINREAYI GSt& pnx3a OKf2NRLIK&tft LISNI aljdad NBE OYz | (
content.

Carotenoids are also an importaritemical for photosynthesis, aiding the reaction and protecting
the chlorophyll from light damage. They are found at about"tfe concentration of chlorophyll in
green leaves.

adzOK 2F GKS AYyF2NN¥IFGA2Yy O2 YLt SRhowevar Kukingthe KA a NB ¢
problematic season of autumn, leaves have undergone changes in a process known as leaf
senescencgll7]:

1 Chlorophyll is expended yet the carotenoids are more stable causing the pigmentation
within the leaves to change, revealing autumnal colours.

Sugars and starches are withdrawn from the leaves into other organs of the tree.

A corklike growth develops at the base of the leaf to isolate and separate it from the branch.
Moisture in the leaf is no longer reteed and it begins to wilt.

Microorganisms begin to degrade the leaf.

=A =4 =4 =4

The cell walls cannot be metabolised easily and so remain mostly unchanged. The plant cuticle is
also mostly unaffected due to it being located external to the leaf; however, it is dedtay
microorganisms more rapidly due to this position.
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3.2 Compound and surface interactions
This subsection considers the chemicals discussed in this chapter with regards to their chemical
interactions and mechanical properties which mayréevantto railhead traction.

3.2.1 Boundary lubrication and adsorbed films

Under the great pressures exertedapthe wheel rail contact by railway locomotives, it is
hypothesised that hydrodynamic lubrication gives way to boundary lubrication. When these surfaces
are physically in contact with each other, lubrication at the surface can still reduce the amount of
friction which they experience.

Surface agents are chemicals which interact with interfaces and may result in a change of physical or
chemical properties. Two major basic types of interactions are physisorption and chemisorption.

Physisorptionor physical adsorption, is the process where a moleisudglsorbed to a surface, but

the electronic structure of the adsorbed species or substrate is not strongly altered by the
adsorption or desorption process. This is mainly charactebyearelatively low binding energy
between the adsorbed species to the substrate and is mostly associated with intermolecular van der
Waals forces, polar forces and hydrogen bonding.

A theory of a monolayer boundary lubrication was proposed and develbpéthrdy{118], by

which the sliding surfacesre held apart by monolayers of physically adsorbed and orientated polar
molecules such as alcohols or acids. These monolayers form a plane of low shear steeigihg

the friction between the surfaces, as illustratedrigure31.

\ Dry Contact
Surfactant Molecules

Figure31, lllustration of physically adsorbed monolayer boundary lubrication

Monolayers have been shown to reduce the friction coefficient of interacting surfaces by orders of
magnitude.Figure32 shows the effect of the concentration of a polar sué agent (hexadecanol) in

a steelsteel sliding system. It can be seen that at a certain concentration, the surface is saturated
and no further reduction in friction can be achieved by increasing the concentration of surface agent.

52



0.6 | S B T T T T T T
0.5 -
0.4} N
€
I
g oaf -
g 03
L
2
8
u
0.2+~ -

[
/

0+

4] i | I 1 1 | i i i
0 0.2 0.4 0.6 0.8 1.0

Concentration of Hexadecanol in Hexadecane (wt. %)
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Gregonyf120] also demonstrated that with only small amounts of surface agent (0.001% dodecanoic

acid solution), it was possible to achieve significantly reduced coefficients of friction; however his

work also demonstrated that the adsorption of a smonolayer quarnity of acid onto the sliding

surfaces is a slow process by taking hours to attain a value comparable to the saturated cases.

Whilst oversaturating the interface with the active surface agents does not achieve an initially lower
friction coefficient, it ha been shown to increase the robustness of the effect either through the
existence of redundant layers arapid reformation of the film. This can be seerFigure33which

shows the friction of stainless steel surfaces with stearic acid films of varying monolayer thicknesses.
Whilst a single monolayer is quickly worn away after just a few passes, the lowered friction
behaviour is prolonged greatly with more layers.
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Figure33, Friction of stearic acid films on stainless steel surface of varying number of monfil@gers 187]

The effectiveness of a boundary lubricant is highly dependent onstkmmgly the protecting

molecules adhere to the contact surfaces. In the monolayer theory, this bonding is predominantly
adzNF I OGlyiQa
Chemical bonding also shown t@ccur between some more reactive additives and metal surfaces
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Figure34 compares the effect of a boundary lutaint additive, dodecanoic acid, on the sliding
coefficients of friction of various metals. The lower set of metals are relatively unreactive and show
little change in frictional properties with the additive. The top group, on the other hand, are more
reactve metals and expected to interact chemically with the acid in the solution. We can see from
the results that the sliding coefficients of friction are greatly reduced, indicating the formation of a
low shear stress layer on the surface of the metals.

Strong evidence is presented to suggest that lubrication of the contacting surfaces is unaffected by
the presence of the active chemicals (usually fatty acids) themselves, but as a product of the
reaction between them and the surfacfl21] This is referred to as a metallic soap.

The expected chemical reaction between a general reactive mdiahid dodecanoic acid is given
as:

0 6 OO0 6 OO0 O () [1]
and in the case of coppe€(), this is:
06 06 O0LULVO 6 OUUL 066 O J

Copper dodecanote is insoluble and therefore may build up to form a thin layer on the surface of
copper metal after reaction.

Layers formed by this mechanism are said to act in the same way as solid lubricants. This is
evidenced by the effects of temperatuom the lubricants and also by comparison to solid lubricants
themselves. The effect of Dodecanoic acid was obseaumelér a range of temperatures on two
surfaces: copper and platinum. Results are shofigire35. From this study we can see evidence

that solid copper dodecanoate is the effective lubricant in both cases. The effect of applying copper
dodecanoate to the platinum surface reduces the friction to almoststa@e level as applying a
solution of dodecanoic acid to the copper surfaces. For both, the coefficient of friction is shown to
rise rapidly at the softening point of copper dodecanoate.
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Figure35, Effect of temperature on the coefficients of friction of platinum lubricated by solid copper dodecanoate (A) and
1% dodecanoic acid in paraffin oil on copper surfaces (B) (adaptedift@ih
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The cause of the rise in adhesiainthe melting point or softening points of the surface chemicals is
that the layers are less effective in maintaining mechanical separation of the surfaces and therefore
are not as effective lubricants.

Chemical reactions at the interface can lead to the formation of complex films. One such example is
the oil additive Zinc diallkegdithophosphate which, at high temperatures, synthesises a complex
layered film of polymer strings and polyphosphate gl[a22, 123] The formation of the Zinc dialkyl
dithophosphate tribofilm has been studied using the same apparatus as has been used for rail
adhesion testing73].

Each case studied is very spiecand out of the scope of this research; howeveis important to be
aware of the existence of complex trimemical surface interactioris addition tophysical or
chemical adsorption of surfactants when considering the chemistry of the whaginterface.

Surfactants which may physically or chemically adsorb onto the railhead interfaces may form part of

more complex systems by promoting the adhesion of other organic compounds to the railhead

which are not able to adhere to the railhead themsealv€hemicals which aid bonding between
KERNRBLIK26AO 2NHIYAO FAfYa YR KERNBLKATAO YSOlff¢
LINEY2GSNBRE YR KI@S 06SSy RS@OSE2LISR Ay (GKS LIKI NXYI
applicationg77] where the properties of surfaces need to be significantly modified
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Figure36, Steps to the formation of an organic coating on stainless Et&él

Figure36 shows the formation of an organic layer on a stainless steel substrate. Firstly, a self
assembled monolayer on the surface consisting of the surfactant mieleforms. This then
provides a suitable chemical environment to allow the other organic molecules to adhere.
Compounds shown to act as these adhesion promoters are similar to substances found on the
railhead and this mechanism may contribute to the bawdor formation of leaf layers.

The geometry of iron oxide surfaces has been shown to change the way many chemicals interact
with the surface; however, for most iron oxides, the interactions are similar.

56



Two types of interaction have been observed and Eddia molecular calculations and chemical

analysis. The first type concerns physisorption of the molecule onto the surface whereby the

molecule remains intact. When water is present it often is adsorbed onto the surface in this manner
whereby the oxygeh 1 2 YQa OKI NBHS Aa [GGNIOGSR (2 G4KS ANRY
ions are attracted to the oxygen within the lattifE24]. Ultrathin surface layers of water have been

shown to be adsorbed onto the surfacesosddes in this manner. As this method of adsorption

relies on intermolecular forces, the molecules are only weakly bound to the surface and are easily
removed.

The second and more commigrobservednechanism of adsorption for most oxide types occurs
when the adsorbing species comes into contact with the oxide surfacelsadsociatesThe
disassociated molecule may form strong bonds with the oxide surfaces. In the case of water, the
molecule is disassociated into a hydroxyl group and a hydrogen atom af@diound to adjacent

vacant sites on the iron oxide mesh.

Figure37, Schematic of disassociated water adsorption physiosorbedvater on iron oxide interactiorj4 24]

7/

A combination of the adsorptiotypes may also occur, as is showirigure37, whereby the
disassociated molecules adsorbed onto the surface of the iron oxide may provide sites of origin for
further intermoleculaphysisorption

a

Figure38, Tunnelling microscope images of a surface of iron oxide. Clean, a; after low exposure to formic acid, b; and after
longer exposure to formic acid[125]
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The simple carboxylic acid, methanoic acid (C1) has been observeglfursielling microscopy,
making tightly bound monolayers on the surface of iron oxides in what is proposed to be a bidentate
configuration. This is shown Figure38 whereby two oxygen atoms in the carboxylate anion are

bonded to an adjacent iron atom each.

Alcohol groups, have also been shown to interact with and bond to the surface of iron oxide in a
dissociative manner and it is likely that this is the mechanismtigh many organic compounds
present on the railhead may interact with the iron oxide surfaces.

It may be important to note the catalytical properties of these types of interaction. When molecules
are desorbed from the surface they may reform with othempounds to the species they were

originally bonded withresulting in chemically different reformed produdi?4].

Oils present in low concentrations on the railhead have been testedladelatively low
concentration of tlis type of contamination when compared to other groups of contaminants along
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Oils extracted from rail ruswscraped off he surface of running railgere tested on rolling disc
tribometers alongside known compounds and are shown to dramatically reduce the coefficients of
friction in only small concentrations as showrFigure39.
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Figure39, Effect of oils extracted from rail dust on fricti@d]

Their presence on the railhead in small amounts even on apparently uncontaminatesugdgest
that there will always be some form of oily contamination adsorbed in the contact which is

irremovable with rainfall washing.

3.2.2 Rheology

Rheology is a branch of study into the deformation and flow of matter. It is an important
consideration for railhead traction as the shearing of solid matter provides a disconnect between the

driving surfaces.
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Pastes of material can be formed from water and solid particles present on the railhead such as
oxides, sand or ballast debris, or organic matfdrese pastes of hightpncentrated suspensions of
fine solid particles, display properties whicén be likaed to a Bingham plastic fluid which behaves

as a solid up to a finite load or stress can be applied after which continuous deformation of the fluid
can occuif126].

Table8, Summary of oxide appearanaed physical properti€d27]

Oxide name | Chemical Formula | Appearance Density, g.cm® Mo hs 6 Ha
Wistite FeO Gray 6.02 57 5.5
Haematite FeOs Red / reddish 5.01 5.3 57 6.5

brown
Maghemite 2-FeOs Brown / brick- 4.86 5

red
Magnetite Fe&Oq Black 5.175 5.51 6.5
Goethite UFeO(OH).n(HO)* | Yellowish to 4.28 5755

reddish brown
Akaganéite b-FeO(OH).n(HO)* | Yellowish brown /| 3.75 -
rusty brown
Lepidocrocite | o-FeO(OH).n(HO)* | Light reddishto | 4.09 5
reddish orange
*alternatively: Fe(OH)

The material and physical properties of particles within a suspension greatly influence the properties
of the fluid. Newly formed iron oxide may have crystalline morphobryy debris may be ground by
mechanical action to smaller giles. Higher hardness of particles in oxide pastes has been
proposed to influence the shear thickening behaviour of suspensions due to effects on the stress
bearing hydroclusters within theastes; harder particles have been observed tbaxhieve the

shear thickening behaviour exhibited by softer materja8]. Different oxide types and

morphologies have been shown to exhibit differing mineral harnesses which have been compiled in
Table8.

Gutsulyak et a[129] observel the effect of materials of different hardnessmbined with watein

a rollingsliding interface using a twidisc rig; these results are @ented inFigure40. It was

observed that materials with lower hdnessexhibited lower minimum traction levels in the contact.

This was speculated by the authors to be caused by stable low shear pastes causing separation of the
discs during the runs. High hardness materials were proposed to be less prone to the formation of
these shearing pastes.

Leaf layers may also exhibit similar complex rheological behaviours to inorganic particle suspensions.
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Figure40, Bar chart showing the minimum coefficient of traction values from twin disc testing ofigamiaterials mixed
with water, grouped by their hardnefk29]

3.2.3 Viscous near surface effects

The most widely accepted theory of lubrication from additives is therfentioned thinlayer

boundary lubrication; however, there hagdén much research to suggest a second mechanism may
cause some reduction in friction between the surfaces. It has been noticed that the properties of a
fluid close to a surface can be considerably different to that of the bulk with some studies showing
the effective viscosities of thin liquid films to be of several orders of magnitude higher than the bulk
viscosity within two molecular layers of the surfa¢&$8]. This effect may be enhanced by the
presence of other chemicalshich can migrate to the interfaces or be formed there.

Using ultrathin film interferometry, the formation of EHL films has been studied in the presence of
various additives and under different chemical conditions.

Figure41 summarises some of the findings of Ratoi e{E80]in which the logarithm of the film
thickness is plotted against the logarithm of the mean rolling spaedufficient separation of the
surfaces, all the tests showed the same linear relationship; howexesre an additive was present,
non-linear behaviour was observed at thin film thicknesses implying that the viscosity of the fluid
near the surface is diffent to that of the bulk. IfFigure41b, arachidic acid shows ndimear
behaviour at film thicknesses less than 10nm.

The testing was also conducted in wet soluti@irigiure41 ¢ and d) where some water was blended

with the hexadecane prior to testing. The presence of this water appears to be very significant in the
formation of the film. Arachidic acid with the presence of water is shown to form a film of up to

20nm before the linear behaviour of the solvent was attained.
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Figure41, EHD film thickness measured by ultrathin film interferometry a) putigddecane, b) dry 0.1% arachidic acid c)
wet hexadecane, d) wet arachidic af130]

In addition to the rolling film thickness, the amount of separation that was maintained when the
bearing was stationary but loaded was also recorded. These findings are compiled alongside the
rolling film thicknesses iRigure42. From this we can see that in the absence of water no film

persists under a stationary contact; however, in the presence of moisture and arachdic acid, a film of
2-4nm continues to separate thgurfaces. This suggests either that the film is more strongly
chemically adsorbed to the surfaces or, more likely, that oxidation has formed a thin solid layer
which continues to support the stationary load. This is evidenced by the persistent sepafatien

tests where water is present in the contact.

Water is believed to promote the oxidation of iron to the Fe(ll) and Fe(lll) states which is required
for the formation of a metatarboxylate salt and thereby enhancing the effectiveness of carboxylic
add as a lubricant to form thicker films than what is present in the-aaily cases.

Other acids (stearic and oleic) were also tested and shown to exhibit the same behaviour as
arachidic acid in wet and dry contacts.

Interestingly the tests were repeateditiv a less chemically reactive stainless steel ball bearing
rather than the standard bearing steel ball bearing. Results comparable to that of dry purified
hexadecane was found where only a thin boundary film was formed. This indicates that the
enhanced lbrication resultfrom the reaction between the carboxylic acids and the steel surfaces.
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Figure4?2, Film thicknesses under different chemical conditions determined using ultrathin film interferometry of a rolling
steel ball beang on glas$130]

Metal (steel) hydroxides and oxides have also been shown to react with surface active chemicals,
notably fatty acids, resulting in the formation of these films. The generalised reactions are given as:

0 QOH 0 QDG @AYH & OO Qi (K]

0 QO'OBQI £ ORA@IYHE HDO Qi I
Mechanical agitation and heat both promote the formation of these layE34]. Other chemical

reactions which may occur between the oxides angamic compounds have been studid®2]. It
gra Ftaz2z y2GSR GKIFIG GKS FY2dzyd 2F Wazl LJQ NBI dzA NE

Although the films in this study were tested under elabyarodynamic lubrication, whicimay be
unachievable in the wheélrail contact, enhanced viscosity from these films may have a significant
impact of the adhesion in the mixed EHL lubrication regime, the more likely state of operation.

Chemical reactions which change the viscosity dheerfacial fluidthrough chemical modifications

to leaf matter alone are known which involve the degradation of polymers. The reactions concerned
are challenging to study but have been documented for cellulose, hemicellulose and starches by
changes in phsical properties including viscosity, solubility and the synthesis of Ift3%

Aphenomenoncalledstarch gelatinisation caoccur when the intermolecular bonds are broken
down in the presence of water and heat (80°C). This causes an irreversible swelling of the starch
granules, increased hydrogen bonding with the water, and possible solubilisation of amylopectin,
resultingin a paste of high viscosif¥34].

3.3 Summary

The railhead is a complex diverse and varying chemical system. Oxides are always going to be
present on the railhead and may vary in physical properties which are determined ndiyotig
conditions of formation but also at the time of analysis. In addition, the railhead is an open system
thus enabling a great host of other organic and inorganic compounds to be present including from
leaf matter and other features of the local area.
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Structural polymersuch as cellulose and hemicellulasmstitute alarge percentage of leaf organic
matter; however, the leaf cuticle and other structures within the organism also contain highly
surfaceactivechemicals which are known to interact withetal surfaces. Oils and greases typically
found on the railhead have also been identified as containing high proportiosigrfaiceactive
chemicals.

Surface active chemicals similar in composition to the ones identified in leaves and railhead oils /
grea®s are known to interact with metallic iron and iron oxide surfaces. The mechanisms by which
the chemicals interact are shown to reduce the coefficient of friction through boundary lubrication;
more complex bondingnechanism and other interactions are alswown which may form a layer of
lubricant on the surface of the railhead through chemical reaction with the surface.

The mechanical and chemical action of the wheel action over the railhead surface may chemically
and physically alter the properties of fobrganic and inorganic components on the railhead

through hydrolysis reactions or mechanical breakdown of the material. One of these ways is a
change in viscosity of a contaminant film.

Pastes of inorganic particle suspensions and leaf layers have coretdagy which are affected by
the properties of the containing particles.

Many interactions between chemicals derived from materials present in the locality of the trackside
are possible which may cause loss or gain of wheel / rail traction. Due totdradtions between

the components, it is a challenge to isolate any particular potential cause of loss of traction; however,
the mechanisms investigateappear to be based on either boundary lubrication, the presence of an
enhanced interfacial lubricantrahe rheological properties of a thick layer generated within the

wheel / rail contact.
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4 Hypotheses

Although they may vary slightly in their exact elemental composition, almost all railway wheels and
rails worldwide are manufactured out of stedls a reslt, the components have a thermodynamic
affinity for each other which leads to a high bonding strength when the metals are in direct contact.
Starting from this simple principle, we can infer that any compound present withiwkiee! / rail
systemwhichreduces the area of true steelsteel contactthat does not introduce another
mechanism increasing traction, will lead to reduced overall bonding strength and ultimately a lower
traction coefficient.Other widelyknownways of reducing friction and tréion includelubricating

the surfaces, altering the roughness of the surfaces, and reducing the loading forces on the contact.
It is important to consideall thesesystem modifications, which often do not have trivial results; for
instance, increasing the roughness of surfaces often increases friotibin some cases, affords the
opposite effect due to reduced surface contact.

The main reported causes of low adinenare water, leaves, iron oxides, and oil and greases.
Contemplation of the features of these causesiewed in section and 3, whilst acknowledging
common ways of reducing friction or traction, allows $ome initial deliberationto how they may
reduce wheel / rail traction. Water, a fluithay act as a lubricant. O#sid greases are also potential
lubricants to the wheel / rail system; however, they may also interact with the railhead surface,
forming thin films and reducing the overall bonding strength between the surfaces. Laxavelso
shown to contain mangurface-activechemicals, buaire also composed of solid matter too; the
significance of this is that the surfaces of the wheel and rail may be separated by a thicker solid
third-body-layer.To simplify the broad category, oxides and debris, it will be congiderthin the
hypotheses as matter which is unbondedgtandlargely loose o the railhead.

Uncontaminated
Un-reactive railhead
Oils and Greases

Surfactants
Oils and .
Oxides and
Water
Greases \ /Debris T
Wet
Leaves
Dry
Leaves
Sturfactants Oxides an Debris
(dry) il

Figure43, Proposed relationships between reported causes and efieg®ons)elating to low adhesion
Figure43loosely combines the reported causes of low adhesion with the proposed effects discussed.
C2NJ SEIF YLX ST WhEARSA IyR 5SoNAa 66SididQ Ol dzaS&
component but also may act as a lubricant due to the wet component. It must be noted that the
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materials such as solid lubricants. The effect of changinghmess is also not included on the
diagram; however, will be considered within the hypotheses.

4.1 Condition formation mechanisms

This first category of hypotheses relates to how the railhead surface changes under different
physical and chemical conditiortdere we explore how various substances interact with the railhead
surface and not the actual mechanisms that lead to low adhesion.

4.1.1 Surface interactions

Many substances found on the railhead, mostly oils and greases but also those derived from
naturally ocarring matter such as leaves, contain organic molecules with chemically active
functional groups such as alcohols, amides, and acids. These can act as surfactants and may self
arrange form monolayers on the surface of the railhead, exemplifi€dguare44, through a process
known as physisorption. In a similar way, some functional groups are also capable of bonding with
iron oxide surfaces on the railhead through disatiee bonding which is a strongeichemicalg

bond than the physical molecular adsorption of physisorption; known as chemisorption.

When substances are adsorbed onto the surface ofr#tilbead,they effectively create aery thin
barrier that acts as adundary lubricant.

Surfactant molecule Railhead

AL

Qlj\’ Q‘hL‘\/\/Nlo oA Q\.L‘
Figure44, Formation of monolayers on railheécircular heads represent active functional group which bonds to the
railhead surface)

Therate of mondayer formation is dependent on the concentration of the active agents and the
temperature. Chemisorption and physisorption are both surface interastaord as suchwould be
limited to just a few tensf molecular layers on the railhead making the surface treatment very
susceptible to almost instantaneous wearing out under the contact conditions of the wheel / rail
contact; however, they may be heavihstrumental in the formation of thicker and more robust
tribofilms with other compounds present as showrHigure45.
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Figure45, Formation of tribofilm promoted by chemically or physically adsorbed surfactants

4.1.2 Formation of complex leaf layers

Leaves are comprised of an extensive variety of chemical compaumdsan form very robust

layers on the railhed Through reviewing literature in secti@uand scrutinising not only the

chemical components of leaves but the overall structure of the plant cells, it is apghedrthere

are two main sources of highly surface active chemicals present within the structure of the leaves:

9 The cuticle containing cutin, and
1 The plant cell vacuoles which contéa&mnins andenzymes.

Cutin may be hydrolysed in acidic or caustic emritents or enzymaticallywith cutinase, resulting
in its monomers with active functional groups. The general reaction is given as:

YO UOY O0P YOUO0Oro O [M]

Iron ions may also interact with cutin though ligand substitution and become incorporated into the
leaf layer as given in the following equation:

YOOY 00® YOOU00OYD™O [N]

The vacuols of the plant cellscontaining the tannins and enzymes, normally confine the contents
within but release thenwhen the cells are ruptured. A whephss over rails with fallen leaves
would be enough to break apart the cells andturp the vacuole, releasing the highly active
chemicals within.

These compounds may react with the railhead &rm bonds between the railhead / oxide surface
and the strong fibrous material of the leaves. These bonds as well as the incorporationiohson
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into the leaf material may form a transitional layer allowing the leaf material to adhere more
strongly to the railhead surface. An illustration of this structure is givéigare46.

Migration of iron Bulk leaf layer
ions into leaf layer
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Figure46, Hypothesised leaf layer bonding mechanigmesentingadsorption oforganic compounds to the railhead
surface andntegration ofiron ions into the leaf layer to give an oxideyanic transitionlayer

4.1.3 Formationof viscous compounds
More viscous compounds may be formed through reactions on the railhead with organic compounds.

OH

OH

OH

OH

Figure47, Iron tripalmate skeletal structure
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Carboxylic acids and other active chemicals present can interactraithydroxide compounds in
acid / base reactioseffectively substituting the hydroxyl ligands bonded with the iron and forming
an iron¢ organic complex:

O O oYU U ®OQYH U 000 [O]
The form of the compound produced will depend highly on the carboxylic acid(s) involved in the

reaction. Free carboxylic acids may form completesh as thashown inFigure47 (iron tripalmate
formed from reaction betweerferric hydroxideand palmitic acid)

These compounds are often known as metallic soapsy Gdue act aboundary lubricants but can
alsobecome suspended wwater and increaséhe viscosityof water films The mechanism by which
they could form on the railhead is givenRigure48.

Railhead chemical reaction:

M + R-OOH = [R-O07] [M’] + H,
Metal ions + Carboxylic acid - Organometallic compound + Hydrogen

Solution
Railhead
Solid organometallic layer growth
— ¢ — s

Solid layer presists after railhead drained
Solid organometallic lubricant

Figure48, Formation of solid organometallic lubricating layers on railhead

4.1.4 Oxide formatiorand buildup

Different environmental conditions result in thiermation of different iron oxides and therefore,
since different oxides have different physical properties, the tribological properties of the railhead
surface is likely to be affected by the conditions prior to train movements.

Ageneral hypothesithat is proposed is that drier conditions, where water arrives on the railhead
due to condensation will develop a surface composition of high iron @adeentration(magnetite,
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haematite and wistite), whereas rails which experience regular rainfall will tigvsurface
compositions of high iron oxideydroxideconcentration(goethite,akagarite, and lepidocrocite).

4.2 Traction loss mechanisms
The second category of hypothegg®poses mechanisms which may cause a loss of traction,
whether driving or braking.

4.2.1 Baundary lubrication

Compounds may be chemically or physically adsorbed onto the surfaces of the rail and / or wheel
forming thin films. These layers can cause the surfaces to exhibit much reduced coefficients of
friction leading to reduced traction.

The mebanism by which this is achieved is that the layers cause less of the contact to be supported
by areas of dry contact; instead the surface is supported by indisaact on the layers of

adsorbed compounds as shownRigure49. This leads to lower shearing stresses between the two
surfaces and reduced traction.

Wheel

. Dry Contact
ai
Chemically or physically adsorbed compounds

Figure49, Boundary lubrication mechanism hypotheses illustration

4.2.2 Shearing of solid layers

The second tractiofoss hypotheses relate to thick solid third body lay@itse materials considered
being capable of forming shearing solid layers incliniektoxideand debris layersand leaf layers
composed mainly of the pulpf the leaf, rather than soluble compounds.

Wheel Rolling Direction —»

Rail

‘ ‘

—

Figure50, Diagram showing the shearing of a third body lagering driving

Third body layer
Plastic Flow
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Figureb50 outlines his hypothesis. When the longitudinal forces of traction or braking are applied to
a solid layer supporting the contact, they impart a shearing force on the material. Traction is lost in
this instance duo plastic deformation in the solid layer as the teydal is sheared and the forces

are unable to be transmitted through the contact effectively.

Unlike a liquid lubricant, such as water, tlager thicknesss less influenced by the speed of rolling
and therefore is possibly a significant mechanism leattinliow adhesion at slow speeds or creep if

the force is sufficient to cause shearing of #widlayer in the contact patch.

4.2.3 Liquid film lubrication enhancement

Water in thewheel /rail0O2 y i OG YIF & F2NX | fAljdzAR Ttodioff 6 KA OK
the surfaces through application of a hydrodynamic load. In the contact the pressures are so great

that it is not possible for a liquid film thicker than the surface roughness to be generated under
operating conditions; therefore, full hydrodynanseparation cannot occur. As a result, the

lubrication regime that the wheel / rail contact condition is likely to be within is either boundary

lubrication or mixed lubrication.

The wheel / rail contact may be supported by microscopic areas of élgshodynamic lubrication
between the asperities of the contacts as well as sstitid contact of the wheel and rail surfaces

This hypothesis is outlined Figure51.

Wheel Rolling Direction —>

Rail

Figure51, Diagram of mixed lubrication showing seidlid contact areas and micro elagtgdrodynamic regions

It is unlikely that this effect, concerning water alone, is responsible for many cases of low adhesion
due to the factthat railway locomotives operate largely without issues in wet conditions; therefore,
this hypothesis also suggests the presence of substances on the railhead which increase the viscosity

Micro
Elasto-hydrodynamic
Lubrication

/

High Pressure
Region

Solid-Solid
Contact

and therefore enhance the lubricating effect of an interfacial wiéiler.

The first proposed lubrication enhancement, illustratedrigure52 a) and Figure53 results from
physical or chemical interactions at solid / liquid interfaces which can greatly influence the
properties of fluids close to surfaces. This may be the migration or orientation of polar molecules
within close proximity of the intedce. A result of this is that within tens of nanometres of the
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interfaces the properties of the fluid, including viscosity which can be of an order of magnitude
higher than the bulk fluid. This enhanced viscosity phenomena could potentially change the
lubrication profile of very close contacts and thereby allow very thin fluid films to support more of
the load through micro EHL behaviour.

Rolling Direction ——>
Wheel

Rail

Oxide and
wear debris

/V
Region of high
viscosity

Figure52, Enhanced viscosity mechanismasregions of high viscosity close to seliquid interface; b, solidliquid slurry

suspensions

Figureb52 b) illustrates the second lubrication enhancing hypotseSlurries or pastes can be
formed when solid particles are present within the lubricant. Generally, the higher the solid content
within the lubricant, the higher the viscosity.

Solution

l Railhead

Chemical species migrates close to interface

\ Y 1 )

—_— N

Figure53, Formation of viscousearsurface layers

The effect of increasing the viscosity of the lubricant on adhesion at the wheel / rail contact is shown
on a Stribeck diagram Iigure54. The drg of friction caused by increasing viscosity through the
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mechanisms discussed is caused by the regions of micro EHL supporting more of the load and
reducing the normal force on the areas of sedlid contact.
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Figureb4, Stribe& diagram showing the effect of increasing viscosity on the friction coefficient

4.2.4 Quazisolid /fluid rheological properties of railhead debris

Oxide pastes have been shown in the laboratory under refllitting tests on twirdisc tribometers

to achieveultra-low adhesion levels but due to the extremely high contact pressures of the wheel /
rail interface, it is unlikely that a lubricating fluid would be able to support the great forces acting on
it when unconfined; however, some saliduid suspensiong oxide pastes includeq behave as
BinghamPlastic fluids. This means that they have a ysélear stres which is a finitshearstress

level required to be exceeded before the fluid begins to flow; below this yield stress, the material
behaves as a solahd resists deformation.

Aqueous debris pastes on the track can behave as Bingham plastic fluids, they may therefore exhibit
properties pertaining to both solid layers and liquid lubricaiitsis final hypothesis relates to this

ability.
direction
of travel

additiongl debris pushed
in front of contact due to
longitudinal slip

direction
of travel

debris pushed to
rear of contact due
to longitudinal slip

debris pushed to
the side and in
front of contact

debris pushed to
the side and in
front of contact

Driving Braking

Figure55, Proposed movement of debris on the railhead due to driving and braking in the wheel / rail contact
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Direction of travel

Direction of wheel rotation

Driving force
applied by wheel
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Railhead

b)

Shearing of
oxide layer in
contact
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c)

Wheel “digs-into”
oxide and pushes it
behind and to side ﬁ\\:‘j‘\'

d) —

Wheel / rail direct
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and traction
increases

Figure56, Quazisolid / liquidrheological mechanism of adhesion loss under driving showing stageb; gradual
increased support of the wheel vertical load by the oxide paste layer; c, yield shear stress of layer reached and flow of
material in layer; d, recovery of wheel tractidne to expulsion of material from contact and restoration of ssditid
contact. Relative thickness of oxide layer greatly exaggerated.
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Figure57, Quazisolid / liquid rheological mechanismadhesion loss under braking showing stages: a to b, gradual
increased support of the wheel vertical load by the oxide paste layer; c, yield shear stress of layer reached and flow of
material in layer; d, recovery of wheel traction due to expulsion of ri@tieom contact and restoration of sol&blid

contact. Relative thickness of oxide layer greatly exaggerated.
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Visualisation of the wheel / rail system during lateral load application reveals two possible scenarios
relating to the movement of oxide past@nd layers around the contact which may be significant for
the proposed mechanism; these are presentefrigures5. For both driving and braking, the force

of the impending wheel is likely to cause debris to be pushed in front of and to the sides of the
contact. When driving, the surface of the wheel slips backwards relative to the direction of travel
over the railhead and as a result, material within the contact &pushed out of the back of the
contact due to the sliding of the wheel and shearing of the debris layer. When braking, the opposite
is true; the surface of the wheel moves forwards in relation to the direction of travel over the
railhead resulting in adtional material being pushed out in front of the contact.

The ability for the debris / oxide paste to act as a solid is significant as, when under compression, it
enables for thenormalload of the wheel to be supported by the layer.

The hypothesised mechanisms are giveRigure56 for driving andrigure57 for braking. As the

wheel is rolling gradually more of the contact is supported more and more via the oxide / debris
layer (a to b). Full separation of the physical wheel and rail-solid contact may not occur but is
shown on the diagrams to better illustie the mechanism. The oxide / debris layer initially

effectively transmits the longitudinal forces of the contact through it; however, once it reaches
shearing stresses greater than the yield stress (c), shearing of the layer commences and the layer
begirs to behave as a fluid. This shearing diminishes the ability of the contact to transmit lateral
forces between the wheel and rail causing loss of traction. The amount of force which can be
transmitted through the contact recovers as the shearing of thed@pauses material to be pushed
away faster than material is able to be entrained into the contact (d), this increases direct wheel /
rail contact and thus restores traction. It is hypothesised that this mechanism may cycle as material
becomes entrained i KS O2y il OG RdzZNAYy3I Wy2NXIfQ NRffAy3
the properties of a solid) and expelled from it during the layer shearing (when fluid behaviour is
observed).

The main differences between the driving and braking mechanisenthat with traction,sheared
debris is pushed out of the trailing end of the contact and away; whereas, during braking, the
sheareddebris is pushed out of the leading end of the contact potentially becomiuggpirined in
the contact.

4.3  Summary

The wheel rail contact is a complex system. A variety of mechanisms attempting to describe the
how traction is lost in the wheel / rail system are proposed and many of the compounds found in
and around the railhead are theorised to be able to display these betayvio

Surface active chemicals are hypothesised to contribute to both the formation of different surface
conditions as well as have direct effects on traction through boundary lubrication; however, due to
their effect on the contact being confined to a femolecular depths in thickness from the surfaces,

their impact on railhead traction when considered on their own is likely to be small as a result of their
fragility.

Lubrication and thick films are a feature of a few of the presented hypotheses and npagdented
by both iron oxides, debriand leaf layers.

The complex rheological behaviours of debris pastes, particularly iron oxides due to their abundance
on the railhead, appears promising to allow both entrainment and shearing within the contact.

75



Due D their presence on the railheaahd complex behaviour, this thesis will pursue the hypotheses
relating to the formation and behaviour of iron oxides and water within the wheel / rail system,
outlined in sectiongl.1.4and4.2.4 The decision to investigate these hypotheses over those
concerning leaf layers was also partly made thecurrentlackof knowledgein literature regarding
the chemical composition and iron oxides present on the railhead prior to the formetitre leaf
layers; as a result, accurately simulating leaf layer formation under similar conditions to thusk f
on operational railways would require pa®nditioning of the railhead substrate. Research
performed to understand the formation of iron oxides on the railhead, as has been done in this
thesis, may therefore support futun@ork aiming to explore theofmation of leaf layers.

Research has been performed regarding the tribological properties of iron oxides and their pastes
within the wheel / rail contact; however, very little was discovered about how they are formed on

the railhead and most iron oxideg8ng in the literature used crudely synthesised oxides or

purchased material of a standard oxide type. The analysis programmes and testing platforms chosen
for the work of this thesisoutlined in sectiorb, were chosen to be able to exhibit more control over

the chemical analysis, formation of, and testing of the chemical, rheological, anetctrésnical

properties of various types of iron oxides.
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5 Methodology

To develop understanding and test the hypotheses discussed, the wheel / rail contact will be
explored through a series of monitoring and experimental campaigns. These intend to record the
environmental conditions surrounding the system and tlsgnulate them within a laboratory

setting to test the hypothesised mechanisms of traction loss.

This chapter initially outlines the field monitoring techniques utilised in this thesis, it then describes
how samples were prepared from environmental simigatin the lab environment after which the
surface chemical and physical analysis approaches are ¢ag#ig;the mechanical tribdgesting

methods are described.

5.1 Field testing

Thefield-testingmethods were designed to analyse the trackside environmadtexplore the

transient condition®f the open systemBoth physical environmental data as well as chemical swabs
of the surface of the railhead were taken.

Sites of this trackside monitoring and analysis were approached basactcessibilityand
opportunity. The sites which formed the field testing were:

1 Quinton Rail Technology Centre test track, Long Marston, Warwickshire, England.

1 Rail Bridge No. 194 near Royston, Barnsley, South Yorkshire, EngBi66:52.7"N
1°26'54.8"W.

9 Two test locations in Bish Columbia, Canada. (Measurements taken by Don Eadie, Rail
technology consultant)

5.1.1 Track swabbing

The concentration of iron oxide compounds present on the railhead have been shown {d&jary
The composition of the railhead has been analysed though the use of a trackRie X
diffractometer by Suzimura et §46]. Unfortunately this technique requires complex equipment
rarely available. The alternative whichighproject explores is to utilise a sampling technique to then
later performex-situ examination of the railhead compound.

Swabbing of the railhead surface was performed usimngb cloths made frorelluloseandglass
microfibre filter papers.Glass micrabre paper was used in addition to the cellulose filter pagaee
to its greater hadness and abrasiveness which allows for greater materialypdk many cases;
particularly when material is bonded strongly to the railhead surface.

The cellulose filtepaper used was a 90mm circular plain disc format grade 51 ashless hardened
guantitative filter paper and the glass micraf@paper a grade 259, 55mm diameter, circular
borosilicate glass paper. Both of the filter papers were obtained from fisher saientifi

The filter papers were stored in sealed plastic sample bags before and after sar@diaug.gloves
wereworn when handling the filter papers to minimise contamination and to protect the user
against sharp fragments of rail steel which may hepalled off the railhead surface.

The circular filters were folded in half into a seencular shape before taking the swabs. Each of the
filter paperswere used to take 2 samples. The positions on the filter paper where these samples are
to be taken areshown in theFigure58 below.
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Figure58, Photograph showing positions of sampling on the filter paper of ashless filter paper (leftpasdilyle filter

paper (right)
Direction 1. Press the paper
2. Pull the filter paper of travel against the running

band of the railhead

«—

+—

Filter paper

Direction of normal train travel

Figure59, Diagram detailing the sampling procedure

The general proceduraken whensampling is annotated iRigure59. After the filter paper hd

been folded itwasheld near to one of the corners and placed against the running band of the
railhead. Moderate pressure is applied to a position on the opposite half of the filter paper to where
is held and pressinagainst the running band of the rail. The presswessuch that as much force

was tobe applied to it as possible whilst the filter is dragged without causing the filter paper to tear.

The ashless cellulose filter papgasdragged in the direction oppde to the normal travel of trains
along the running band with the pressure applied. The distaricFagging waabout 40cmper
swatch for the cellulose paper andrftine glass fibre filter paper this distanegsreduced to 15cm
due to the fragility of he medium.

This procedure should be repeated for the other side of the filter paper using a fresh section of
railhead where no sampling has been taken on that occasion ortetong done.
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After sampling the samphlasreturned to the sampling bag andfarmation recorded detailing the
date andtime, location, conditions at time of sampling, and a commemitaining other significant
information pertaining to the sample collected. It was normal practice telabel bags containing the
al YLIX S&a ¢ A (fd exdmyple GRIE 30XoRtedgEss fibre and FPOBO for the ashlesklter
papers.

Analysisof the swabavas performedas soon apracticalafter collection; howevermpreliminary tests
were done to determine differences between swabs analysed within 2 hours of collection and a
month after analysidt was found that there were negligible compii@n changes between the
swabs during that tira; however, the stability of all compounds considered in this thesis on the
swabs lavenot beenfully determined.

5.1.2  Environmental monitoring

A data logging device was designed and constructed to record a vafietwironmental

parametersat the trackside The environmental monitor is based on Bspressive Systems ESP8266
microcontrolle, the schematic can be seenkigure60 and photograph of the logger Rigure6l.

ltJat? written Vi
Batteries and ESPR266 LLLostorage | IOYET

linear voltage Microcontroller
regulator circuit (D1 mini)

Timestamp

Sensors Sensor data

ELEZY Resistive pad rain Temperature probe

sensor (affixed to rail)

(Temperature,
Humidity, Pressure)

Figure60, Environmental monitor schematic

Figure61, Environmental monitor photograph
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