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Abstract

The recently discovered squat type defect which is understood as a thermal defect has
renewed interest in rolling contact fatigue damage in railway studies. These defects were
reported to apear in several locations across the globe where the cost incurred for their
removal leads tamajorincrease of track maintenance cost. While the growth mechanism
for classical rolling contact fatigue squat is well understood, limited research has so far
been undertaken for squat type defects leaving them poorly understood, especially in their
initiation and propagation mechanishine pesencef white etching layer in all locations
where these defects have been found strongly suggests that therma negpbnsible

for their development rather than fluid assisted growth that is responsible for the
development of classical rolling contact fatigue squats. In this thesis, research is reported
that combines morphological analysis data with a boundaryesiemodel to understand

the direct influence of these thermally transformed layers on the initiation and
propagation of squat type defects in rail. Furthermore, the work has been extended to
explore the possibilities for defect detection in rails reachipgsitive proof of concept
outcome. It is expected that this approach could serve as a basis for maintenance
schedules in order to avoid rail failure due to inadequate understanding of this type of

defect.
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CHAPTER 1

INTRODUCTION

1.0 Introduction

Rail-wheel contact places extreme stresshamailway rail and witha growing transport
demand, rail defects represent a cost and inconveniencedleraand rail infrastructure
managersSquat typedefect are a class of defeatghich were discovered irthe year
2000[1]andk n o wn 80s bfiys tsuodm es. Theghsveranewed ietareshirolling
contact fatigue (RCF) damage studies dubea superficial similaritiego classical squa
defecs, but very differenttharacterThese defects lookexadly like squatsat a single
glance andthe presenceof subsurface damage whichaswconsiderably similar with
classical squat was identified from ultrasonic scdinis well known that subsurface
damagemaydevelop into transverse defgthatcanlead torail fracture,yet thereareno
records associatingail fracturewith studs. Even though studs can be considered as
benign, surface depressisrthat typically developfrom studsgive rise to noise and
vibration that affects riding quality. It was repsdt that London Undergrountad a
problemwith stud defectsvhere £6/ was spent to remove them byregling the affected

locations.

The early research on studs mainly focussed on providing understamdiifigrentiate
betweenthe stud and classical squadefecs through several field observations and
metallurgical investigations. WhilmostRCF defects includinglassical squatrequite
well understood after almo$ive decades of extensive studidisere are stilla lot of
mysteries need to be solvedrfstuds especially on its initiation and propagation
mechanismsEven thougtstud defect arenot well understood, evidence exists that its
initiation and growth pattern igery different to conventional RCF defects such as
classicalsquas, head checksind gauge corner crackinghe major difference between
classical squat and studs eeffis that, classical squadrmally associated with surface
plastic deformabn and réchetting while studsare believed to be associated with
thermallytransformed mirial. Due to its similarityof appearance with classical scgjat

1



re-profiling the rail surface through the use of rail grinding is currently the main technique
applied by raiinfrastructure managete combat the growth of these defects. However,

it is essential to predict the right frequency of grinding in order to prevent over
maintenancend excessost. Precise prediction of creagrowth in rails via modelling

can ensure system safety and reduce system infrastructure maintenance cost at the same
time. In addition, alternative control measures can be dedigmcethegrowth pattern is

fully understood to combat the growth of defects in rails.

The occurrence od white etching layer (WEL) in all locations where studs have been
found strongly suggesthat thermal input might be responsiliée the developmenbf
studs. Excessive thermal input followed by rapid coatinghe rail surface will resuih
the formation ofmetallurgicaltransformed layewith transformationfrom pearlite to
martensite (WEL) Evidence exist to suggest thaWEL appearsin different
forms/configuration (either continuous or patchesyith a variety of lengtts and
thicknesgs[2]. However, limited researdii], [3]7 [6] has been undertaken to understand
the direct influence of WEL on the initiation and propagatidérsabsurfae cracls

especially as observed with stutkfect in rail

1.1 Thesis aims and objectives

The work in this thesis aims to provideetterunderstandingf the role of thermal input
on squat type defex{studs) in rail. This can be achieved Hulfilling the following

objectives

1 To investigate the effect of metallurgical transformed Isuger the growth of
subsurface crask

1 To study the potential for supressing defect growth through tailoring rail thermo
mechanical properties
To identify the effect of whitetching layer configuration on a larger rail degect
To explore the possibilities for defect detection insrailth the application of

digital image correlation



1.2 Significance of study

At present limited informationis known aboutthe role of thermal inguon squat type
defects in railThe current research on squat type defewsty focussed on metallurgical
investigations and crack growth study without considering the effect of thermal input on
already initiated defect&urthermorecurrent practice tdetect squat type defects in rail

will resultin delay and disruptions to the rail operatidhus, his study will contribute
mainly to the benefit of rail infrastructure managers in understanding squat type defects
in detail serve as a basis maintenascheduleso control the growth of the defectsd
provide amethodthat could detect presence of defects in rail Widt not results in
disruptions and delay to the rail operatioimsaddition, this study will also benefit the

rail manufacturerdy providing insightto produce rails thatould supress defect growth.

1.3 Thesis layout

This thesis is arranged in a serie8ahapters in which each chapter coagparticular

aspect of the investigation.

Chapter 2 presentsraview of the fundamental prindgs behindhe wheelrail contact.
This chapter begswith thehistorical review ortherail, its materiabnd metallurgyand
recent advance# rail materias. The chapter therdocuses on wheekail contact
mechanics followed by theonsequences of wHheil contactanddamage phenomena
that occuiin the rail Finally, it provides areviewof severalvailable methasito predict

rail failure.

Chapter 3 provides understanding between classical squat and squat typeadeftcin
results fromfield obsevation and metallurgical investigationPossible mechanisms for

the initiation of squat type defect in rallediscussed in this chapter.

Chapter vas writtenb ased on t he paper with the tit
rail defect growth throughatloring rail thermeme c hani c a | [7],publispedint i e s
Journal of WearThischapteinvestigateshe effect ofa metallurgical transformed layer

on the growth of subsurface cracl control measure to suppress the growth of the

defect isintrodued in this chapter.



Chapter 5 outlines how different configuratsaf the white etching layer will affect the
growth of larger rail defest The growth rate resultsredictedfrom the modelare
compared against wear rates from literature to identify which failure mechaarsive

expected talominate.

Chapter @escribes @roof of conceptor detection in rail with the application of digital
image correlation. The ressiifrom the experim@al workare compared with modelling
results to explore the potential for the digital image correlation method to degect

presencef transverse defexin rail.

Chapter 7 summarises the main conclusions of the tlesishapter 8 highlights

suggestia for further work.



CHAPTER 2

LITERATURE REVIEW

2.0 Introduction

This chapter provideahistorical reviewof rail materials and metallurgghefundamental
principles behind wheehil contact, consequences of wheal contact focusing on
damage phenoma that occur on the rail, and revieivpopularmethodsavailableto
predict rail failure.

2.1 Rail, materials, and metallurgy

The origin of rail trackslates back into ancient civilization (6th B.C.) where the Greeks
and Romans were the firt develop groove stone guiddsdure2-1) for transporting

carts and primitive wagons along a predetermined path which resembles our railway
network nowadayg8]. During that period, animals were used to pull carts along the tracks
(in the form of ruts) to tmsport supplies and goods easily without a need for steering,
especially on uneven terrain. Ruts that are used to guide the wheel form the basis of the

conventional railway concepts, and function to ensure the vehicle will remain on track.

In GreatBritain, earliest records demonstrate rail usage began in the 17th cg@itury
where wooderrailed wagorways were used to transport minerals from coal mines to
nearby rivers and harbours. The rails were initially made from soft woods such as pine
which tends to wear quickly due to frequent passage of the wooden wheel. An
improvement orthe wear quality of the track was made later on where a malleable iron
stripwas placd on top of the wooden rail to overcome the wear issues. In 1776, the first
iron rails known as plate rail was produced near Sheffield, England where the rails were
castin the form of L shape. Development of rail profile continued with the introduction
of the edge railKigure 2-2) where the design was almost similar with present day ralil

section and was found to be nyaimes stronger than its predecessor (the plate/14i])



However, the application of steam engine locomotives on the rail network wedeash
some issues whereby the cast ironwaitoo brittle and fractuiekeasily due to repetitive
passing movement of the heavy steam endihk In 1856, the development of steel rails
made through the Bessemer procHsy has led to theeplacement of cast iron rails
across the network and they lasted 16 years with 250 trains passed per day. Over the
following 20 years, rail profiles developed similarthat used today

The standard form of rail used around the world nowadays ifléed8ttom" rail Figure

2-3) where UIC 60 and BS113A are the dominant rail profile used in the UK and can be
found widely across the UK network. The production prodeggie2-4) for the modern

rail involves melting iron ore, adding alloying element such as carbon, manganese, and
silicon to make the steel more durable, vacuum degassing process to reduce hydrogen
content that could lead to formation pbrosity, continuous casting process into a
rectangle block called bloom, cooling process at different rates to produce different
grade#ype and forming to its final shape through a consecutive series of rolling process.
This production process leaeompressiveresidual stress in the rail where if it is
carefully controlled, these can help suppress crack grid@ih[14] which could lead to
longevity life of a rail. To ensure durability life of alraelection of material is a crucial
decision in order to produce a rail that could respond well to factors that could reduce its

life such as fatigue, wear, and environmental conditions.

2.11 Materials and metallurgy

A typical rail steel should have a got@drdnessand should resist crack and wear
phenomena. This can be achieved by controlling its composition (alloying elements) and
its cooling rate during solidification. Many grades of rail exist with different composition
(alloying element such as Si, MR, S, Cr, Al, V) and different properti¢$5] for a
differentapplication. Normal grade steeuch as 260 grade (minimum tensile strength

of 880 MPa) are commonly used on lines which operate under normal service conditions
while high strength grade such as R 35D (minimum tensile strength between 1100
1200 MPa) are used on lines that experienced higher axle load and in extremely tightly
curved track. In the past, the standard for rail grade was indicated by its tensile strength
but presently was replaced by Bzll Hardness (BHN) value.



The form of steel called pearlite has been found efficacious for rails and it is widely used
across the globe due to its ability to work hardened during the first cycle of load
application which results in good resistance to wiaarlite steel typically has a Carbon
level around 0.6% by weight and are composea lafyeredstructure of soft ductile

F e r r -Fe) and Hard brittle Cementite g83 asdepicted irFigure2-5. The mechanical
properties of pearlite are strongly influenced by the distance between cementitadamel
(interlamellar spacing), its thickness, and the size of the grain. Different grades of rail
steel have different spacing where finer spacing gives better wear resistance and higher
hardness which could be controlled by manipulating the cooling réte &®t rail cools
(Figure 2-6). A refinement of the lamellae pearlite could be achieved thrtugheat
treatment process where the cooling rate of the steel is controlled according to the time
transfomation temperature (TTT) diagranfigure 2-7) or by increasing the weight

content of Chromiunm the stee[16].

2.1.2 Advancement in rail materials

The develoment of new material for rail steéd generally focussed on the material
resistance against wear and cracks developed under-valilesbntact. Head hardened

rails (R350HT) were developed by Voestalpine Schienen GmbH in [I990vhere

results 6 date showed that they have better wear and crack resistance compared to
standard carbon rail (R260 grad&] due to their high hardness as a result from heat
treatment process that reduced the Hdarellar spacing. This type of rails has been
applied widely tahe heavyhaulnetwork wherehe occurrenceof RCF cracks and wear

have significantly reduced especiallyanarea withtight radius curve

In addition to head hardened, research in rail material has developed with the introduction
of two-material rail. Instead ahanufacturing the whole rail section with expensive high
wear and RCF resistance material, a new material that composed of better resistance
properties were coated on the railhead surface of standard carbon railaskiek a
protective barrier to combagainst wear and RCF. Laser cladding is one of the widely
usedmethod to produce coatings on the railhead where superior materiaeactlert
mechanical and tribological properties can be weldettie top surface athe original

substate material.



Franklin et al[19] performed a study to test the perf@amaee of this beneficial coating
using a twin disc test where the base material for the @igssiachined from a standard
carbon rail (R260 grade) and coated using Duroc laser clatitihgiqus. Two types of
coating materials (numbered as 222 and 58 tested under different condition (high
pressure, dry contact, lubricated contact) to determine whether the coating surface
provides improved fatigue and wear resistance compared to the standard rail material.
Based on their results, they observed ti@h coating materialhave higher resistance
against RCF damage compared to standard carbon rail. However, one of the coating
materiak (508) was vulnerable to crack initiation under prolonged (15,000) cycles while
no crack initiation was observed 222 coating material. In terms of wear performance,
the 508 material proved to be better compared to 222 material under unlubricated
conditions.Therefae it was proven thahe coating surfacerovides improved fatigue

and wear resistance compared todtamdard rail materiah whichthese advantages was
brought intoChapter 4 to explore the possibilitietdefect suppression.

In a recent investigation, Lewis et |10] performed a similar test but with ader range

of coating material where some of the disks were coatedandthublelayer of similar
coating material. They observed that all of the coating specimens had higher RCF lives
compared to the standard carbon rail specimen where the R260 speeirasally failed

under 15,000 cycles while the clad specimens failed between 28,80®00 cycles.
Based on their investigation, they concluded that the rail cladding techniques have the
prospect to supress RCF crack initiation sithesnajority of the ¢dadding surface showed

almost no plastic deformation that could lead to crack initiation.

2.2 Wheel-rail contact

In general, the interface between wheel and rail involves rolling and sliding contact at
high contact pressure. The contact pressure transrbitdte wheel usually surpass the

yield strength of the rail material due to the small size of the contact which
approximately similar to the size of a 20 pence coin. The combination of rolling and
sliding drives many expensive maintenance issues suskas rolling contact fatigue,

and thermal damage. Therefore it is essential to understand the position, shape, size, and

pressure of the contact in order to reduce damage from these issues.



The actual position of the contact between the wheel anditharias and depends on
various factors such as bogie design, winailgeometry, and track condition. According

to Tournay[21], the contact between the wheel and the rail can be separated into three
different regions Figure 2-8) which involve wheel treadail contact (Region A), wheel
flangerail gauge corner contact (Region B), and field side wheaktontact (Region C).

Wheel and rail contact typically happens in Region A (normally occurs on tangent track
or greater curve radius) and Region B (tight radius curve such as switches and crossings)
where different contact region witesultin a different level of stresses and sizes of

contact that could lead to undesirable phenomena such as wear.

Numerous studiebave been done theoretically and experimentally to investigate the
phenomena of the whemrlil interface focusing in the contact area. Several attempts have
been made experimentally to understand the wiadletontact problem that involves
numerous techques such as photlasticity methods, impression methods, and
ultrasonic wave methof@2]. The simplest way to determine the wheel rail contact area
on a full scale rail is by rollinthe wheel over the rail with carbon copy paper inserted at
the wheelralil interface which creates an impression of the contact shape arj@d3ize
However, this technique does not provide the pressure distribution resulting from the
wheelrail contact. More complex techniquesistwhere the shapes, sizes, and pressure
distribution in the contact area can be determined u#iiregultrasonic method.
Quartification of the shape and pressure distribution of the wheel rail contact using
ultrasonic scaif24] under different loading conditions provides good comparative data
where the results (overall contact shape and maximum pressure) show good correlation

with existing numerical techniqueBigure2-9).

Analytical methods derived from the Hertzian theory together atthmericalmethod

such as Contact developed by Kalks] are among the most popular methttht were

used to study the whegdil cortact phenomena. Both methods were developed based on

the assumption of half space and linear elastic material model that was found relevant for
contact that occurs in Region A (whaedad rail contact). However, study on whesl

contact using finite ement (FE) modellinfP6]s uggest t hat Hertz an
was found to be of lower precision for the gauge corner rail contact (Region B) where
maximum contact pressure produdscboth method was significantly larger than the FE

solution while results for Region A contact shows very good agreeifgniré 2-10).



The Hertzian Method is a simple calculation because it idealizgthple geometry.
While the centre of the rail is close to this geometry and gives good pregiti®tess
goodrepresentation of Region Bven though various techniques exist numerically and
experimentally to describe the wheell contact, only Hertzian method will be

considered in this thesis since contact on the rail head (Region A) is the focus of the work.

2.21 Contact mechanics

Contact mechanics is the study of the relationship between stresses and deformation that
happened when two surfacessofid body are in contact. Its principle is widely used in
many engineering applications such as gears, bearings, brakes and also in railway wheel
rail contact. The history of contact mechanics began in IBB2vhen Heinrich Hertz
publ i shed his paper 7 (@8]thatfoens afoundaterctasoleef el ast i «
contact mechanics problem nowadays. Hertz theory has been applied heseamgher

to solve problemthat involves wheelrail contact sah as analysis to describe creep
phenomena. Cartgdf9] has ankzed creep phenomena of a wheal contact (see
Section2.2.2.) based on Hertzian analysis to generate the expression for the creep
coefficient by treating the case as two dimensional where he assumeddblaih
contact as two parallel cylinders rolling against each other. Hertz theory was also applied
by Johnsor{30] where he solved three dimensional creep problem by representing the
wheelrail contact as sphere rolling @m elasticplane. Wth the successful application

of Hertzian Theory in solving wheehil contact problems, Hertz Theory will be applied

in this thesis as an approximation to describe whaktontact size, shape, and pressure

distribution.

2.2.1.1 Hertzian Contact Theory

Hertzian Contact Theory has been extensively applied in the railway contact mechanics
to determine the contact shape and local deformation that happened on the surface of a
wheetlrail contact region. In his study on deformation of lenses under contactHante
hypothesized that the contact area is elliptical in shape. Hertz Contact Theory is based on

theassumptions as follow:
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1 Each body is regarded as an elastic-BpHce (i.e. a seamfinite region) loaded
only in a small elliptical region on its plarsurface.

1 Bodies must touch at a point which is small relative to their overall dimensions,
and small relative to the radii of curvature of the surfaces.

1 Surfaces were frictionless, the bodies are isotropic, and the surfaces were clean

and free of lubricats.

Hertz contact theory represents an idealized situation whereas in practice (on the
railways), wheerail contacts are unlikely to be clean and frictionless sihepresence

of lubricant is needed to control the friction values in the whakktontact. However,

this assumption can be satisfied since friction can be considered separately where
extensions of the model for traction and friction are available. For the assumption of a
small contact region relative to overall dimension, this conditiooften violated in

certain contact position especially at the gauge corner contact due to change surface
curvature and plastic deformation. Howeverghissues can be neglected since the
contact considered in this thesis is focused on the rail heahngbere the contact region

is small compared with the radius of curvature of the undeformed surfaces. Two cases
can be used to represent the contact at the rail head region based on Hertzian Contact
Theory whichis the three dimensional (3D) ellipticabntact and the simplified line

contact method.

22.1.1.1 Three dimensional elliptical contact

When the bodies in contact are more generally cuivignife2-11), the contact patch is
elliptical where the surfaeseinitially touch at a point and will contact further over an
elliptical area of semi axes a andHigure2-12). By considering the case where the planes
of principal curvature of the bodies are aligregghinst each other, three dimensional

elliptical contactcan be established based on Hertzian Contact Theory where the pressure
distribution,p is defined by

nw 0 p — — (2.1)

whereP, is the peak contact pressure and is given by
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o — (2.2)

WhereP is the normal load evaluated at any point in the contact. The contact half width

dimensiors a andb are given by

O & o-uU — (2.3)

® & 0-0 — (2.4)

wheremandn are the coefficients for Hertz theoff/gble2-1). The constanh andB are

given by equation 2.5 and 2.6 whileis the constant to be usedTiable2-1.

o - — — (2.5)
0 - — — (2.6)
. Al 06— (2.7)

RixandRyy are the radii curvature of the first body wHig andRyy are the radii curvature
of the second body in the lateral and longitudinal direction respectiFgyré 2-13).

The elastic constanks andkz are quantified using the following equations

0 — (2.8)

Q — (2.9)

whereviandv.ar e t he Poi sEsaodiEdasr er avtoiuonng 6asn dModul us f or

contacting bodies
2.2.1.1.2 Line contacts

The complex geometry of 3D whemlil contact can be simplified as2D case by

representing the contact as a cylinder running on a flat prageré€2-14). For this case,
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only longitudinal and vertical force can be represented (not lateral force). The maximum
pressureP, which is located at the centre of thentact,is related to the applied load,

cylindrical geometry, and materialgperties whichs defined by

CA

_ (2.10)

where P is the applied load* is elastic contact moduluk,is contact length ang* is

effective radii of curvature. The elastic contact modulus E* is given by

- — — (2.11)

wherevi s Poi s s 0 k& young anbdulas (sabsalipt refer to surface 1 and 2
respectively). The effective radii of curvatuR®* is defined by the following equation

whereR; andR; are the adii of the two contacting surfaces.

_ - (2.12)
The contact half widtla is given by

) (2.13)
The pressure distribution across the contact width is then given by

now 0 p—— (2.14)

2.2.1.1.3 Sliding Hertzian contact

For a realistic two dimensional rollirgliding contact, two components of forces exist
between the wheel and the rail (hormal forces and tangential forces) with the influence of
friction betweenhe contacting elements. The tangential forces, q(x) donmgitudinal
direction along the length of the rail where its distribution due to relative sliding can be
estimated from the Hertzian pressure distribution, [%]). The pressure distribution,

g(x) and p(x) act simultaneously over the contact and the influence of frictional forces

referred agoefficient of friction for full sliding contact is given by
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nNw tNno (2.15)

An example of the shear stress contour below a sliding Hertzian canthsplayedin

Figure 2-15. The presnce of tangential force has increased the maximum subsurface
shear stress value and shifted the contour of maximum shear stress towards the surface
and away from the vertical axis-éxis). Without the presence of tangential force, the
contour of shear stss below a Hertzian contact will be symmetrical about the vertical
axis. With an increasm the frictional traction, the position of maximum shear stress
moves towards the surface. Plastic strains can become larger at this point as the highly
stressednaterial has lost the constraining effect of the surrounding mgi&2ial

2.2.2 Friction

Friction can be defined as the force that hinders the movement dfodyerelative to
another body. In railway operation, the movement of the train is dependent on the
presence of frictional forces which is influenced by surface geometry, surface properties,
running conditions, and lubricants. Sustaining good friction obrig one of the
importantkeysto ensuresafety and reliability in a railway operation. During traction, low
level of friction couldleadto wheel slippage that will results in operation delay, while
low friction in braking couldresultin a catastrophidncident. Furthermore, the level of
friction forces plays a major role in the generation of failure on both the wheel and the
rail, whereby low friction level will contribute to the formation of WEL either during
acceleration or brakindue to wheel spin or slip

Different leves of frictions are maintainedn differentregiors of thecontact between the
wheel and the rail. The term traction coefficient (ratio between friction force and normal
force)is used to represent tievel of friction experienced between the wheel and the rail
surface. For contact that occurs at wheel treg@ldcontact (Region A), the range of
traction coefficient is typically between 624 while for the wheel flanggauge corner
contact (Region BYhevalueof traction coefficient is typically less than (33]. In orcer

to maintaintherequiredlevel of friction ata certainregion of contact, friction modifiers
(e.g. sand or lubricantgye applied on the rail either to increase or decrdlastevel of
friction. Generally low friction modifiersare used toreduce wear while high friction

modifiers act as a media to increase adhesion between the wheel and the rail. To

14



determine the coefficient of friction between the wheel and the rail, various techniques
can be used such asribometer, bogie on rollergj or instrumented traingAn example

of friction data measured undemwide range of conditioa[34] is shown inTable 2-2.

From these data, tteglhesion coefficientalueof 0.3 will be used in the modelling work

to represent a dry rail condition.

2221 Creep

In a wheelrail contact, the relationship between the rolling speed of the wheel (due to
tractive force) relative to pure rolling
much faster (or slower) the wheel is turning relative to pure rolling. Creep often expressed
as apercentageand usually plotted against the tractive force or coefficient of traction in

a creep curve. A typical creep cunkdure2-16) provides information on the level of
stick and slip that aurs within the contact patch between the wheel and theJradler

pure rolling (zeracreep), there is no traction transmitted by the contact and the whole
contact patch is under stick region. As tractive force increase, rolling and sliding contact
will occur due tdhereductionof the stick region with an increase of the slip region. The
stick region will fully disappear once the tractive foreaclesits saturation point where

the whole contact patch will experienaé@ull slip. Under full slip conditn, the level of
traction is limited by the coefficient of friction with a maximum creep level between 1%
to 2% under dry conta¢B5].

During traction or braking, it is desirable to achieve maximum acceleration or
deceleration available. This can be achieved by ensuring the operation is close to the
saturation point (partial slip) rather than full slfiqure2-17). Under acceleration, full

slip condition will results in wheel spin while under braking, full slip induce wheel slide
(locked wheel) event. Full slip condition (either wheel spin or wheel slide) will generate

a lot of thermal inpuin a corcentrated part of the wheel or rail which is likely to result

in damage and failure. Therefore it is important for the traction control system to know

how to approach full slip but not reaith
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2.2.3 Thermal aspect of wheel-rail contact

In the event of wha slip, either a locked wheel during braking or spinning wheel during
traction will generate thermal input to both the wheel and the rail. Excessive thermal input
can result in the formation of white etching layer (WEL) on the steel rail surface where
thermal transformation happens and change the steel phase from pearlite to martensite
[36]1[38]. A martensitas a form of steel which is known to be hard but brittle. This form

of geel is formed by heating a normal rail steel over 727°C, followed by rapid cooling
[39].

The term white etching layer was given due to its resistance against etching and appears
white and remain featureless under metallographic examination. An early investigation
on WEL was conducted by Stef@®] where haliscoveedWEL formation on the surface

of a used steel wire ropes. He interpreted the formation of WEL as martensite where the
formation comes from frictional heating in service followed by rapid quenddidly

Since then, the formation of WEL on the rail suefdmas become the subject of interest

by manyresearchex[41]i [45] in order to understand its origin and mechanism.

It is thought that the formation of WEL would be beneficial to combat against wear
phenomena due to its high microstructural hardness. However, the durifthee layer

can easily crack and once a small craglsts within the WEL region, it will propagate
and grow down into the raiA recentinvestigation by numerous researcf#8]i [48] has
discovered that the formation of WEL hasletrimentaleffect in fatigue life due to its
brittle nature where crack thatitiates at the WEL surface will grow rapidly until it
reaches the interface between WEL and theelmaterialln the current project, this is

important because WEL was found on all of the sangdéscusedin Chaptel3.

2.2.3.1 Metallurgical background

A rail steel witha carboncontent of 0.6% in weight typically melts at around 1400°C. In
order for WELto form, the steel needs to be heated above its eutectoid temperature
(727°C) and rapidly cooled withiatenth of second (cooling rate of 140°C/s) so that it
will miss the nose of the curve of the austetitgoearlite transformation (continuous
cooling transformation diagram iRigure 2-18). If the steel cools more slowly within a

cooling rate lower than 35°C/s (blue dashed) it will transform to the equilibrium pearlite
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and austenite structures. Oncariansite is formed, its hard brittle structure is retained at

room temperature.

The exact position of the continueosoling transformation curves varies withe
compositionof the steel The existence of alloying elemsim the rail (i.e. Si, Mn, P, S

Cr, Al, V) may results in alteration to the positions and shapes of the curves in the
continuous cooling transformation (CCT) diagram where the nose of austenite to pearlite
transformation has been shifted to longer times, thus decreasing the cpt®latbese
changes can be seen fréiigure2-19 where the cooling rate to change the phase of alloy
steel from austenite to martensite has decreased to 8.3°C/s compared to the rapid cooling
rate of plain carbon steel (140°C/s)rRigure2-18.

2.2.3.2 Possible mechanism for heat generation

Sufficient thermal input must be generated at the rail surface in order for WEL formation
to take place. Knothe in his study suggests ehsmperature around 600°C cae
achievedundersliding contact with contact condition of 200 kN, 3% creep, and speed of
75 m/s[50]. However it is implausible for such values to be achieved during normal
running. Furthermorehe temperatureof 600°C isfar below the temperature required
(727°C) for austenization to take pladk.recentinvestigation by Takashi51] has
confirmed that the formation of WEL on the rail surface was based on martensitic
transbrmation after rapid austenization. Temperature above 727°C could be achieved due
to frictional heating that would resuit a transformatiorof up to 60 pm in depth under
contact condition of 98 kN axle loadynamicfriction coefficient of 0.4, andehicle
speed of 30 m/s. The transformation depth of 60 um calculated by Takestsigood
agreement with field observation froamother researchgb2] where the thickness of
WEL that formed on the rail surface was observed between 50 to 125 pm. This finding
identifies that itis possible for metallurgical transformation to take place with the

influence of thermal input under certain contact conditions.

Heat could be generated on the rail surface vamsxtreme sliding eventdue to locked

wheel will flash heat the rail suate Figure2-20). Assume that the rail and wheel are in

such close contact that they are at the same temperature within the contact patch, the heat
generated from the sliding wheel will be transferite tail surface where each point on

the rail will be briefly heated to the same temperature as the wheel. Once the hot wheel
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moves away, the rail will then rapidly cool (heat dissipateng the length of the rail).
The rail will be heated over a very dbav depthwhichserves as the perfect situation for
formingawhite etching layer on the rail. The depth of metallurgical transform region will

depend on the sliding speed.

2.2.3.3 Effect of heat input

Despite the fact that excessive heat input cowddlten the formation of metallurgical
transform layer on the rail surface, heat input generated from slippage effect could also
lead to the formation of thermal or tractidaefecs such as wheel burn defects and squat
defects. This type of defects coulekult in spalling of the rail surface and also could
result in rail fracture if the defegrows transversely into the rail material. Furthermore,

the presencef this type of defect could block the signalaofultrasonicwave during
inspectionthat couldprevent the detection of any subsurface defect that might present in
the railhead.

A numerical method was developed by Fletdb8i to investigate the effect of heat input

on an embedded crack under combined thermal and contact loading. This investigation
suggests that a crack opening stress is generated neeadkéip region under combined
thermal and contact loading, yet these stresses were not present in the absence of thermal
effects. Itwas concludéthat the heat inpytrovides crack opening effect which is similar

to the crack opening effect of trappdaid [54] in surface breaking crack.

In addition Seo[46] has performed a numerical analysis to investigate thesegemd
strains generated by the WEL that originates from heat input of sliding friction. The
resultsdemonstratehat the formation of the WEL due to heat input will encourage
initiation of crack at the edge of WEL. Similar observation was also reprtgb]
where significant residual tension was developed at WEL edgeseasiliof differential
expansion. This suggests that heat input reslultin the thermaltransformatiorof the

rail surface whichn turnwould be a potential site fardefectsuch as crack to develop.
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2.3 Rolling contact fatigue

Over the last forty years, rolling contact fatigue (RCF) remanesof the majoproblens

in the U.K. rail industry wittithe cost of their removal results in higher maintenance cost.
Since the Hatfield derailment caused by rail fracture associated with RCF dBfcts
RCF has become the subject of interest by mmasgarchex This includsinvestigatiors

on growth mechanissmfrom a material aspec{57], control measure$s8], failure
prediction [59], and falure prevention[19]. In the railway context, the term rolling
contact fague (RCF) is used to descritiee developmenbf cracks generated on both

the wheel and the rail asresultof repeated high contact stresses.
2.3.1 Rail rolling contact fatigue defects

The presence of different contact forces such as compressive foreas faices, and
lateral forces transmitted by the wheel to the rail, have major influences on the initiation
location and growth direction of RCF defects. Defects may occur on the rail surface or
within the subsurface where they take millions of wheelgsmssgrow. The type of RCF
defects that attract major attention for removal include head checking, tache oval, and

squatgd60] and these defects can be foundlimostall major line across the globe.
2.3.1.1 Head checks

Head checks can be described as a group of fine surface cracks that generally occur close
to the rail crown. This group of cracks can alsoalie at the gauge corner especially in

high rails with a tight curve radius. The term gauge corner crackssed when they
appear at the gauge corner instead of the rail crown. These fine and small cracks can
develop intadifferenttype of shapes (ndgrstraight, \\Shape, &hape) and are almost
parallel to each other with a typical distance €8 &am between cracks-igure 2-21)

[61]. In the earliest stage of development, head checks are hard to see due to their fine
size but as they continue to develop, their appeasae more obvious due to shadows

from slight surface depressions around them.

The formation of head checks on the rail surface could lead to complete rail failure since

they grow down with a shallow angle below the rail surface where the crack migbi bra
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towards the rail surface (resulting in spalling), or in a woeste they might branch
transversely leading to rail breakd@]. The development of head checksbrmally
associated with higher contact stresses (as a result of small contact region such as at the
gauge corner contact) and higher creepages (continuous slight slippage thagely
relatedto friction. Eadieet al.[63] suggested that development of surface cracks such as
head checks can lm®ntrolledreducedoy reducing the friction coefficient at the wheel

rail contact with the application of friction modifier. At the present moment, two common
practice have been employed for removal of head checks which involve preventive
grinding maintenance (fax crack size up to 15 mm) and rail replacement (crack size
above 15 mmj61].

2.3.1.2 Tache Oval

Tache Oval or sometimes known as kidney shape crackdygreof internal defects that
initiate about 7 mm below the rail surfg@&] which develop mainly downwards in the
rolling direction. As the name suggests, the ksdtave a form of kidney shap€idure

2-22) with some grainy, granular material between the rail surface and the shiny face of
the fatigue crac65]. This type of defects generally initiates due to manufacturing
defects thateadto preexisting flaws such as hydrogen shatter crackgiea [66] and
alsowith the presencef internal impurities in the rail material such as MnS inclusions
that originate as a result of improperntol during steel refinement procefs7].
Furthermore, they can also occur from free manufacturing defect material where they

could form in welds due to poor welding practj68].

Tache Oval are of particular concern since it could not be detectdukeimpakedeye
(subsurface defect) and requires fmstrutive technique such as ultrasonic inspection

to detect its presence. In order to control the formation of tacheaouaiprovemenbon

the steelmaking process (vacuum degassing process) have greatly reduced hydrogen
content in the rail steel which greatigduce the occurrence of this defect type. Care
must also be taken during the welding process such as preventing water entrapment in
rails so that presence of excessive levels of hydrogen in the material could be reduced
[21].
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2.3.1.3 Squats

Squats was the first type of RCEfects that was recognized in the U[&L]. The term

squat was givenue to the indentation of two lobes with similar siggy(re2-23) where

Ait | ooks as though a very heavy gnome h
r a [3]. This type of defectwasfirst discovered in the 1960s dapan which they were
descri bed as aéihilbarabsekvatiorpwad reportecilatedin the U.K. around
19704[69]. They generally initiated at the surface or rteasurfaceof the rail[70] that

takes place in either tangent or large curve radius frdgk

Squats normally categorized into three classes which known as light (class A), moderate
(class B), and severe (class C). Field observations have shown that squats appeared on
most type of tracks and linescluding passenger lines, freight lines, high speed lines, and
metro lines[72]. Currently, squat has beconaemajor problemn railway network
worldwide. From the viewpoint of railway infrastructure managers, squats will lead to
accelerated rail deterioration, track deterioration owing to high frequency dynamic forces,
wheel rail impact noise, which will allesults in an increase of track maintenance cost
[73]. For preventive maintenance there exist only two solutions either by preventive
grinding mechanism or by costigil renewal[74].

The focus on squats reseavedismainly onthemetallurgicalinvestigation, crack greth,

and also on preventive maintenance. Early records by British researchers described squats
as surface initiated cracks that grew into the rail material under a shallow angle and
normally branch downward&igure2-24) which could lead to brittle fracture once they

reach a critical siz/5]. Si mi | ar defects known as AShi
on the Japanese Shinkansen lines have been reported by [R6hddere he observed

that the defects have an appearance of a dented black spot that formed on the rail surface
with two types of cracks formation which were horizontal crack (developsiepta of

3-6 mm in traffic direction) and transverse type crack (grow into the material and has
potential to cause rail breakage). The formation of squats is normally associated with
local plastic deformation and accumulation of strain that occurs oraithead surface

under rollingsliding contac{77]. Howeverarecentstudy by Steenberggi8] revealed

that squats could alstevelopeither by brittle fracture of the white etching layer or

delamination at the edge of the white etching layer.
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Stress and crack growth analysis on shallow angle rolling cdatagpie crack which has

a similar characteristic with squats crack was carried out by Bogdanski[@©§l[80].

They revealed that by modelling squat as plane obliqueakiptical crack, the influence

of various contact conditions on the values of stress intensity factor at the crack front can
be determined. They conclude that mixed mode fatigue crack growth takes place when
fluid entrapment mechanism is introduced. Theati®é fluid entrapment mechanism was
further analysed if81] to identify the effect of fluid viscosity on the growth of RCF crack
using numerical study where it was concluded that liquid wittigher viscosity will
dominate the growth rate even though the differences were small. A study by Fletcher et
al. [82] has confirmed that liquid was able to penetrate into the cracks under loading or
unloading condition and the effect of the liquid entry leads to modification of crack face

friction which accelerates shear mode growth.

From the literature, two groups have worked on the squat problem where one group
proposed that the mechanism for crack initiation comes finemletachmenof the white

etching laye[78] while the othelgroup believed that plastic flow associated with high
dynamic loads is accountable for crack initiatj88]. Even though disagreemestists
particularly in the origination of squat defects, Grag3jeconclude that squats initiated

from severe shear deformation of the rail surthee to high traction force$hePeriodic

spacing of squats defects might arise due to the presence of harder material between the
wheetrail surfaces that results iheindentatioron the rail surface which serves as crack
initiation point. Undetthe presenceof fluid in the wheelrail contact, the crack extends
below the surface and might branch either towards the surface which leads to spalling or

grow transversely leading the formationof transverse defects.

2.3.14 Squat type defect/studs

In 2006, around @ of rail defects that re mistaken as classical squats defects were
identified |Iying on London Undergroundos
to eliminate them by reailing the affected locations. €ke defects look exactly like
squats ah sngle glance anthepresence of subsurface damage which were considerably
similar with classical squat was identified from ultrasonic scakven though both
defects look alike, a closer observation on their initiation spot highlighted differences.

While classical squats defect typically initiate close to the gauge corner of the running
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band(region B) thesedefects on the other handhitiate in or underneath the centre of

the running ban@region A)suggesting that different mechamis might cause these two
different defects to initiate at two different locatiofSeld observationHigure 2-25)

shows thathis defecthas an appearance ofs¥iaped surfaebreaking crack (similawith

classical squats defect) which take place in the centre of the running band. Gauge corner
cracks were present near the location of the defeotsever there were no indication

that the defects were connected with the surface cracks that appeaeedaige corner

(the way classical squats defect does). Since differences exist between these defects and
cl assical squats defects, the t[@famanist uc
alternate name for the squat type defects to clearly distinguish between studs (squat type

defects) with classicalquat defects.

According to Grassie et gB4], suds does not present in tunnels and largely appeared
nearthe signallocation in which a lot of braking and accelerating would be expected.
Cross section of rail containing major defestiggestthat subsurfaceracks present with

a very minimal plastic fow, which is evidently different from conventional rolling
contact fatigue defects where they generailtiate under severely sheared deformed
layer. No sign of corrosion on the crack faces was observed suggesting that liquid
entrapment mechanism wastmesponsible for crack propagation. Patches of WEL were
observed near stud defects with minimal plastic flow suggesting that excessive heat input
instead of excessive shear mechani8f) might be responsible for the formationtbé
metallurgicaltransformed layer. In their study, Grassie et al. concludedttrdhdsfects

were clearly not the conventional RCF defects and their initiation are associated with
thermal input due to wheelslip eventaagesultof poor adhesiorHHowever, their study is
limited to a small number of railways and only focussed ord fadservationsand
metallurgical investigation§he early research on studs mainly focussed on providing
understanding betweehe stucs and classical squat defed], field observation, and
metallurgical investigatior{84]. Its possible mechanism under wheelslip event was
investigated by Scott et 462] where they predict that even un@ddow speed running
condition, temperature rise above eutectoid temperature is possible which would aid in
the formation of WEL that is responsible for studs initiation. To study the effect of surface
temperature on the growth of near surface short crack (suchsasved with studs),
Fletcher[53] observed that thermal logulovide crack opening stress which is similar to

the opening stressed from trapped fluid observed by Bfiéreven though the crack
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analysed by Fletcher is dated below the surface without any presence of fluid
entrapment on the crack faces. T$uggestthat thermally initiated defect such as studs
could develop under the influence of thermal load, supporting the hypothesis from

Grassidg4] that studs possibly initiated from thermal events.

The research on rail defects conducted by both Brifg}] and Australian[86]
researchers clearly suggésattheir research subject was not conventional RCF defects
even though both defects (studs and sql@adg)alike. In fact, studs are more benign than
classical squats since no records of broken rail associated with transverse defects were
reported. However, studs is still a potential risk since its development could mask the
presence of transverse defdcthiey appear near to each otl}. Evidence exists that

studs commonly appear thehead hardened rail thaime standard carborail [87]. This

suggest that wear phenomena that happened on the softer rail might be beneficial to
reduce the initiation of stud defects. Henaeyventative grinding maintenance should be
scheduled properly especially on harder rails that are affected by studs defects.

2.3.2 Rolling contact fatigue crack initiation

A crack thathasjust initiated in a rail is hard to detect by eye even with-aestrucive

testing (NDT) method such as ultrasonic testing since the available inspection equipment
can only detect a crack with a minimum size of 1.5 [8&}. In the ontext oftherailway;,

the rail is subjected to repeated loading as a result of repeated passing wheel. This
repeated loading will induced stresses within the material that will drive the initiation of
a crack. The Shakedown Thed88] is commonly used in the rail industry to represent

the response of material under repeated loading. This theorydedsnibe how the
wheelrail contact operatesbove its yield point without accumulation of plastic damage.

In the context of wheelail contact, the response of material under repeated lofalihg

can be categorized into four casegy(ire2-26). For the first caseH{gure2-26a): if the
repeated stress transmitted by the wheel is below the elastic limit of the rail material, there
will be no permanent deformation as the wheelescaway. Ifafailure occurs, generally

the rail material will fail by higkcycle fatigue. For the second cabeg(ire2-26b): if the
wheelrail contact pressure exceeds the elastic limit but stilvbéte elastic shakedown

limit, initial plastic flow will occur resulting in the development of protective residual

stresses that will reduce the amount of plastic flow in subsequent wheel passes. This
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phenomenomlescribe the strain hardening process tbaturs on pearlite rail in which
during the first cycle of wheel passes, the load will be supported elastically due to changes
in the material structure as a result of plastic flow. For the third Eager€2-26c): if the

stress cycle exceeds the elastic shakedown limit but keeplasticshakedown limit,
plasticflow will occur with each wheel passes that could results failure under low cyclic
fatigue. For the final cas&igure2-26d): for the case where the contact load is relatively
high (exceeding the plastic shakedown linpgrmanenplastic deformation will develop

for each wheel passes leading to incremental plastic collapse or phastietting. The

material 6s ductility will become exhaust

Under wheekail contact, cracks can initiate either at the surface or below the surface of
a rail. In the absence of thermal damage, the surface crack geroergihates from
plastic flow at the surface of the rail due to ratchetting process that happens when the
contact stressesxceedthe elastic shakedown limit. The surface material will become
extruded and delaminates with each wheel passes which wilisr@s crack initiation at

the surface of the rail. On the other hand, subsurface cracks generally initiatettthie to
presenceof inclusions (hard carbide inclusions) in the material as a result of poor rail
manufacturing process. The inclusion generdiybond from its matrix phase under
repeated stress cycle, generating stress concentrator thagsuiltin the formationof a

subsurfacerack.

2.3.3 Crack propagation

After initiation of defect the wheel loads in railways are typically so high thataefdl
usually go on to grow (modelled in Chapter 4 andrba wheelrail contact, compressive
forces are being transmitted by the wheel to the rail whichresllitin propagation of
thecrack Even though itis thought that compressive forces giyernd close the cracks
and prevent them from growingertainmechanisrathat will leadto crack propagation
can occur under compressive forces. The mechanismddimabatethe growth of RCF
crack can be categorized into three different phasesdgphHasand Ill) whereadifferent
growth mechanism dominates eguhase(Figure 2-27). Phase 1 represents the early
growth of RCF crack in a rail where the cragkws up to a size of hundred microfihe

mechanism that mainly dominates this phase is the ratchetting process that develops
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defects in the heavily deformed material near the surface layer. Generally, the depth of
the deformed layer corresponds to the length of the ¢gdgk

In a wheelrail contact, fluid is generally present in a form of water (from)rar lubricant

such as flange lubricant. Even though lubricant is negdeertain conditioasuch as to
reduce wearthe presence of fluid/lubricant algaays a major role in the growth dhe

crackin phase 2Way [92] discovered that when fluid is trapped within the crack faces,
the crack will propagate due to hydraulic pressurization as a result of pressure induce by
the contact. The role of fluid in the growth of a crack is further stlidy Bowef54] and

Bogdanski{93] in which four mechanisms of fluid assisted growth can be considered:

1 Shear driven crack growtRigure2-28a): Sliding letween cracks faces generally
occur as the compressive wheel approaches the crack. With the presence of fluid,
friction between the crack faces will be reduced and the crack faces can slide more

easily resulting in growth acceleration.

1 HydraulicpressurdransmissionKigure2-28b): The passing load force the fluid
into the crack which provides a way for a tensile crack opening stress to take place
even though the crack is loaded under compressive Vilweel. As the wheel
passes, fluid might squeeze out and might be trapped again with subsequent wheel

passes.

1 Fluid entrapmentHKigure 2-28c): Fluid can become trapped and remain in the
crack as the wted contact closes the crack mouth. The trapped fluid will be
pressurized with subsequent wheel passes generating tensile stress at the crack tip

which will advance the growth of the crack.

1 Squeeze film fluid actionHigure 2-28d): This mechanism originally developed
to predict pressure as a result of repeated action of fluid entering and squeezing
out from a gap (such as knee joints). As the fluid enters a gap and contact load
from the wheel is appliedhigh pressure will be generated at the crack tip due to
the fluid being compressed by the motion of crack faces. High pressure can still

generatesven if the crack is not sealed.
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Rails can bend and twist under the action of multiple wheels and bogies Jihesses

can drive large cracks to cause rapid failure. In phase 3, the crack is generally long with
a size above 20 mm in length where individual wheel (contact stresses) have less
influence on such long cracks. The mechanism of crack propagationage #his
generally dominated by bending stress which vaBultin crack branching and rapid

failure.

2.4 Wear

Wear can be categorized as progressive damage that involves displacement or material
loss from a contacting surface asesultof relative motion In the context of wheeil

contact, wear happens due ttee interactionbetween the wheel and the rail which
involves rolling and sliding. There are several factors that affect the wear phenomena in
both the wheel and the rail such as contact conditienvironmental conditions, atite
presencef contaminants between the contacting surfaces. Wear is quantified in terms of
volume of material lost (mf) per unit sliding distance (m). In the raiheelcontext the

main concern of wear lies on how muctaterial is lost from the rail or wheel cress
section. Several mechanisms of wear can occur at the wdikeahterface such as

adhesive wear, fatigue wear, abrasive wear, oxidative wear, and delaminati¢@4jear

2.4.1 Wear mechanisms

Adhesive wear happens when two bodies with rough surfaces are in contact and slide
against each other. Initially, these bodies will touch at a few irregular points. Local contact
pressure at those points will become extremely higleccaspressivdoad is applied
resulting in plastic deformation that will adhere them together. When the surfaces move,
material from the softer surface will detach and adhere to the harder surfage ofteis

a problem in the wheehil contact since the surfaces of the wheel and the rail in service

are not perfectly smooth which wiksultin adhesive wear.

Abrasive wear occurs when a harder particles are present at the interface between two
sliding surfaces. The presence of these harder particles will abrade the softer surface

leaving a groove along the sliding lengtlis phenomeon is quite common in wheel
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rail contact since contaminants such as dirt, rocks, and sand are normally present at the

wheelrail interface.

Fatigue weatakes place when the surface is subjected to repeated contact loading. In the
wheelrail contact, degradation happens once patrticle spall away from either the wheel or
the rail surfaces typically @& high numberof cycle. Further deterioration might occurs
rapidly following initial degradation. Normally, the wear particle produced by this

mechanism are very much larger compared to abrasive and adhesive wear.

Oxidative wear occurs when debris layer of oxide particlensowed from a material
surface due to sliding action of two bodies. Regeneration of oxide growth occurs rapidly
on the rail surface after existing oxide layer is removed. The formation of oxide layer will

inhibit metal to metal contact that could lead tev ledhesion in the wheghil contact.

Under repeated sliding contact, subsurface plastic deformation accumulates which leads
to theformationof cracks that initiate as ductility is exhausted. Further loading will cause
the cracks to propagate and finahyear to the surface. Delamination wear happens when
the surface of a material is damaged and then splits into thin layers resulting in loss of
materialg95].

24.2 Wear regimes

In order todescribe the severity of wear in a whegdl contact, two approaches can be

used to model the wear process whgh he Ar charddés Theordby and al s
wear number. Both methods require formulation of wear coefficients that could be

determined fom rolling and sliding wear experiments such as the Twin Disc machine.

According to Archard96], the severity of wear can be magy®y plotting the wear rates

over the sliding distance against normal lo&ty(re 2-29) where the wear rate, W,

depends on the normal load applied to the contact, N, wear coefficient, k, slidingadistanc

[, and material hardness, H given by

~

w O (2.16)

According to Bolton[97], the wear rate (aterial lost) is proportional to the energy

dissipated at the wheeghil contact zone given by
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w Y (2.17)

Where W is Wear Number, T is the tangential force, ‘arsdthe percentage difference
between the speed of the wheel relative tor#lilesurface (creep). To identify the wear
regimes, the wear data can be mapped by plotting the wear rate (mass loss per meter rolled
of the wheel divide byhe contactarea, pg/m/mrm) against the wear number over the
contact area (TA). Using the data mduced by Boltorj97], Lewis and Olofssof98]

have plotted the wear dataigure2-30) to identify the wear regimes under rolling/sliding
contact between differé wheel and rail material. Three wear regimes have been

identified from the twin disc test whickasreferred as mild, severe, and catastrophic.

Mild wear usuallytakes place under low creep (below 2%) resulting in a smooth surface
that is generally soother than the original surface. The wear debris produced is
particularly small with a diameter around 0.1 [@8]. Evidence of oxide particles from
surface examinatiosuggestthat oxidative wear mechanism is the dominant mechanism
during mild wear. In the wheehil contact, mild weatakes place at the rail head, the

region of wheelread rail contact.

Severe wear happens under medium creep (below 10%) resulting in a rough surface that
is generally rougher than the original surface, forming ripple like surface topography. The
wear debris produced is particularrder than mild wear debris with a diameter around

10 um. Analysis of wear particles revealed that adhesion wear mechanism might be
responsibldor causingdebris particle adhere to the rolling surfaces. Severe wear that

happens on the rail usualbgcurs at the flanggauge corner contact.

Catastrophic wear generally occurs under high creep (above 10%) resudiimgasive

increasen the wear rates as compared to the other wear regimes. Metallography analysis
(Figure 2-31) suggest that huge amount of material have been scooped out under
catastrophic wear regime. Cracks can develop at the surface and grow parallel to the

deformation leading to severe delamination.
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243 Wear i Rolling Contact Fatigue interaction

During each whedlail contact, both wear phenomena and crack initiation/propagation
happen at the same time. Wear is not necessarily a bad thing as it can remove material
from the surface that may contain small cracks, and also reduggawéh of larger

cracks Reducing the wear rate will resultstire developmenbf RCFcracks therefore,

both natural and artificial wear (grinding) play a major role in the development of RCF

damage.

When the wear rate exceeds the crack tip advateeiha surface of the rail will be worn
faster compared to the propagation of the crack, thus resulting in a net shortening of the
crack for each wheel pass. When the wear rate is lower than the crack propagation rate,
the crack will grow faster compared the rate othe worn surface in which the crack

will further develop resulting in fatigue failures. A schematic of wear process and
development of surface breaking crack that happened at the same time is shigwrein

2-32. For each wheel pass, the crack tip advances into the rail by a small distance (da)
and at the same time, wear of the rail surface truncates the top of the crack over a small
length (dw). The net crack growth rate {gacan be asmated by subtracting the crack

tip advance rate (da) with the wear rate (dw) given by:

QW QO QL (2.18)

Where the wear rate (dw) is given by:
Q0 — (2.19)

Where d is the wear depth agds the angle of the crack.

The interaction between wear and RCF in rails have been studied by somehe¥searc
focusing on rolling sliding contact equipment. Fletch&d0] carried out a test to
investigate whether RCF cracks would still develop under prolong unlubricated contact
in which he observed that RCF will dominate until approximately 10c§0l&s before
equilibrium between crack gwth and wear rate can be achieved. DonZ&04] on the

other hand study the competitive role between wear and RCF crack in R9DSkeh

using rolling sliding test machine. He observed that under pure rolling contact, RCF will
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predominate due to less material surface being removed under pure rolling. However,
wear will dominate under rollirgliding contact due thigh material bang removed from

the surface that eliminates surface micro cracks.

2.5 Fracture mechanics

Even though many components are generally designed to be in service for an infinite life,
there were still many tragic incidents reported that involve loss of life \esult of
material failure. For instance, the Comet jetliners disintegrated in flight killing dozens of
people in 1954102], the Union Oil Amine pressure vessel ruptured and exploded in 1984
killing seventeen peoplEl03], the derailment of German Inter City Express in 1998
killing hundreds of peoplgL04], in which all of these incidents happened due to material

fracture caused by development of cracks in the material.

The theory of linear elastic fracture nhanics (LEFM) was established which provides

a method to predict failure of materials dudte developmenbf crack (fracture). The

birth of LEFM theory started with the early work of Griffifh05] based on the forces
between atoms in which he managed to explain why the observed strengiiaiafrial

is considerably |l ess than the theoretica
must contaira smalldefect, and the strength of a material will be reduced when defects

and crackexistin the material.

The pesenceof cracks will geerate stress concentration as would exist for a general
elliptic defect. As the minor axis of an elliptical defect approaching zero, the elliptical
defect will becomea crack However, the stress at the crack tip will become infinity
(based on elliptical efect stress concentration factor) which suggest that a material with
a crack would not be able to withstand any applied forces and this theory can only be
applied for brittle materials. Based on the original concept of Griffith, j&D6]
suggested that plasticitymecessarfor fracture of ductile materials such as metals. With
some refinement of Griffith approach, LEFM has developed as an analytical approach to
describe fracture in a material. The metiefatigue and fracture properties che
represerdgdin terms of a single parameter, either by energy or by stress intensity factor
[107].
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2.5.1 Stress Intensity Factor

Stress intensity factor, K can begatribed as failure criteria of a material due to fracture.
It is generally usgto predict the stress state around the crack front as a result of remote
load or contact stresses. For central crack in an infinite gfageré 2-33), the elastic

stress distribution near the crack tip are given by

, ——AI © p OE+ OE+ (2.20)
, —AT © p OE} OEH (2.21)
T —OE} Al 6AT & (2.22)

Where r is the distance from the crack tip ghds the angle from the reference axis
(Figure2-33) . The stress intensi tXwheraaistherhaf K,

length of the crack. The relationship is given by

L ., ‘W (2.23)

Note that the above equation can only be applied for the case of central crack in an infinite
plate. Different crek geometry and configurationirigle edge crack, igbtical surface

crack, infinite plate, finite plate) would haeedifferent form of stress intensity factor
[108]. Therefore the stress intensity factor is usually expressed in a more general form

given by the following equitn where Y is the geometry factor

L ®," @ (2.24)

The stress intensity factor is generally referred gaKK, and Ky where the subscript
represeramodes of failure that cause the crack to deform and propagate. Thémeare

types of modeKRigure2-34) that could causthe crackto deform known as:

1 Opening / tensile mode (mode Brack faces move directly apart due to direction

of stress that acts normal to the gan the crack
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1 Shearingslide mode (mode I} crack faces slide over against each other due to
direction of stress that acts perpendicular to the crack tip
1 Tearing mode (mode lllj crack faces move relative to one another due to

direction of stresthat acts parallel to the crack tip

25.1.1 Method for stress intensity factor calculation

The stress field generated below a typical winagtlcontact is extremely complex since

it involves many components of stresses that agtifferentdirection. Thus, pedicting

stress intensity factors (SIF) from scratch for particular loading conditions are often
difficult since there might bacombinatiorof differentfailure mode (mode I, II, and III)
known asmixed mode thatcontributes to the deformation of the ack. For a range of
common crack configurations, standard solutions are available where the value of the SIF
can be acquired by inputting the applied load and crack size in a certain chart, equation
or table[109]. For complex crack configurations, several numennathod exist to

predict SIF such as body force method, finite element analysis, and boundary element

modelling.

251.1.1 Body force method

In 1968, the body force method (BFM) was first introduced by Nidifdf] to quantify

stress concentration factors of notches and SIF for cratikearelastic problem. It was
developed based dhe principle of superposition where point forcesere superposed

and transmitted along an imaginary boundary to satisfy the boundary condition. The
mechanism responsible for the growth ofiadlined surface undethe effect of fluid
pressurization were investigated by Kaneta ef14dl1] where the BFM was applied to
obtain the stress intensity factor. He assumed that the fluid pressure at the crack mouth
being equal to the contact pressure and decrease linearly falling to zero at the crack tip.
The prediction of the stress intensity factor has resulted in an exceedance on the shear
mode threshold value for a small crack size in which he concluded that the opening /
tensile mode is unlikely to happen and crack will develop under the effect of shear mo
growth.
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25.1.1.2 Finite element method

Finite element method (FEM) is among the most common numerical analysis techniques
used for engineering practices. The basic principle in FEM is the process of
discretization/meshing where the object of interest (modéiyided into smaller regions
(elements and nodes) and a set of equation that describe the model is selected and solved.
This method is useful to sohtke problemof complex geometries and loadings such as
crack propagation across deformed microstrudtukghich analytical solutions are hard

to obtain.

Prediction of stress intensity factor using the FEM has been applied widely by many
researcher especially to study crack propagation in rail. Thisludes the work by
Bogdanski et a[112] where they analysed the growth of squat defect under the effect of
practical loading condition that exists in the whel contat such as bending, residual,

and thermal stresses. The defect was represented as semi elliptical crack using three
dimensional FEM where two sizes of defect (small and large) were considered. Based on
the calculation of the SIF, they concluded that cracipagatioris mainly dominated by

mode Il (shear) mechanism. Even though the range for mode | SIF increases with
increasing crack size, the valigstill low compared to the mode | threshold value
suggesting that crack propagation under the opéeimgle mode does not present. It was

also observed that the presence of stresses resulted from thermal, residual, and bending

has very minimal effect on the range of SIF value.

Farjoo et al[113] have performed an investigation on the effect of bending stress on
squat crack propagation by using FEM. Their work was motiviayedstudy by Kerr et

al. [114] where it was reported from field observation that squat developed widely o

rail supported under elastic foundation (timber sleepers) compared to a solid foundation
(concrete sleepers). By considering two values of bending stresses (calculated with lower
and higher stiffness) in their model, Farjoo e{HL3] concluded that the SIF range of a
crack that formed under elastic foundation is extremely high compared to the solid
founddion in which they suggested that consideration of bending stresses in the boundary
condition of squat defect modelling is as important as fluid entrapment condition

proposed by BogdansKi15].
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25.1.1.3 Boundary element method

Boundary element method (BEM) is a numerical methoddblkes partial differential
equation of a domain/boundamhere the material properties and boundary condition of
the modelwerefitted into a system of boundary integral equations. This method is quite
similar to the FEM where the geometry of a model is represented by meshing process
(divided into elements @nnodes). Howevetthe differencelies in terms of solution
process where in FEM, the entire domain is calculated for soluti@measfor BEM,

only the boundary of the mesh is solved. In the application of crack growth analysis, the
mesh is required togoextremely fine when using FEM to capture the high stress gradients
ahead of the crack tiwhereasfor BEM; only the interest regions (crack) need to have
finer mesh while the other region can be mesh coarsely. This is a particular advantage
especially for crack growth prediction in rails whereby numerous researcher has
successfully produce crack growth prediction model using BEM techniques.

In railway studies, Akama and Mofl16] developed a two dimensional boundary
element mdel to investigate the change of SIF at the crack tip of an inclined surface
crack loaded under a moving Hertzian contact. In their model, they cotisgeesence

of fluid which penetrates through the crack mouth resultirgreductionof crack face
friction which is similar to the model developed by Bo&t]. Based on the prediction

of SIF, both mode | and mode Il SIF results show very good agreemerftnalitigs in

[54].

Fletcher et al[117] also utilized the BEM technique to investigate the growth of surface
breaking crack wherne 3D model of a rail with actual geometry was developed instead

of half assumptions model. Their model was based on mode Il growth mechanism
controlled by variation diriction coefficient between the crack faces without considering
fluid pressurization mchanism since previous investigatiofisl8] suggested that
presence of fluid reduced the friction coefficient between the crack faces that drive crack
growth through mode Il mechanism rather than by fluid pressurization mechdimsim
results (based opredictionof SIF) show good correlation with findings by Kaneta et al.
[111] especially in determining peak shear SIF urdierentvalue of surface traction.
Based on their results, they concluded that the growth rate for an inclined surface crack

is inversely poportional to the coefficient of friction between the crack faces.
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In a recent investigation, Fletcl{&8] developed a two dimensional model based on BEM
approach to investigate the effect of heat input on an embedded crack loaded under
combined thermal and contact loading. He considered three different cabesnul

load whichincludes no thermal load (20°C), intermediate thermal load (500°C), and
severe thermal load (1000°C). Based on his prediction of the SIF at the crack tip, he
discovered that crack will develop under intermediate (500°C) and severe (1000°C
thermal load. He concluded that the intermediate and severe thermal load provide crack
opening stress which is similar to the opening stressed from trapped fluid observed by
Bower[54] in which this opening stress will help to unleash shear mode mechanism that

will drive the crack to grow.

Technically, BEM is a lot faster and simpler to use compared to FEM, but it has some
limitation whereby plasticity could nde modelled within BEM. However, BEM is very

good for crack modelling because the stress field ahead of the crack is internal to the body
so there is no need to model the whole body. Even though BFM has been primarily used
by a particular group in Japabut the math of it is not likely disseminated. Therefore
BEM has been chosen as the primary method in this study to modpteids crack

growth since plasticity is not the main focus of the work.

2.5.2 Crack growth law

In a wheelrail contact, crack growtim mode | can happen either by fluid pressurization,
bendingstressespr by thermal stresses whereas shear mode (mode II) crack growth will
follow as the wheel pass over the crack tip causing the crack faces to slide over each other.
Due to the fact thahixed mode occurs in a whelil contact, developing a crack growth

law based on conventional compact test specih&®] which involve cyclic loading of

pushpull action Figure2-35) would be deficient to describe crack growth in rail.

Crack growth law thatepresers a combinationof mixed mode mechanism has been
developed by Wong et dl120] by conducting a series of tests using cruciform fatigue
specimen. The crack growth law was developed specifically for normal grade rail steel
where the cruciform spemen was machined from a BS11 rail steel. Two growth laws
were developed where each law is governed by different principal fatigue mechanism. If
the principle fatigue mechanismtise model (upper bound) in nature, the growth law

was given by:
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— 8t Mxe T8 (2.25)

Where kgis the equivalent SIF given by

w

Yo YO Y0 (2.26)

If the principle fatigue mechanism is mode Il (lower bound) in ng&0 the growth

law was given by:
— mWinmnepud® 18 (2.27)

Where da/dN is the growth rate given by nm/cycle, while the range of mode | and Il stress
i ntensi tiandaaskoMPa.dhpK

The significance of the SIF predictions for fatigueckrgrowth can be judged by
comparing the predicted SIF witihandshear f at i
(oK) mode growth. To predict crack growth under fatigue in rail during the passage of

a wheel contact, either the tensile mode strests e n s § shopld eg¢eed the tensile
mode threshigd dorv alhwee stk ar mgshbeld exceedéhe s i |
shear mode t hu. B dmiXed modeachsa wherepotbdel and mode

Il stresses present, Otsuka efd21] discovered that a crack is more likely to grow by a
tensile mechanism in preference to a shear mechanism since tensile growth tends to be
faster. It was stated that for low carbon steel, thestiold stress intensity factor value

for tensile and sheargagtmbMRasi®a@mae gikpKLGr owt
MPa.nf°respectively.
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2.6 Tables and figures

Table2-1 Coefficients for Hertzian Thedt22].

A

30

35

40

45

50

55

60

65

70

75

80

85

90

m

2.73

2.39

2.13

1.92

1.75

1.61

1.48

1.37

1.28

1.20

1.12

1.06

1.00

n

0.49

0.53

0.56

0.60

0.64

0.67

0.71

0.75

0.80

0.84

0.89

0.94

1.00

Table2-2 friction data measred undeta wide range of condition[34].

Condition of rail surface

Adhesion coefficient

Dry rail (clean)

Dry rail (with sand)

Wet rail (clean)
Wet rail (with sand)
Greasy rail

Moisture on rail

Light snow on rail

Light snow on rail (sand)

Wet leaves on rail

0.250.30
0.250.33
0.180.20
0.220.25
0.150.18
0.090.15

0.10
0.15
0.07
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Figure2-1 Pavedtrack/ ruts that guide the wheel so that the vehicle will remamthe track near Corinth, Greece
[123].

Figure2-2 Edge rai[124].

railhead «<—

web  —m

foot «—

Figure2-3 Cross section of flat bottom r§dl25].
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Figure2-6 Pearlite lamellae structure for different rail grade. Left to right: R220, R260, R38Q@HT
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Figure2-9 Contact Pressure Maps for a load of: 80 kN (a) Ultrasonic Measurement; (b) Hertzian; (c) Elastic Model;
(d) ElastiePlastc Model[24].

42



FEM CONTACT Hertz
Y (Case 1, N=80377 N)
" PMAX=23457 MPa PiMAX = 3401 MPa

Dx=19.6 mm
Dy->12 mm
e
| Ay
Argaisum) =
46.7 mm2 A5 mm?2
{Case 2, N=8B0O377 N)
PIAX =665 MPa PMAX =865 MPo PhAX= 1080 MPu
' . Aea= Arga =
‘-\ 134.2 mm?2 1116 mm2
e B P N
S g s ’ |
Frrrt T ver T i i
e ( S - »
LERSAIniAiE | ! V)
ZZERERIRIRREIRINIS. ., i 7
Dx=12.5mm Do=10.1 rm Dx=103rmm
Oy=18.5 mm Py=18.5 mm Dy=137 mm

Figure2-10 Comparison, wit respect to maximum contact pressure and the contact area, between FEM, Contact,
and Hertzian analysi26].
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Figure2-11 Contact of o curved body
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Figure2-13 Contact between two curvature bodies with different radiL&9]

== wheel

Figure2-14 Represerdtion of a simplified 2D wheehil contact

rail
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Figure2-15 Contours of maximum shear stress below a sliding Hertzian contact. Traction is from left to right.
Contour values represent friction coeffic§32].
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Figure2-16 Typical creep curve under dry contact condition. Adapted [é@h
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Figure2-18 Continuouscooling transformation diagram for a eutectoid iigmarbon alloy and superimposed cooling
curves, demonstrating the dependemnof the final microstructure on the transformations that occur during cooling
[49].
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Figure2-19 Continuouscooling transformation diagram for an alloy steel (type 4340) and several superimposed
cooling curves demonstratirtge dependencef the finalmicrostructure of this alloy on the transformations that

occur during coolin§l31].
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Figure2-20 Flash heat of the rail surface due to sliding wheel.
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Figure2-21 Typicalappearancsof head checks cracks0]

Origin of crack

Fatigue crack

Transition to
brittle mode

Figure2-22 Example of tache oval (kidney shape crack) appearance that initiates in the subsurface region of the
railhead[67].

Figure2-23 Squat appearance on rg8]
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Figure2-24 Longitudinal cross section of rail suffering from squats defect reveal that one of the crack branches grew
in transverse directiofiL32].
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Figure2-26 Material response to cyclioading (a) elastic (b) above the elaslimit, but below the shakedown limit
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Figure2-27 Rail crack growth and phasfk33].
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Figure2-28 Schematic growth mechanism for phase Il crack propagation. (a) Shear driven crack growth. (b)
Hydraulic pressure transmission. (c) Fluid entrapment. (d) Squeeze film fluid [@dfjon.
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Cross section through rail

Figure2-32 Schematic of wear process and development of surface breaking crack that happened at the same time.
Net crack growth rate equals to crack tip advance rate (da) minus wear (thpjfiol].
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Figure2-33 Distribution of stress near the crack tip of thin plate with an elliptical dre@®]
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(a) Mode I: (b) Mode II: (c) Mode llI:
TOpening Shearing Tearing
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Figure2-34 Fracture mechanics mode of failure. (a) Modelpening mode. (b) Mtz li¢ Shearing mode. (c) Mode
Il ¢ Tearing mode.
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Figure2-35 The conventional compact tension specirfle3d].
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CHAPTER 3

SQUAT TYPE DEFECTS: PHYSICAL
EVIDENCE

3.0 Introduction

This chater discusses several findings framnvestigatiorof squat type defects in rails

which involve visual observation and metallographical analysis that was undertaken in

the preliminary stage of the research. The key features of the squat type defeatseha

reported elsewhere will also be discussed in this chapter to highlight the similarities

bet ween the authordos experience and those of

3.1 Investigation of squat type defect in rail

Following ultrasonic detection of a rail defect in 2013, awdtih an approximate length

of 600 mm was removed from mixed traffic line in Switzerland. The defects occurred in
the open where the nearest signal is at least 5 km from the location of the defects.
According to the records of Swiss Federal Railways (SB®)|ine carries vehicles with
Thyristercontrolled (AC traction) at speeds between-220 km/h. The rail was installed

in 2002 and was rprofiled twice in 2004 and 2005. Following its removal, the rail was
brought tothe University of Sheffield for furher investigation in which the author
performed a series of investigation that involved visual observations and metallographical
analysis. The purpose of this investigation was to extract information on what caused the
ultrasonic detection and examined additional defects to understand the cause of the

damage.

3.1.1 Visual observation

Closer observation in the area of the ultrasonically detected defect revealed that the main
defect (withthewideningof the running band) was adjacent to two other surface imgeak

cracks (with a spacing between-80 mm from the main defect). The defects were
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referred to as defects A, B, and C which correspond to 195 mm, 245 mm and 285 mm
respectively as shown in the scald=ajure3-1. Pitting was observed scattered along the
rail surface especially around the area where defects were located and multiple fine lateral

cracks can be seen clearly on the gauge side of the running band.

Looking at individual defectsrigure 3-2 shows the main defect (defect A) in detail.
Crack mouths were present at two different locations, Point X (centre of defect A
depression) and Point Y (close to gauge corner). Detail observation of detadied

the formationof surface depression which was longitudinally aligned with defect A and
defect C Figure3-3). Several small surface indentations and distinct crack mouth were
observed, containedithin the shallow depression. Defect C is shown in defagure

34 where a surface o0flapd of materi al Wi
surface. No surface depression was observednitéfect C. From the observations, it

was concluded at this point that the main defect (defect A) closely resembles a squat type
defect due to the formation of surface depression, surface crack, and widening of the

running band.

A nital etch solution (2%itric acid in ethanol) was applied on the rail surface to identify
the formation of white etching layer (WEL) on the rail surface especially around the area
where defects were located. Ni&githsolution will cause the pearlitic rail steel to turn
dark in colour, whereas martensite (WEL) shows as white under natural light. The
application of nital on the rail surface revealed that most of the running band area

remained shinyKigure3-5) suggestinghe presencef WEL on the rail surface.

3.1.2 Metallographic analysis

Since all three defects (&) lie on a longitudinal plane throughout the rail and can be
viewed on a single sample, the rail was sectioned longitudinally to examine its internal
geometry. An eletrical discharge machining (EDM) wire cut machine was used to
section the rail longitudinally to avoid excessive material loss. The rail was then divided
into 3 samples where each sample contained cradks liongitudinalplane as shown in
Figure3-6. Sample B and C were sectioned laterally to get more accurate details of the
geometry along the lateral plane, while sample A was broken open to reveal the crack
faces inside the defechis will not affed the existing crack because brittle fracture will

occuronce the sample was broken open andadifferenttexture with fatigue fracture
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(existing crack)This was achieved by soaking Sample A in liquid nitrogen to make it
brittle, followed by loading uther a 3 point bend configuratioll of the samples were
ground, polished to a 1 micron diamond paste finish, and etched with 2% nital for
microstructural analysis. The crack morphology of any cracks observed was mapped, and
the microstructure was exareih to look for plastic flow and martensite formation

(indicated by white etching layer on the rail surface).

The longitudinal cross sections revealed horizontal subsurface cracks with several
branches on leading and trailing edge for sample A and B, sdniigle C contained two
separate surface breaking cracks. Below the surface of the main defect (defect A),
subsurface cracks of approximately 24 mm tip to tip with a maximum distance of
approximately 4 mm from the rail surface were observed. The subsurfade was
initiated from a large void (2.9 mm long by 0.9 mm deep) that was located approximately
2 mm below the rail surfacé&igure3-7). Etching all the polished samples revealed the
microstructure othe pearlite steel whetbe presencef WEL with different length and
thickness was observed to have formed on the rail surface. The location of WEL for each
defect (A, B, and C) is shown Figure3-8 to Figure3-10represented bthe white dash

line in each figureFigure3-11shows the thickest WEL formed on the surface of sample
A. Based on the dermation of the pearlitic microstructure on the surface, very little
plastic deformation was observed in the upper 5 um of the rail for all of the samples. The
minor distortion Figure 3-12) is less seere than ratchetting strain accumulation
mechanism that is responsible for initiation of RCF crack. Results foogitudinal
metallographic analysis are summarized able3-1.

Lateral cross section oample B (denoted by sample B2Higure3-6) revealed 2 surface
cracks as shown iRigure3-13 andFigure 3-14, where the crack on the right hand side

is connected with longitudinal crack in sample B. In addition, a small surface crack can
be seen near the gauge siBg(re3-13) which is thoughtd be the gauge corner cracks

(fine lateral cracks) that were scattered along the rail on the gauge face as described in
Section3.1.1 Several patches of white etching layer were observed lying on the gauge
sideand above the major surface cracks. For sample C (denoted by sample C2), no crack
was observed that can be related to the two surface cracks that were observed from
longitudinal cross section (sample C). Several patches of white etching layer have been

spotted mostly around gauge side as showrigure3-15.
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Figure3-16 shows sample Al and A2 in which they were placed back together after been
brokenby 3 pointbending test. It can be seen that fracture of sample A occurred along a
path that connected the voaackmouth X,crackmouthY, andthesubsurfacerack of
sample A. Several crack faces that could suggaskgrowth striations can be selging
underneath the broken surface as showrignire 3-17. However, there are too few for
them to correspond to individual wheel passes

3.1.3 Route for further investigation

Based on the observation madenf the lateral cross section, it was uncertain whether
the crack orthe lateralplane (sample B2) initiated from the railirface or subsurface

since it was hard to determine the crack initiation pdisnerally for surface initiated

crack, the crack mmally initiated from the crack mouth, located on the surface of the
rail. However, these cracks have undergone quite a lot of growth for quite a long time
since they initiated and that could have wiped out / destroyed the evidence of the initiation
point. If the crack initiated from the surface and grew in the transverse direction into the
material, therefore lateral force due to curving effort might be responsible for the growth
of thecrack However, the evidence of white etching layer lying above t#jemsurface

crack of sample B2 might suggest that the crack may initiate d&rentbsurfacdayer of

the rail. Thermal stress may cause the crack to propagate towards the surface which could
result in spalling of the rail surface. Therefore it would beefus to consider all
component of forces (longitudinal, vertical, and latermalthe further work to fully
understand the growth pattern of squat type defects under the combination of all stresses.

3.2 Evidence elsewhere

Squat type defects were not uniqueStmitzerland. Incidents of squat type defects were
also reported elsewhere as observed in Britain and Australia. The key features of the
defects observed from these two different continents will be discussed in the following
section. The work reported bel®elely depend from referenfH for British experience

and[3], [4], [135] for Australian experience.
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3.2.1 British experience

Squat type defects were reported in London Underground in which millions of pound was
spent for their removal. Multiple defects with an appearahdeshaped surface breaking
crack Figure3-18) existed within a short length thck with thepresencef subsurface

crack detected beneath the surface breaking crack. Surface depressitime@vitbence

of crack mouth) accompanied laywidening of the running band was observed on all
major defects. It was also observed that these defect formed on the rail surface
approximately in the centre of the running band, in curves and also in straighTtragk.
mostly appeared in an open area (not in tunnels) and were potentially associated with high

driving traction (ie. signal).

Longitudinalcross section from one of the samples revealed the presence of a subsurface
crackwith a length about 23 mm tip tip located approximately 2 mm below the surface.
Patches of WEL (with different length and thickness) were also observed lying close to
the main defects. The presence of undeformeebptectoid ferrite Figure 3-19) within

the WEL suggested that heat input was responsible for the formation of WEL. On some
of the sample, minimal plastic flow (up to a depth of 130 um from the rail surface) was
observed and belothis depth the microstructure remaineshdeformed.

3.2.2 Australian experience

Similar to the British experience, Australian resear{Blaeported that squat type defects
were observed on heavy haul lines associated with curves and straight track in Hunter
Valley. Multiple defects with an appearance of classical séugie3-20) were present

in the middle of the running band within a short lengtiratk Subsurface cracks with

a depth of approximately 4 mm below the surface were also detected from ultrasonic
scans. WE was present in some of the samples, mostly associated with smaller defects.

In a recent investigatiof#], squat type defects weadso observed in a different part of
Australia whereby multiple defects that resulted in rail spalkingure3-21) appeared in
some of the lines in New South Wales. They appeared in a location appgoasignal,
whether ina curveor straight track. Most of these defects occurred in the middle of the
running band with the presence of multiple fine lateral cracks (gauge corner crack)

observed on the gauge corner. Crack mouths were present in miestroéjor defects
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located in the middle of the defect depression. A distinct band of WEL was also observed

located close to the main defect.

3.3 Summary

The defects discussed in this chapter clearly show superficial similarities with
conventional RCEBquats in which formation of surface breaking cracks accompanied by
surface depressionsas observed for all major defects. However, results from field
observation and metallographical analysis strongly highlight the differences. While the
conventionalRCF squat normally associated with ratchetting of the rail suf&de
metallographical results show that squat type defect occurred vwedeminorplastic

flow.

Similar observation waalso reported elsewhere whereby multiple squat type defect were
reported to appear in Britain and Australia. The defects investigated in this preliminary
work had similarities with the British and Australian experience suthegzesencef

a subsurfacerack, minimal surface plastic deformation, and presence of WEL. The
presence of WEL observed close to the squat type defect strongly suggest that thermal
input might be responsible for initiation and propagation of this type of defect. Therefore,
two corfigurations of these defect as shown Higure 3-8 and Figure 3-9 will be
considered in the following chapter in order to provide understanding orif¢ioe @f

WEL on the growth of squat type defect in rail.
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3.4 Tables and figures

Table3-1 Results from metallographical analysis

Total

Sample Defect length Thickness Remarks
type (um) (km)
Subsuréce 23332 Max depth from surface = 4.32 mm
crack
Max depth from surface = 2.03 mm
Void Area =2.02 mrh
Perimeter = 7.13 mm
WEL 1 3366 | 131
A WEL 2 18558 | 37
WEL 3 421 16
WEL 4 1504 | 43
WEL 5 3540 | 97
WEL 6 437 21
WEL 7 3524 | 90
WEL 8 2572 | 28
Subsurface 7141 Max depth from surface = 1.1 mm
crack
WEL 1 1863 | 49
WEL 2 367 25
WEL 3 974 24
WEL 4 1715 | 35
B WEL 5 711 31
WEL 6 658 35
WEL 7 1345 |21
WEL 8 744 14
WEL 9 1906 | 19
WEL 10 1293 | 27
WEL 11 2314 | 20
frl;réics 779 Inclination angle = 24.7°
?rtgéicf 928 Inclination angle = 19°
C [weLi [780 |19
WEL 2 11014 | 101
WEL 3 611 27
WEL 4 2146 | 82
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Figure3-1 Close obseation around the ultrasonically detected defect area. Gauge fatepathree defects: A
(195mm), B (245mm) and C (285mm), referring to the scale in the figure.

v ————— ———— -
- - -

Figure3-2 Detail observation of defect X.and Y denotes crack mouth
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Figure3-3 Closer observation of overall defects. Letters in the figure denote location for each defect.
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Figure3-5 Rail surface after application of nital etch
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Lateral Section between Cracks
(through centre of surface flaps)

Break open, liquid nitrogen
Lateral Section through Cracks

Figure3-6 Detailed sampleextioning

Figure3-7 Largecrackinitiated from void located under main surface defect of sample A

1000 pm

Figure3-8 Etched longitudinal cross section for samfal&Vhite dash near surface represent location of white
etching layer
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1000 pm

Figure3-9 Etched longitudinal cross section for sample B. White dash near surface represent location of white
etching layer

1000 pm

Figure3-10 Etched longitudinal cross section for sample C. White dash near surface represent location of white
etching layer

Figure3-11 Formation of the thickeswhite etching layer formed on the surface of sample A.

Figure3-12 Typical observation of minor surface plastic deformation as observed on all sample. Figure show
longitudinalcross section of sample B.
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Figure3-13 Lateral cross section of sample B2 White dash near surface reptiesémtationof white etching layer.
Gauge face is on the left.

Figure3-14 Close up on surface crack observed on sample B2. White dash near sepfasensthe locationof
white etching layer.

1000 pym

Figure3-15 Lateral cross section of sample C2. White dash near sudpoesensthelocationof white etching
layer. Gauge face is on the left.

[

Figure3-16 Sample A broken open by bending.
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Figure3-17 Crack faces lying underneath theface of the broken sample A

Figure3-18 Multiple defects appeared within a short length of trg8k

Figure3-19 Presence of preutectoid ferrite within WE[1].
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Figure3-20 Squat type defect with an appearance e§haped surface breaking crack. Material such as thans
ringed appears to be WER].

Figure3-21 Squat type defect that has spalled out (delamination of rail surfdge)
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CHAPTER 4

THE POTENTIAL FOR SUPRESSING RAIL
DEFECT GROWTH THROUGH TAILORING
RAIL THERMO-MECHANICAL PROPERTIES

4.0 Introduction

This chapter is based on the paper with the ti
growth through tailoringail thermeme ¢ h a ni ¢ a | [7] (see @gpendityhiod s O

an extension to previous research investigatieghermalinfluence on crack growth in

rails. The formation of white etchgnayer which normally associated withe presence

of thermal input leads to a volume change for the steel, leaving not only a transformed
microstructureput alsolocked n stress. The i npuemstess of t hi s
onthedevelopmenof aninitiated crack is modelled, and the work extended to consider

how alternative materials which react differently to the thermal input may offer a means

to suppress crack devel opment through | ockin

stresses.

4.1 Background

I n recent years, a type of rail defect named
with the squat defect have been discovered on railways and metros around tfi@4globe

While the squat is normally associated with accumulation of plastic deformation on the

rail surface, thestud on the other hal, is linkedto the presence of thin white etching

layer (WEL) lying on the rail surface indicating evidence of severe thermal input. Study

on WEL that formed on the rail surface revealed that they have martensitic stfdsiure

which could be formed either by repeated severe plastic deformation due to excessive
mechanical worf136] or by a thermal process resugifrom friction due to extreme

braking and acceleratidi37]. Cross sectional images framhefecs cut open unveil that

surface plastic deformation is not present in stud deffgstso thedevelopmenof WEL

due to thermal input has been investigated.
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Severe thermal input has three main consequence$asiBdver different durations
which are:

(1) temporary thermal expansion of the steel

(i) permanent metallurgical transformation of theesto WEL

(i)  permanent locketh stress produced by the change of material volume
associated with the metallurgical transformation.

In previous investigatiofiL38] only addition&stress due to cause (i) was considered for

its effect on stress intensity factors (SIFs) descriliveggrowth of an already initiated

defect. In this chapter, the change of volume (cause iii) is brought addisonal
phenomenan the modelling, opning up tvo routes of investigation. First, taking
expansion characteristic of current rail steels undergoing transformation to WEL and
examining the inpuence of the additional
using the same model in a design capacitystesaee ss t he most beneyc
assune that initiation of damage still occurs, how can a future rail material be created to
suppress the growth of the tiated defectMethods such as laser claddirftave been

proven to supress crack growth since materials that composed of better resistance
properties can be coated on the railhead surface véushas a protective barrier to
combat against crack developm§l9], [20]. In this work, a wheel running tempenadu

of 300 °C is considered, separate to the prior severe thermal£88nt

4.2 Modeling method and conditions

A simple two dimensional (2D) boundary element (BE) modeldea®loped within the
Beasy software packad@40] to investigate the influence of the transformataf the

steel to WEL on a crack that has already initiated. A single crack with different crack
lengths (1 mm, 2 mm, 5 mm, 10 mm, and 15 mm) was considered where the crack is
located horizontally below the contact surface at a depth of 1 mm. This catibgur
represents a simplified stud defeeigure4-1) that developed in undeformed steel. The
crack sizes modelled were large relative to the microstructure dimensions, hence the
model was of stressconb | | ed crack growth, which was

Microstructural anisotropy which would be important if there was extensive shear of the
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steel (typically affecting cracks much closer to the rail surface) was absent in the samples
observed (8ction3.1.2 and therefore was not included in the model.

The2D plane strain was assumed in the moBajre4-2) and a Hertzian pressure profile

was usedd represent the rawheel contact. The corresponding maximum Hertzian

contact pressure of 1014 MPa with a contact half width of Swasselected where the

pressure and contact size correspond to a wheel of 780 mm diameter and 6.5 tonne axle
loadrunnng on a UI C60 rail worn to a slightly pat
Since the crack was embedded in the rail and would not be affected by lubrication effect,

surface and crack face frictiaveretaken as 0.3 to represent dry contact condifial.

slip case was assumed where the distribution of the shear trapaomss the contact

can be described as:

N "Qn (2.28

wheref is the surface friction coefficient anqudis the Hertzian normal load distribution.

The 2D model was ableo trepresent vertical, longitudinal, and shear stresses that

characterise wheel motion @straighttrack, but could not represent the lateral forces or

| ater al crack gr owtarurvedirack. Thisaisadvantagesnviasgseti y cant i
a g a i n scantlslawgrsalutjon times, enabling a wider range of conditions and crack

sizes to be studied. Metallurgical transformation of the pearlite to martensite was

simulated on a macro scale through bulk expansion or contraction of the heat affected

zone, noby modelling the thermanechanical behaviour of the microstructure itself. The
expansion depends on the speciyc all oy compos

considered alongside the 6artiycial é contract

4.2.1 Density based calculation of volume change

The volume change of the heat affected area due to metallurgical transformation can be
assesed either by density or an atomic volume based approach. To assess the change based
on density, the density of pearlite wascatated by taking the density of its constituents
ferrite ( U 9 rarwncemeniit®@ (RE, 7K@ kgim) and their weight
percentage, assuming a eutectoid composition steel with 0.77% carbon for which the
weight fractions of ferrite to cementiteeaB:1[141]. This gives a density of pearlite with

0.77% C as 7851.1 kgAnalthough this takes no account of the effect of other alloying
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elements on the density. The density of martensitvaslable from literaturg¢142],
although its value is sensitive to plastic deformation. This is particularly relevant to rail
steel surfaces where plastic deformation of pearlite is common, althougititbased
hardness of martensite after transformation may protect it from further deformation.
Density prior to plastic deformatidd42] is 7790 kg/m, but may drop to 7785 kgfn

with 5% plastic deforration. Assuming the value for zero plastic deformation applies,
the change from pearlite to martensite reduces density to 7790/7851.1 = 99.22% through
an expansion of 0.78% in volume. The expansion would be greater after plastic work. A

value of 0.8% is wed inTable4-1 to capture this process.

Looking at minor microstructural constituents (in addition to iron + carbon),
determination of the density value for multicomponent steels depeded on the
compgsition of the material. Miettinen has determined the density of different grade of
steel withdifferent nominal composition in weight percentage as showmahble 4-2

[143] where it was found that different composition leada differentvalue of density.

For AIS1 304 and AISI 316, the only difference on the composition is just a minor changes
of the perentage of ChromiumMolybdenum and Nickel (between 1% to 3%) which
resultsin a difference density value of 52 kginEventhough the differences on the value

of density seems smait,seems to be significant if the volume expansiothemateral

is considered. Considering the changes from pearlite to martensitbla 4-2, the
volume expansion for AISI 304 is 1.5% and 2.2% for AISI 316 steel. This shows that
even a minor changés the compsition of the material wiltesultin a significant effect

on the volume expansion. Therefore the case of 0.8% expansion modelled in this chapter

should be taken just as an example to illustrate the principles.

4.2.2 Atomic volume change approach

An alternaive to the bulk density based approach is toaisic volume data for steel
microstructures ifable4-3[144]. Taking carbon as a weight percentage (C) and atomic
volume in Angstroms cubed, vas are pearlite (11.916), austenite (11.401 + 0.329C),
and martensite (11.789 + 0.37C). Considering a carbon fraction of 0.77% this indicates a
change of atomic volume from 11.9168 &nd 12.0739 Awith the transformation from
pearlite to martensite i.e.v@lume expansion of just over 1.3%. To assess the accuracy

of the results, data frorable 4-3 was used to calculate the volume changes from
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austenite to martensite. From the literature data, it was thanthe transformation from
austenite to martensite results to a volume expansion betweel¥3%sing similar
approach, the change from austenite to martensite is predicted to give an atomic volume
increase of around 3.6% which is in good agreementfimiding from[145]. A value of

1.3% is used iMable4-1 to capture this approach for the pearlite to martensite volume
change.

4.2.3 Implementation of volume change in modelling

The exact value of volume change with transformatidhd@pend on the steel chemistry,

and also the exact thermal path taken as the steel is heated and cooled, but the methods
outlined above gave a reasonable range for which modelling could be conducted to
investigate the effect on cracks in a rail. To reprg the expansion and contraction
throughthe transformatiorof a surface layer in the BE model, a thermal body load was
applied to the whole of the transformed layaor{fined from the zone definition within
BEASY, regardlessf contact size or positigmusing a temperature calculated to achieve

the required volumetric expansifiv6]:

®oV/ Vo = 3UpT (2.29
where @V/VO0O is the volume change ratio, U is
the materi al and T is the temperature differ

convenient way to implement expansion or caction within an existing structure

without modelling microstructural c¢change or a
temperature valug230 °C for 0.8% expansion and 353 °C for 1.3% expansthstjnct

from the thermal boundary condition appli® represent the passing of a hot wheel over

the rail with which it is combined using superposition.

For the case with a raivheel contact temperature rise, it was assumed that the rall

surface was heated in the wheel contact area, and was elsewReréGt This was

intended to simulate 6pashé heating of the ra&
contact moves away. The properties of the rail $tgieric value of steel and have been

used throughout the model irrespective of the transformatene Young's modulus,

210 GPa, Poisson's ratio, 0.3, and ther mal | i

identify the peak and range of stress intensity factors during the passage of a wheel,
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contact positions at 2.5 mm increments were examined @p tam either side of the
crack ~centre. No crack gr owt h r actagds | aw
conyguration used in the current invest:
were calculated using the lower bound method developeddlimed surface breaking

cracks in rail stedB0]:

8

— minmneyr® 1 nm per cycle (2.30

where da/ dN i s t he egsrhe eduivalgnt stress intensitg factor. a n d
Al t hough the crack conyguration differs,
grade ail steel and there ssimilarity in the combination of mode | and Il loading for a

crack under compression. A more speciyc

useful area of future research.

4.3 Results and discussion

All the cases listed iffable4-1 were investigated for a 1 mm crack length to examine a
crack which has already initiated but n c
performed for a range of crack lengths from 2 to 15 mmdyahé&economyof modelling

these cases exclude conditions 4 and 5 (1.3% expansion due to transformation) since
trends are visible from the baseline case and for 0.8% expansion cases. For each condition
modelled the range of stress intensity factor wasssesl by considering the movement

of a wheel incrementally across the craklg(re4-3), generating a series of SIFs. The
combined action of traction and normal stress is indicated iydhee, and results in
asymmetry of the results for left and right crack tips. Results are presented as stress
intensity factors irFigure4-4 to Figure4-6, in which the origin is at the centre of the
crack, hence crack tips will lie to the left or right of the origin according to crack size.
Stress intensity factors are converted to indicative crack growth rates sh&iguia

4-7. As an addition to the SIF dafBable4-4 shows stress calculated for a point 1 mm
below the centre of the contact and white etching layer region, but without a crack.present
This i ndicates that ther mal expansion is
to a lesser extent on lateral stress, while metallurgical transformation has a strong

i npuence on | ongi tontdd ral.a hesesinedsewder justasmgld st r
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location, and it is their combination throughout the rail dutirgpassagef the wheel
that determines the SIFs for each case considered.

4.3.1 Stress intensity factor dependence on crack size

Figure4-4 shows the trends observed inadfd K values for the left and right crack tips.
These plots are for condition 1 (no expansion/contraction, no thermal input). For the left
crack tip Figure4-4a), K shows a rise with increasing cragike,but is small even for a

15 mm crack. For comparispa threshold stress intensity factor of 6 MP&for the
tensilegrowth of cracks in carbon steel is available from Otsuka ftzd] and has been
applied in previous work on crack growth in rail stddl1], [147] The mode Il data for

the left crack tip Figure4-4b) stows much larger stress intensity factor values, but a low
sensitivity to craclsizeof the total SIF range duririgepassagef the contact. The values

for shear mode growth comfortably exceed the 1.5 MPZshear mode threshold given

by Otsuka et a[121], so crack growth would be expected.

At the right cracKip, both mode | and Il SIF ranges show rising trends with increasing

cracksize fFigure4-4c and d). The mode | values are very small, but the mode Il values

are comfortably abovéhe threshold Assuming applicability of the crack growth law

previously developed for inclined surface breaking cra€ikgire4-7 andTable4-5 show

the outcome of mixed mode growth. There is a plateau in growth rate with increasing

crack size for the leftp, but raising rates with increasingse¢ t he ri ght ti p. Thi
similar trends in peak mode Il SIF with increasing crack size for the left and right cracks

(Figure4-4b and d) and its strong inpuemcke over pr
growth for inclined surface breaking crackisis thought that a small mode | crack

opening stress (even if i tself bel ow thresho
helping to overcome crack face frictif®]. In the currentesults high values of mode

Il are predicted even with almost zere & the right tip, although larger, Kalues are
predicted at the |l eft. This may inpuence the 1
usual mode Il growth behaviour), whereas prolongeglanar growth may be possible

with the higher modelkvel at the left tip. This is an aspecttbe growth which requires

further investigation, to better understand if and how the inclined surface breaking crack

behaviour translates to thekerizontaly embedded cracks, and how they branch and

propagate.
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4.3.2 Effect of expansion and contraction of a thin surface layer

Figure 4-5 shows the effect on mode | and Il stress intensity factor of expansion or
contraction of a surface layer due to metallurgical transformation, focusing on the left
crack tip d 1 mm crack length. These datgere generated without additional thermal
stress as the wheel passes. Results for the right crack tip and at other crack sizes exhibit
similar behaviour. The baseline case 1 is also included. ValuesriseKvell above th

baseline whethe expansiorof a thin surface layer is considered. Positivevidlues are

present when the contact is absent, i.e. the crack becomes subject to a static mode | stress
which is relieved as the compressive contact passes, producingsacgtles This is the

case for the 1 mm crack which is short relative to the 2 mm transformed layer considered,
but this effect diminishes as the crack exceeds the size of the transformed region. The
values of Kare low, in part because this is a smaltkrsize, but they rise in proportion

to the degree of expansion of the surface layer, representing possible reactions of different
steel metallurgies (case 2 and 4, 0.8% and 1.3% expansion respectively). For the case of
a 0.8% contraction of the surface/éa (caseb) K, is maintained at zero whatever the

contact position.

For mode Il under the sangenditions moderate changes take place in the peak values
determining stress intensity factor range duthmpassagef the contact, but the overall

form of the curves is similar for all cases. Inset graphigure4-5b) enable the order of
the peak values to be identiyed. It can b
the magnitude of both positive and negative peaks (dependent also on the level of
expansion). Furthermore, contraction of the surface lagarces the peak magnitudes,

and hence the stress intensity factor range. Although the number of contact positions
examined is limited, the relative size of the contact and crack mean the peak position is
known in advance and can be accurately captureel rdnges can be seen numerically in
Table4-6. The changes are small, but when converted to crack growth rates (assuming
applicability of the crack growth law), they raise or lower the crack growth ekttve

to the baseline case across the range of the crack sizes investigated, as indtoguied in

4-7 andTable4-5.
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4.3.3 Effect of thermal input from passing wheels

Figure4-6 shows a selection of cases to highlight the effect of additional thermal input

from warm wheels passing a site pfevious thermal damagewith metallurgical

transformation Expansion and contraction by 0.88econsidered, but the 1.3% cases

are excluded from the plot for clarity. Frdfigure4-6a for modd, it can be seen that the

thermal input considered (dashed lineskngas | nsi gni ycant changes to
factor. The behaviour is dominated by the effect of metallurgical expansion relative to the

base case (producing a rise inMlues), or contraction (for which; ks maintained at

zero). As discussed abowvhe values of Kare all very small, but it is the trends that are

of signiycance.

For Ky (Figure4-6b) the overall form of the curves for variation of stress intensity factor
during the passage of tkentact is insensitive to the differences between cases with and
without additional thermal input. Dashed lines in the plot represent the cases with
additional thermal input. At negative contacisitions there is some sensitivity ofiKto
thermal input At positive contacpositions there is almost no effect frothe thermal

input, with K, for metallurgical expansion or contraction cases being above or below

baseline values irrespective of the additional thermal input.

The effect of thermal input onliSrange is shown numerically ifiable 4-6. For both
metallurgical expansion (cases 2, 3) and contraction (cases 6, 7) the trend emerges that
t her mal i nput pr oduces,ardi(i)a nmiinnocrr eodrseen a nc hgakn g e
crack growth predictiond=(gure4-7) s how t hat a contracting microc
in suppressing crack growth (growth rate in case 6 is close to or reduced below the
basel ne case) . However, this beneyt is negated
(case 7) for all but very small cracks which are wholly below the 2 mm wide transformed
expansion/contraction region. For an expanding microstructure (case 2) the crack growth

rate is alwaysbovethe baselinease,and is made even higher when a warm wheel is

considered (case 3).
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4.3.4 Microstructure design

The work here has considered a range of crack sizes at 1 mm belswrfidnee,and

indicates suppression of crack growth isgible if metallurgical transformation through
thermal input produces contraction rather than expansion of the microstructure
(considering this separately from temporary thermal expansion). This indicates it would
be beneycial to study s tbehaviourarto endertaketesty t h e
on a range of existing rail steels to see
Beyond comparison of crack growth predictions with the physical evidence for existing

rail defects Figure4-1), validationdependsnidentifyingsuchamateial, anddeveloping

a crack growth law specyc to mixed mode non inclined subsuface cracks. When
considering newail coatingtechnologieg20] there is alsothe possibility of choosinga
coatingwith this crack suppressingoroperty Evenif contractioncanna be achieved,
therewouldbebengtin selectingsteelmetallurgyableto redice levds of expansionvhen
themetallurgicaktransfamationtakesplace following thermalinput. In further work a

crack closerto the surfaceshouldbeconsideredo understantheveryeatieststagen the

growth of a defectnearthermaldamageandwhetherthereis a prospectof fdesigning

outo growth of cracksfrom thisdamageype.

4.4 Summary

Evidence of severe thermal loading (white etching layer, WEL) is often associated with
rail defects. Severthermal input has three main consequences, which lastliffeeent
durations (i) temporarythermalexpansiorof the stee] (ii) permanent metallurgical
transformation of the steel to WEL, and (iii) permanent lodgkestress produced by the
change of material volume associated with the metallurgical transformation. The
modelling focuses oarea(iii) and predicts that WEL can acceler#tte growthof cracks
below it through locked in stress duethe metallurgicaltransformation from pearétto
martensite which causes a local increageenolumeof the rail steel. Conversely, taking

a hypothetical case in which thermal damage leads to a permanent contraction of the steel
microstructure it is predicted that crack growth rate can be redudesl changes
predicted in crack growth rate are small, but point to the interesting possibility that if a
material (new steel chemistry or a clad layer of a-steel material) were to contract

locally in response to thermal damage it could suppresswdseguent crack growth
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close to this damage, or at the interface between the clad layer/ repair and the underlying
rail which is a crucial position prone to defects. Validation against physical samples
depends on the creation of a suitable rail surfacenmahbffering contraction in response

to thermal transformation. This, along with investigation to better understand if and how
existing understanding of inclined surface breaking crack behaviour translates to
horizontaly embedded cracks recommendd as the subject of future research.
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4.5 Tables and figures

Table4-1 Conditions modelled

Case Expansion due to Rail-wheel contact temperature
transformation (%) rise (°C)
1 0 0
2 0.8 0
3 0.8 300
4 1.3 0
5 1.3 300
6 -0.8 0
7 -0.8 300

Table4-2 Density value of different steel grade

Steel Nominal Compositions (in weight percent) Density at
Grade C Si Mn Cr Mo Ni N 25°C (kg/m3)
AlISI 1016 0.16 0.3 0.8 - - - - 7846
AISI 304 0.04 0.5 15 18 03 9.2 0.04 7912
AlISI 316 0.04 0.5 1.5 17 2.6 12 0.04 7964

Table4-3 Atomic volume of different microstructure constituents of ferrous a[lb44]

Phase Apparent atomic volume, A3
Ferrite 11.789

Cementite 12.769

Ferrite + carbides 11.786 + 0.163C

Pearlite 11.916

Austenite 11.401 + 0.329C

Martensite 11.789 + 0.37C

Table4-4 Stress (MPa) at 1mm from the Iraurface, centrally below the contact and transformed layer.

Case Longitudinal Vertical Lateral Shear
1 -661.2 -995.6 -497.0 -209.1
2 -632.8 -968.7 -480.5 -212.5
3 -604.4 -965.1 -470.8 -213.2
6 -688.9 -1022.0 -513.2 -205.7
7 -660.4 -1018.0 -503.6 -206.5
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Table4-5 Crack growth rates (nm/cycle) for all the cases and sizes of crack modelled

Case 1 mm 2 mm S mm 10 mm 15 mm
L R L R L R L R L R
1 3.0 3.4 4.1 3.2 5.9 4.7 5.6 7.4 5.1 8.0
2 3.8 4.2 5.6 3.7 8.3 4.8 9.6 8.3 9.9 9.0
3 4.1 4.7 7.4 5.2 10.7 6.7 10.8 10.1 11.6 11.0
4 4.5 4.8 - - - - - - - -
5 4.5 5.0 - - - - - - - -
6 2.4 2.8 3.4 2.7 5.7 4.7 5.3 7.4 4.9 7.9
7 2.6 3.3 5.0 3.8 8.2 6.5 7.7 9.2 7.3 9.9
Table4-6 Mode | and Il stress intensity factor range for aesmodelled.
Case 1 mm 2 mm Smm 10 mm 15 mm
L R L R L R L R L R
AKr AKm AKr AKno AKyr AKn AKr AKm AKr AKno AKyr AKn AKr AKm AKr AKno AKyr AKn AKr AKn
1 0.1 14.2 0.1 14.8 0.2 156 0.0 144 26 173 0.3 16.3 42 16.7 0.3 18.7 44 16.1 0.3 19.2
2 1.4 151 1.2 156 22 17.0 1.7 15.0 3.4 191 1.5 16.3 5.5 19.5 22 193 6.2 195 29 197
3 1.3 15.5 1.2 163 2.1 186 1.7 16.7 3.4 207 1.5 18.1 56 203 2.1 205 6.3 20.6 2.8 210
4 2.1 15.7 1.9  16.1 - - - - - - - - - - -
5 2.1 15.8 1.9 163 - - - - - - - - - - - - - -
6 0.0 133 0.0 139 0.0 0.0 0.0 13.7 24 171 0.8 16.3 4.1 16.4 0.7 18.7 44 1509 0.5 19.1
7 0.0 136 0.0 146 0.0 0.0 0.0 153 22 192 0.6 18.0 42 185 0.5 200 46 18.1 03 205
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Figure4-2 BE model of rajlvheel contact witthorizontalcrack of 1 mm located 1 mm below the rail surface. 2 mm
length ofmetallurgicallytransformed layerwitm n n >Y GKA Oy Saa FNBY | LINB@A2dza
heat source moves together with the contact load traversing the rail surface.
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Figure4-3 A series of analyses aperformed withthe incrementalmovement of the contact across the crack. The
origin of the position is measured from the crack centre.
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CHAPTER 5

THE EFFECT OF WHITE ETCHING LAYER
CONFIGURATION ON A LARGER RAIL
DEFECT

5.0 Introduction

The formation of defects in rail is one of the miasues thataffecs the integrity of a rail

life. Defects such awoid/porosity could be formed in the rail due tmnproper
manufacturing process, imprudent handling procass, as a result from whesdil
contact. If they remain in the rail, potential damage process méy@iopwhich could
resultin catastrophic failure. In the previous chapter, it was found that the formation of
the metallurgicaltranformed layer abova defect can enhance the growth of a crack
significantly. However only a single configuration of the transform region was
considered whereby observation fr&action3.1.2suggest that the transformed region
appeared im differenttype of form (patches with different length and thickness). In this
chapter, a crack that initiated from a large void was modelled to investigate the
repercussion of white etching layer configuration on larger defects in rail. Different
length, thickiess, and arrangement of this transformed regemeconsidered to identify
how doesthe combinationof a larger defect with a different configuration of this

transformedegionwill affect the growth of a crack.

5.1 Background

Porosity, voids, and inclusns areundesirable imperfectiornthat developed in a metal
casting process. The term porosity is widely usedksaribeany hole or void formed in

a casfproduct[148]. In the rail manufacturing process, porosity cdutdormedin rails

due to improper control during the vacuum degassing process. As the molten steel
changs state from liquid to solid during the manufacturing process, trapped gas that is
dissolved in the molten steel would remain in bubble form as the steel soljd#@ls

which couldresultin sudden rail fracture.
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Due to a greater demandthre rail transport industry, the increase in train capacity, larger
axle loads, and higher speed have resulted greater variety and frequency on the
formation of rail defects across the rail netw@tk0]. Smaller defects may remain in
track until evidence of their growth led rail removal but forlarger defectsmmediate

rail replacement is requirg@9]. During a rail removal process, the rail containing defects
is removed and replaced with a new rail that is joined together by a weldingsgroce
Thermite welding or exothermic welding is one of the methods that is widely used to weld
railway rails[151] due to its portability, low cost, drrelatively short completion time
[152]. This method involves solidification of molten steel which is similar to a casting
process. Casting defects such as porosity are often fodihermite weld as reported in

[151]i [159] since welding can be considered as a casting process.

According to[160], voids could also form in a small region below the sliding contact
assuming they nucleate frothe separatiorof a harderparticle such as inclusiomn
experimentaktudy by[161]i [163] suggests that voids could nucleate from hard pasticl
either by particle fracture or by separationtioé particle matrix. Thesefindings are
relevant to rail applications where inclusions are often present in the rail since the rail is
composeddf some alloying elements. Therefore, even if a rafalsicated free from
defects such as casting defects or weld defects, voids could still form in a rail due to

inclusions.

Fruitful research has been done in the past to study the effect of inclusions[it6iils

[169]. If inclusions remain in the rail, they may establish a favoured region of stress
concentration. Potential damage process might develop (dependinglewvel of stress

and wear rate) which could result in catastrophic failure. In a recent investigat@in

the researcharonclude that a larger defect could increase the stress intensity factor (of
a crack that initiated frone larger defect) which proportionaliffects thecrack growth

rate by 19 timesHowever the study does not include the effect of metallurgical
transformed region / white etching layer present above the larger defect. In the previous
chapter, only a sirlg thin metallurgical transformed layer with a fixed length was
considered to identify the effect of metallurgical transform region on the growth of a
crack. Observation from recent wofR] suggest that the metallurgical transformed
regions sometimes form as patches (not continuous) with various length and thickness.

Therefore it would be ietresting to study the effect @f different configuration of
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transformed region on crasthat initiated from larger defect in rail. To demonstrate these
issues, a simple two dimensional (2D) boundary element (BE) model was developed
within the Beasysoftware packag§l40] to investigate the influence of contradistinct

white etching layer configurain (Figure5-1) onalargerdefect in rail.

5.2 Modeling method and conditions

The modelling method was almost identical with the previous chapter (described in
Section4.2) except for the type of defect and configuration of the transform region
consideredThe model variables and conditions were decided to match the operating
condition of a high speed traffic provided by the JBBIn this chapter, a specific defect
(Figure 5-2) described in the morphological study (Section 3.1.2) is considerdz in
modelling. Anin-depth case study is made of a large void (maximum length of 2.9 mm
anda maximumheight of 0.9 mm) that was modelled to investigate the repercussion of
white etching layer configuration oa larger defect in rail. The defect was located
approximately 2 mm below the rail surface with two inclined cracks (referred as left and
right crack) initiated from the left and right side of the void. This configuration represents
a large defect in the rathat developed in undeformed steel. The left crack has an
inclination angle of 4.65° while the right crack has an inclination angle of 15.68°.
Different crack lengths (0.5 mm, 1 mm, 2 mm, and 4 mm) were considered to examin
the effect of white etching layer conguration on the crack growth rate. Instead of
modelling the void as an elliptical shafr0], the real geometry of the defect was
modelled by extracting the defect perimeter damates from the metallographic image
using an open source data extractor package known as the @3daténitial modelling

work has been performed prior to this study to identify whether it wouttbbeenien

to simplify the void as an elliptical shape. It was found that by simpifying the void as an
elliptical shape, the crack initiation point (determined based on Tresca effective stress
value as the contact move across the defect) of the left crack would be at incaitext po

and higher magnitude of stress was generated at the crack initiation point for the elliptical
shape compared to the real geomeffigire 5-3). Therefore it was decided not to
simplify the geometrpf the defect and the exact geometry was used throughout this study
since the above mentioned effect might cause inaccurate results on the determination of

stress intensity factor value.
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Five cases have been considered throughout this study as indici&dde5-1. For case

1, no metallurgical expansion layer has been considered and case 1 has been chosen as
the baseline case to identify the effect when a metallurgical transformed layer with a
differentconfiguration exist above the larger defect. The configuration of the model for
case 1 is shown iRigure5-4a. Case 2 to case 4 are similar in terms of the transform
region thickness except for the lengind configuration of additional transform region.

For case 2, a thin metallurgical transform layer with a thickness of 250 um lying above
the defect was considered where the total length of the transform region was set to be 4
mm covering the whole lengtof the void Figure5-4b). Case 3 is almost identical with

case 2 whereby both of these two cases posses similar thickness of transform region.
However an additional 1 mm length of transform region \added on both left and right

side of the main transform regiofrigure 5-4c) to represent a longer metallurgical
transform region. Case 4 represents patchesetdllurgicallytransformed region where

two additional transform regions with a length of 1 mvereplaced on the left and right

side of the main transform region with a spacing of 1 mm between the additional
transform region and the main transform regibigre 5-4d). Case 5 has a similarity

with case 2 whereby both of the transforegiors shared a similar length of 4 mm.
However the thickness of the metallurgically transformed region for case 5 is four times
the thickness of case 2 resultinga total thickness of 1 mm which represents a case of a
thicker metallurgical transform region. To investigate the repercussion of white etching
layer configuration on larger defects in rail, the white etching layer was represented in
the model by appiyg a thermal body load to the whole region of transformed layer which
symbolizesan expansion of a surface layer due to volume change. The value of expansion
due to transformation was taken as 0.8% which was calculated based on the changes in

density frompearlite to martensitas previously described Sectior4.2.1and[7].

5.3 Results and discussion

All the cases listed iffable5-1 were investigated for a 0.5 mm crack length to examine

a crack that has initatedfo a voi d but not yet grown si
performed for a range of crack lengths of 1 to 4 mm to investigate the eftedifferent
configuration of the metallurical transformed layer on propagated cracks. For each
condition modelledthe range of stress intensity factor was assessed by considering the

movement of a wheel incrementally across the defagufe5-5), generating a series of
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SIFs. The combined action of traction and nakrstress is indicated in thygure,and

results in asymmetry of the results for left and right crack tips. Results are presented as
stress intensity factors iRigure 5-6 to Figure5-12, in which the origin is at the void
centre.Figure 5-7 and Figure 5-8 show the effect of metallurgical expansion layer on
stress intensity factdor 1 mm crack for all the cases considered. Stress intensity factors
are converted to indicative crack growth ratediaplayin Figure5-13.

5.3.1 Stress intensity factor dependence on crack size

The trend in mode | and mode Il SIF for the left and right crack tips that initiated from

a larger defect is shown Higure5-6 where consideratiowasmade for case 1. This case

only considered mechanicaldd (without considering any metallurgical transformed
layer above the void). The mode | SIF shows a rise with increasing crack size for the left
crack tip Figure5-6a), but the values are small even lamger cracks (4mm) where the

peak Kis still below the threshold SIF (6 MPa/Afor tensilegrowth of cracks in carbon
steel[121]). Data for the mode Il SIF-{gure5-6b) shows higher stress intensity factor
values even for smallest crack where the range exceeded the shear mode threshold of 1.5
MPa.m’? proposed by Otsuka et £.21]. Even though the value of mode | SIF does not
exceed the opening mode threshold, crack growth would still be expected since the range

of mode Il SIF exceeded the shear mode threshold value.

For the right crack tip, the range of &d K show rising trends with increasimgack

size Figure5-6¢c and d)However therewassome reductiom the range of i once the
crackreactesa size of 4 mm for the left and right crack tip. Tieflects the trend in the
outcome of crack growth under mixed mode developed for inclined surface breaking
cracks Figure 5-13 and Table 5-2) where thee is an increasan the growth with an

increase of crackize,but decreased once battacks exceeded a size of 2 mm.

As the crack size increase, the tip moves deeper into the material where the stress region
become lesser with an increasing deptkimilar observation can be seen from the shear
stress plotKigure5-14) where the magnitude of the shear stress starts to decrease with
an increasing depth. As the crack reach some critical crack landtdepth, this results

in a reduction in stress intensity value hence resuiltirrgdrop in the growth raf@72].

Therefore, the propagation of the crack may tend to slow even though the crack elongate.
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Looking at the trend of the growth rate, it was noticed that the left crack tip experience
higher growth rates compared to the right crackAigimilar observation can be seen
from the defect metallographigiGure5-2) wheretheleft crack tip is longer than the right
crack tip. As stated in Sectioh.2, the right crack tip has higher inclination angle
compared to the left crack tip. Therefore with an increasing crack size, the right crack tip
will always be deeper into the material compared to the left crack tip hence will always

experiencdesserstress magnitude.

5.3.2 Expansion effect of a thin surface layer on cracks initiated

from void

The effect of the thin expansion layermodel and Il SIF for the left crack tip is shown

in Figure5-9 and thebaseline (case 1) is included for comparison. The tri€igadie5-9a)

shows that the presence of the metallurgical transformed layer has a significant effect on
the mode | SIF where its value will alwaysabovethe baseline case if the contact is far
from the crack tip. However, this effect is only valid for short crack sizei (@ %nm)
whereby for the largest crack (4 mm), the expansion of the transformed layevejiyes
minor effect on the Kvalue.This phenomeonis similar to the case for horizontal crack
described in SectioA.3.2where the effect will diminish as the crack lengthens. Even
though the expasion of the transformed layer give a rise df tredue, the range is still
below the opening tensile threshold even for the largest crack size. For mode |l data
(Figure5-9b), the trend shows that the expansion of the transformed layer increases the
magnitude of the negative and positive peak but the effentall. These differences can

be seen numerically ifiable5-3. The changes are small and reduce as the crack extends.
Results for the rightcrack tip exhibit similar behaviour where expansion of the
transformed layer only affects the range o¥/&lue for shorter crack and gives very little

effect on the range of mode Il SIF.

The expansion of the metallurgical transform layer lying aboveefect will introduce

an opening stress region below its whole length until a certain depth as shiéi\gara

5-15. It can be seen that the region of the maximum opening stress occured at the side of
the defect where crack initiation point is located. For the shortest crack (0.5 mm), the
whole length of the crack is situated at the region where maximum opening stress occured

(e.g. ydirection direct stress). As the crack lengthens, the crack tip haddedéhese
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maximum stress regions where only some part of the crack length is affected by the
opening stress and this will resultanvery minomreductionin the K value as the crack

lengthens.

Since the defect is located further away from the tramsddrregion (eight times the
thickness of the transformed region), therefore the effect of the thin transformed region
gives a small effect on the range of mode | and mode Il SIF. Unlike the case in the
previous chapter where the horizontal crack is locateser to the transformed region

and therefore impacts bothodel and mode Il SIF significantly, the tip for amclined

crack is located further away from the highest stress region as the crack lengthens hence
resulting in a lesser effect on the rangd&oand K value. It can be concluded that the
expansion of the thin transformed layer will only give significant affect on the range of

Ki and K; value if the defect (crack tip) is located closer to the transform region.

5.3.3 Effect of longer expansion layer

Figure5-10display a selection of cases to highlight the effect of an increasing length of
the transformed region from 4 mm to 6 mm (focusinghareft crack tip for 1 mm crack
size). The baselinease (case 1) is also included for comparison. The trend in mode |
(Figure5-10a) shows that an increase in the length of the transformed region (case 3) will
raise the Kvalue above the case when a s@otransform region is considered (case 2)
but the effect is small. Maximum effect occurs when the crack grows to a size of 2 mm
as can be seen numerically frdrable5-3. However, the longer transformgien makes
insignificant changes as the crack lengthens to a size of 4 mm.

For mode Il dataKigure5-10b) the variation of SIF during the motion of the contact is
insensitive to the differences betwemases with the longer transformed region or with
the shorter transform region. Even for a larger crack, the trend exhibit similar behaviour.
At negative contact position there is almost no effect between shorter expansion region
(case 2) compared with Igar expansion region (case 3) while for positive contact
position, there is some sensitivity of the peakvdlue from an increasing length of the

transform region.

As mentioned earlier, the effect of a longer transform region (case 3) on a crackdnitiat

from void will increase the Kvalue with an increase of the crack size (for 1 mm and 2
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mm) but with a minimum effect compared to the case when a shorter transform region is
considered (case 2). However, these effects will diminish once the cracktgrawsge

of 4 mm. As mentioned earlier in Sectiv:3.2 the presence of the transform region will
introduce an opening stress region below its whole length of the transformed material.
When a longer expansidayer is considered, the opening stress region became wider
(Figure5-16) and any crack length that is located within this region will experience higher
opening stress whichttributes to higher K value. For a 1 mm crack, the whole crack
length is located below the transform region when case 3 is considered. The whole crack
length (in case 3) will experience higher opening stress due to the expansion of the
transformed region compared to case 2 wherly some part of the crack face
experienced the opening stress tiféécts the K value. However, as the crack lengthens

to a size of 4 mm, the tip of the crack has exceeded the length of the transform region
(where only some part of the crack is affedigdhe expansion of the transform region)
hence resultingn insignificant changes on the mode | value. This reflects the trend in the
crack growth predictiong-{gure5-13) whereby a longer transforméayer (case 3) will

raise the growth rate of the crack above the case of a shorter transform region (case 2),

but with a very minimum effect.

5.3.4 Effect of patchy transform region

As mentioned in Sectioh.2, theconfiguration of the transform layer for case 4 is quite
similarto case 2However there is an additional 1 mm long transform layer on each side
of the main transform layer, with a spacing of 1 mm as showigure5-4. An example

of white etching layer patches that formed on the rail surface is shdvigure5-1.

The effect of a patchy transformed regionroadel and mode 1l SIF for 1 mm crack
focusing on the left crack tip can be seen frieigure5-11. The trend inFigure5-11a

shows that the value of iKises above baseline (case 1) lalltlbelow case 2 throughout

all positions of the contact. Looking at the numerical changdsale 5-3, the trend
change where the range of niwcdcase2kstielcrack f or
lengthens from 2 mm to 4 mm. Although the SIF changes are small, they do influence the
trend of the crack growthF{gure5-13) where patches of white etching layer will drive

to a higher crack growth in case 4 compared to case 2 as the crack lenyhengr

the effect is still lower compared to the case when longer transform region is considered
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(case 3. For the mode Il datad-{gure5-11b), the patches of the transform regmine
minimal butvariableeffect on the range of mode Il SIF. For all sizes of crack modelled,
it was found that patchy whiet chi ng | ayer has angvalmesi gni fi can

compared to case 2.

Looking at the results overall, when patches of transform region formed on the surface,
they will introduce an opening stress region below the transformed region (socéase

2 and 3) due to volume expansion. Howevkee presenceof gapspacingbetween the
transform region will introduce an additional compressive stress region below the gap
(Figure5-17). Since tle transform region expands due to volume expansion particularly
noticeably when the contact is not present, thetrammsformed region of the gap will
compress due to the reaction movement (Newton 3rd law) and thisewsiilltin the
formationof the compessive stress region under the gap. Therefore any crack tip that lies
in this region will experience compressive stress that will reduce isalie. Focusing

on the left crack tipFigure5-19 show tle deformed plot for case 4 when the contact is

not present. For the 1 mm crack size, some part of the crack is located at the tensile stress
region while some part especially the crack tip is located at the compressive stress region
(Figure5-19a). This resultsn a small reductiomnt h e | vahi€ compared to case 2 for
similar crack size. However, as the crack lengthens to a size of 2 mm, some part of the
crack especially near the crack tip is loda#t the opening stress regidfigure5-19b)

and this attr vaue comparedto dase @.hHence affiidugh minor, the
variation in SIF observed can be seen to be caused by the physicalmaglelled and

not by artifacts of the modelling process.

5.3.5 Effect of thicker transform region

The effect of thicker transform region on the mode | and mode Il SIF for the 1 mm crack
size (focusing on the left crack tip) is showrFigure5-12. The length of the transform
region for this case (case 5) is similaicase 2however it is 4 times thicker compared

to the thickness of the transform region for case 2. Looking at the effect in ntogeré(
5-12a), the values of Kor thicker transform region (case 5) rise well above case 2 when
the contact is absent. Under the same condition, thicker transform region alao has

significanteffect on theange of K (Figure5-12b) where the peak of theyKalue falls
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below the baseline case at negative contact positions and rises significantly in magnitude
at positive contact positions.

The effect ofthicker transform region on stress intensity factor range can be seen
numerically inTable5-3 where the trend emerges that thicker transform region produces

a maj or chamgqd jifpKexangteh tghke di f fvaueisabout s o n
53% for 2 mm left crack). This reflected in the trend in the crack growth Fajaré

5-13) where a thicker transform region results in higher growth rate ceahpaall other

cases considered. The trend in the crack growth rate for case 5 is wrallahe other

cases where the growth rate increase with an increasing crack size, but decreased as the
crack exceeded the size of 2 mm.

Similarto case 2the formation of thicker transform region will generate opening tensile
stress region under the deformed layer most noticeably when the contact is not present as
shown inFigure5-18, but with a highemagnitude of stress than case 2 dutaéampact

of thethickertransformed layer. With a thicker transform region, the defect and the crack
tip will be located nearer to the transform region and they will expereghigherlevel

of stresses which affeboth K and K value. For a shorter cracks size, they will always
locatein this high stress region. However as the crack lengthens, the crack tip will be

| ocated further away from the highandtres
g K value. This indicates that thicker transform region will results to a higheeNMod

and mode Il SIF which will also enhance the crack growth rate. Even for a thin transform
region,a highercrack growth rate would be possible if the defect is located closer to the

transform region.

5.3.6 Real world consideration

In this chapter, since thefict is located 2 mm away from the transform region, the effect
of a different configuration of the metallurgical transformed layer does not show
significant effect between most cases considered (apartfieraseof thicker transform
region). Howeverlooking at the trend where thicker transform region is considered, it is
expected that different configuration of these transform region will have a more
significant effect if the defect is located closer / nearer to the transform region. These
effects wil be greater if a horizontal crack instead ofiaclined crack is considered
(Figure5-20).
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It is known that there is an interaction between wear and fatigue crack whereby some ralil
steel grades wear merapidly, and small cracks are always removed when wear process
dominates. Typical rail wear rate maeasured from twin disc test ardtgrcondition

with a maximum pressure of 1500 MPa is around 1.05 nm/¢Y€l] where the value
would rise up to 2.5 nm/cycle whelecarburised layer are present on the rail surface
[174]. However the crack growth predicted in this study for a small crack size is at least
6 times higher than the wear rate mentioned in the literature, and its growth rate will rise

if theexpansiorof a transformed layer is considered.

5.4 Summary

Severe thermal loading for example caused by poor traction control has resudted
formation ofathick metallurgical transformed layer on the rail surface which is known

as the white etching layer. Similar but much thinner layer are also produced during normal
running. The presence of white etching layer on a rail remove from service (normally
asseiated with squat type defect) comesvarioustype of form where sometimes the
layer is not continuous and appear in the form of patches with various thickness and sizes.
The effect of different WEL configurations on @rclined crack initiated from largr

defect have been studied leading to the following conclusions:

a) The pesenceof thin (0.25 mmn) metallurgical transformed layer / white etching
layer lying above the defect will give an increase in the growth rate for an inclined
crack.However the efect reduces with an increasing crack size as the crack tip
moves away from the region of maximum stress.

b) A longer(6 mm)metallurgical transformed layer withcreasegrowth rate for an
inclined crack comparedto a shorte4 mm) transformed layer witla similar
thicknessHowever in this study, the effect is small with a maximum difference
of 4% in crack growth rate.

c) Patches of white etching layer will have lower crack growth compared to a
continuougy transformed layer while the crack tip is belowioa whichis not
transformed. However, the rate will increase once the crackntgs the next
region of a following metallurgical transform layer.

d) Thicker (1 mm) transform region will increase the crack growth rate by at least

1.3 times compared thinner (0.25 mm) transform region with a similar length.
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Even for larger crack size, the growth rases well above other cases considered
while the crack lies below the transformed region.

Since the crack considered in the model is subsurface, treethée is no interaction of

the crack and the wear. But to give some context to its growth rate, it was found that the
growth rate is at least 6 times higher than the weamnatgioned in the literature, and

its growth rate will rise itheexpansiorof a transformed layer is considerédoking at
theoverallbehaviour of the crack={gure5-2), there is a tendency for this crack to grow
transversely potentially leading to rail fracture under bending stressrefdre,
immediate rail replacement is required once the crack grows to its critical crack length
[61].

Detection of this kind of defect is the key in order to monitor its growth behaviour before

it leads to catastrophic failure. However, the presence of smaller defects lying above this
larger aml deeper defect could mask the ultrasonic signal dutiveyinspection
preventing the detection of this larger defect. In addition, some defects could not be
detected by ultrasonic scan if the crack is located just below the surface. Therefore, a new
method of detection is needed to overcome this issue and this will be discussed in the

following chapter.

97



5.5 Tables and figures

Table5-1 Conditions modelled

Consideration

No metallurgical transformed layer
Thin (0.25 mm)metallurgical transformed lay@ength: 4 mn

Extension of thin(0.25 mm)metallurgical transformed lay@ength: 6 mm)
Patches of thij0.25 mm)metallurgical transformed lay@ength: 6 mm)

Thick (1 mm)metallurgical transformed lay(length: 4 mm)

Table5-2 Crack growth rates (nm/cycle) for all the cases and sizes of crack modelled

Case 0.5 mm 1 mm 2mm 4 mm
L L R L R L R
1 12.0 16.0 34.1 32.3 48.0 415 354 34.1
2 13.7 18.7 37.3 36.0 50.4 44.2 37.3 36.1
3 13.3 184 38.4 36.6 525 45.6 38.3 36.8
4 13.2 17.8 35.7 34.9 51.4 445 37.7 36.3
5 17.3 28.2 47.3 50.1 60.1 56.8 47.7 47.0
Table5-3 Mode | and Mode Il SiF range for all case modelled
Case 0.5 mm 1 mm 2 mm 4 mm
L R R L R L
AKi AKn AKr AKn AKy AKn AKr AKn AKy AKn AKs AKn AKr AKn  AKr AKn
1 33 215 0.0 238 33 299 0.0 296 40 332 0.3 32.0 49  30.0 2.3 300
2 48 222 1.6 249 4.5 30.6 1.5 30.6 4.5 337 12 32.6 46 306 2.1 30.6
3 4.5 22.0 14 248 49 308 1.7 307 52 340 1.7 329 4.6 308 22 307
4 4.1 22.0 1.0 2406 39 303 1.1 30.3 48 338 14 3206 49  30.7 23 30.6
5 68 234 6.1 27.7 7.2 325 62 333 69 352 54 3438 6.1 328 4.0 330
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Figure5-1 Patches of white etching layer lying on the rail surface

1000 pm

Figure5-2 Example of massive void morphologhy below the running band in a longitudinal cross section from a high
speed mixed traffic line. The central portion of the defect lies approximately 2 mm below the rail surface. Incline
crack initiated from the left and rigfside of the void.The white marker above the rail surface indicates the location
of a patch of white etching layer with a thickness ranging between 20 to 250 pm.
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Figure5-3 Comparison ofrackinitiation point between two differenjeometry under similar condition. (a) real
geometry. (b) simplified elliptical geometry.
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Figure5-4 Representation of BE model of ¢aiheel contact for 2 incline cracks intad from the left and right side
of a larger defect (named as left and right crack). (a) caseolmetallurgical transform region considered. (b) case
2 ¢ thin metallurgical transform region lying above the void with a continuous length of 4 mm arzkadbs of 250
pum. (c) case 8 longer thin metallurgical transform region lying above the void with a continuous length of 6 mm
and a thickness of 250 um. (d) casedgimilar with case 2 where thin metallurgical transform region lying above the
void witha continuous length of 4 mm and a thickness of 250 um. Two additional transform region with similar
thickness and a length of 1 mm was placed on the left and right side of the main transformed region with a spacing
of 1 mm to represent patches of transfathregion. (e) case&thick metallurgical transform region lying above
the void with a continuous length of 4 mm and a thickness of 1 mm.
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Figure5-5 A series of analyses are performed wiitbrementalmovement of the contact across the defect. The
origin of the position is measured from the centre of the void.
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Figure5-8 Effect of metallurgical expansion layer (represented as density chang&kesa intensity factor for 1 mm
crack, right crack tip. (a) Mode 1, and (b) mode II. Legend entries refer to casdmseb-1
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Figure5-9 Effect of a tin metallurgical expansion layer (represented as density change) on stress intensity factor for
1 mm crack, leferacktip. (a) Mode |, and (b) mode II. Legend entries refer to cadexbie5-1
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