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SUMMARY

Traveling by train is becoming increasingly important, and, especially for long-distance
travels, the current societal pressure for decarbonization is accelerating a modal shift
from air travel to train travel.

With the introduction of faster and more comfortable trains, rolling contact fatigue
(RCF) damage in rails started to spread over the networks, already in the 1990s. The RCF
is controllable with newly introduced railhead profiles and with rails made of steels with
improved wear resistant properties. Rails nevertheless need frequent maintenance, and
for that purpose, high-powered precision grinding trains were developed. In Chapter
1 the backgrounds and motivation to understand the mechanisms for damage devel-
opment, in particular the relationship between rail grinding and the durability of the
resulting rail contact surface, are presented.

Despite the proven rail life extension due to grinding maintenance, grinding-related
rail damage may occur. The fixed mutual distance between initiations is a specific char-
acteristic of this damage type. A second characteristic is the complete removal of the
running surface during ongoing crack propagation. Grinding-related damage is mainly
detected in the newly introduced rail steels with improved wear resistance.

Limited empirical evidence is available to explain the initiation of damage from the
surface condition of the ground rail. The empirical evidence that is available points to
an initiation mechanism involving deep grinding grooves and surface heating and rapid
cooling during grinding, which produces hard and brittle white etching layers (WEL).

With grinding being an irreplaceable maintenance activity, the objective of the re-
search is to obtain metallurgical understanding of the relation between the characteristic
features of the freshly ground surface, the formation of the contact surface, and damage
initiation. This understanding will support decisions on rail grinding design and further
research into rail grinding and the development of applications, thereby avoiding the in-
troduction of preferential locations for damage initiation.

Chapter 2 presents the results of a track test. In this test the processes acting on the
freshly ground rail are studied in a medium-wide curve of a live track. This experiment is
designed as follows. A new rail is installed before the start of the experiment and subse-
quently in-situ ground according to the ProRail specifications for preventive rail grind-
ing. Inspections are performed during eight months to evaluate the contact surface for-
mation and four rail samples were extracted for detailed tribological and metallographic
evaluation.

First, the freshly ground rail surface is studied, and the surface condition is character-
ized. The grinding introduced facets on the rail head, and grinding roughness is present
on these facets. This roughness has a normally distributed variation in height profile.
Friction between abrasives and the rail surface caused deformation beneath the surface

ix



X SUMMARY

and surface temperatures to rise to above Acs leading to fresh WEL formation. Plough-
ing, typical for grinding processes, has resulted in the formation of ridges and slivers,
which partially cover the freshly ground surface.

Inspection results and micrographs have revealed that roughness asperities are de-
formed and extruded under recurring wheel contacts, a process that proceeds fastest at
the facet transitions. Most of the grinding-related WEL is fractured during the deforma-
tion processes and removed from the surface and fresh WEL is formed due to frictional
heat generation during deformation.

The observed roughness-reduction mechanism contributes to the fast formation of
the contact surface but carries the risk that detrimental particles cannot escape and be-
come trapped. The results further show that especially deep grinding grooves containing
WEL facilitate the initiation of damage. The characteristic ground surface features, suc-
cessive steps in contact surface formation and damage initiation are captured in a novel
schematic 5-stage wear model for ground rail surfaces.

The case study in Chapter 3 is performed on rail samples extracted from the rail-
way line Zutphen-Hengelo in The Netherlands. The objective of the study is to evalu-
ate damage formation in rails subjected to light bi-directional traffic after grinding. For
that purpose rail surface conditions, subsurface deformation patterns, and representa-
tive surface breaking damages are studied.

The rail surface shows, three years after the grinding maintenance, that grinding
roughness is still present on the running surface, while on the gauge corner the rough-
ness has worn away. These differences in wear are explained by the bi-directional use of
the railway line. Tangential shear stresses acting on the gauge corner are independent of
the direction of travel, causing locally a ‘normal’ wear rate whereas tractive shear stress
reversal reduces the wear rate on the running surface.

The S-shaped deformation patterns of the lamellae of the pearlitic rail steel beneath
the contact surface are explained by the tractive shear stress reversal and cracks propa-
gate symmetrically in both running directions.

Finally, the damage initiation is explained by two, line-specific conditions that occur
simultaneously. First, when traffic is light, rail wear is low and this wear rate is further re-
duced by the rolling direction reversal. Observations of the rail surface showed that these
specific loading conditions prevent the complete removal of the ground surface features
and thus the formation of a durable load-carrying surface. Second, rail corrugation is
not fully removed by grinding, causing variations in the wheel contact conditions.

The case study shows that the sustainable maintenance of rails in lightly loaded rail-
way lines requires a distinct specification, with special attention to the surface roughness
after grinding and to the removal of short-pitch corrugations.

Chapter 4 presents the results of an experiment using a twin-disc test setup in which
five representative surface conditions that may occur after rail maintenance, are studied.
The objective of the experimental design was to evaluate the contact surface formation,
the number of load cycles until the coefficient of friction between the two surfaces in-
creases, and the level that is reached.

Periodic rail maintenance removes damage in a timely manner, but all characteristic
surface features must also be worn away again and again by the passing wheels in order
to obtain a smooth rail surface.
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The experimental results show that the initial coefficient of friction is low. This is a
known characteristic of freshly machined surfaces, but it is not reflected in the consid-
erations in rail maintenance as found in the literature.

The results also reveal that when the contact surface is formed by asperity deforma-
tion, the coefficient of friction rises already after a low number of load cycles and a high
level is reached. When deformation is insufficient and wear have to take place, the pro-
cess takes more load cycles.

The third observation worth mentioning is that when rail maintenance leads to sub-
surface deformation and strain hardening, it can take longer for breaking-in processes
to be completed.

The experimental results contribute to the determination of specific requirements
for, for example, tool management during the performance of rail maintenance.

The railway industry is constantly striving for performance improvements, for exam-
ple by developing rail steels with improved wear resistance, which can extend its service
life. The increased wear resistance may result from controlled accelerated cooling after
hot rolling. Another method is to alter the chemical composition. Chapter 5 presents
the results of an experimental study to determine the mechanical properties of a novel
air-cooled, vanadium-alloyed, hypereutectoid rail steel. Fractographic evaluations are
made to study the crack paths. The experimental results are compared with the perfor-
mance of standard rail steels and a controlled accelerated cooled rail steel.

The air-cooled hypereutectoid rail steel and the hypo-eutectoid controlled accel-
erated cooled rail steel that are compared, exhibit comparable hardness, the material
property that is traditionally used for the classification of rail steel grades. The mechani-
cal behaviors of both rail steels are different. For example, the strain-hardening capacity
and the crack growth rate of the air-cooled steel is higher compared to the controlled
accelerated cooled rail steel.

The results of the linear elastic fracture mechanics tests are explained by means of a
detailed characterization of the microstructure. Therefore the investigation contributes
to the development of knowledge on the microstructure-mechanical relationships of
pearlitic rail steels. In addition, the results also contribute to considerations in the se-
lection of railway steel for specific applications.

Finally, Chapter 6 discusses the main conclusions of the research presented in this
thesis and the consequences for the performance of rail maintenance. It is concluded
during the project that research on damage that may initiate on the freshly ground sur-
face is a green field and, as a result, extensive research is necessary into various aspects.
Recommendations for further research comprise the quantification of detrimental fea-
tures of the freshly ground surface condition that were identified, the determination of
limits of acceptable presence of these features, and the development of maintenance
applications that are robust against the variations encountered in track.






SAMENVATTING

Reizen per trein wordt steeds belangrijker. Vooral bij lange-afstandsreizen zorgt de hui-
dige maatschappelijke druk om CO2-vrij te reizen voor een snellere verschuiving van
vliegreizen naar treinreizen.

In de jaren 90 van de vorige eeuw, na de introductie van snellere en comfortabelere
treinen, begonnen spoorstaafdefecten, veroorzaakt door rolcontactvermoeiing (RCF), in
een veel grotere mate te ontstaan. RCF in bogen bleek te kunnen worden beheerst door
het aanpassen van spoorstaafkopprofielen samen met het toepassen van spoorstaven
gemaakt van staal met verbeterde slijtageweerstand. De spoorstaven hebben echter re-
gelmatig onderhoud nodig waarvoor krachtige slijptreinen zijn ontwikkeld. In Hoofd-
stuk 1 worden de achtergronden en aanleiding beschreven om de mechanismen van
schadeontwikkeling te begrijpen, met name de relatie tussen slijpen van spoorstaven en
de duurzaamheid van de resulterende spoorstaafoppervlakteconditie.

Het regelmatig slijpen van de spoorstaven draagt aantoonbaar bij aan de levensduur-
verlenging. Echter, spoorstaafdefecten kunnen ook het directe gevolg zijn van de uitvoe-
ring van slijponderhoud. Een specifiek kenmerk van deze defecten is de repeterende de-
fectinitiatie in de rijspiegel van de spoorstaaf waarbij de vaste onderlinge afstand van de
initiaties is gelijk aan de karakteristieke lengte van het slijpproces. Een tweede kenmerk
is de uitbrokkeling van het loopvlak van de spoorstaaf wanneer de spoorstaafdefecten
groeien en de inwendige scheurvlakken elkaar ontmoeten. Dit type defect komt vooral
voor in de recent geintroduceerde railstaalsoorten met verbeterde slijtvastheid.

Over de kenmerken van het geslepen spoorstaafoppervlak waarin de defecten kun-
nen ontstaan is op dit moment weinig bekend. Er is enig empirisch metallurgisch bewijs
dat diepe slijpgroeven bijdragen aan het ontstaan van defecten. Ook de snelle verhitting
en snelle afkoeling tijdens het slijpen, waardoor harde en brosse lagen (white etching
layers, WEL) aan het oppervlak ontstaan, lijken een rol te spelen in het initiatiemecha-
nisme.

Slijpen is een onmisbare onderhoudsactiviteit om een lange levensduur van spoor-
staven te bewerkstelligen. Het doel van dit onderzoek is daarom het verkrijgen van me-
tallurgisch inzicht in de relatie tussen de karakteristieke eigenschappen van het gesle-
pen spoorstaafoppervlak, de ontwikkeling van het contactoppervlak en de defectinitia-
tie. Het onderzoek zal daarmee bijdragen aan de verdere ontwikkeling van het slijpen
van spoorstaven en aan de ontwikkeling van onderhoudssystemen om slijpschade in de
toekomst te voorkomen.

In Hoofdstuk 2 worden de resultaten gepresenteerd van een praktijktest waarin de
ontwikkeling van het geslepen spoorstaafoppervlak in een spoorsectie in een boog is be-
studeerd. Dit experiment is als volgt opgezet. Voor de start van het experiment is een
nieuwe spoorstaaf geplaatst en vervolgens geslepen volgens de specificaties die ProRail
heeft opgesteld voor cyclisch preventief slijpen. Vervolgens zijn gedurende acht maan-
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den inspecties uitgevoerd om de ontwikkeling van het contactoppervlak vast te leggen.
In verschillende fases van het experiment is in totaal vier keer een spoorstaaf uitgeno-
men voor nader onderzoek van het spoorstaafoppervlak en de vervorming onder het
oppervlak.

Het geslepen oppervlak is, voordat treinbelasting plaatsvond, bestudeerd en geka-
rakteriseerd. De ronde spoorstaafcontour is na slijpen niet meer aanwezig. De contour
wordt benaderd door facetten. Op ieder van deze facetten zijn slijpgroeven aanwezig.
Typisch voor slijpen is dat het profiel van de ruwheid een normaal verdeelde variatie in
ruwheidshoogte heeft. De wrijving die ontstaat tussen de slijpkorrel en het railopper-
vlak heeft gezorgd voor materiaalvervorming onder het oppervlak, en als gevolg van de
temperatuurontwikkeling tot boven Acs is er WEL ontstaan. Ploegen, typisch voor slijp-
processen, heeft geresulteerd in de vorming van ruggen naast de slijpgroef en extrusie
van materiaal, waardoor het vers geslepen oppervlak gedeeltelijk wordt afgedekt.

Uit de inspectieresultaten en de bestudering van de microscoopfoto’s is gebleken dat
ruwheidspieken in het wiel-rail contact worden vervormd en geéxtrudeerd. Dit proces
verloopt het snelst ter plaatse van de facetovergangen. Tijdens deze vervorming wordt
ook het grootste deel van de, tijdens slijpen ontstane, WEL verbrijzeld en van het opper-
vlak verwijderd en verse WEL wordt gevormd als gevolg van wrijvingswarmte die ont-
staat tijdens vervorming en de snelle afkoeling van het spoorstaafoppervlak.

Het beschreven vervormingsmechanisme draagt bij aan de snelle vorming van het
contactoppervlak. Het risico is echter dat harde en mogelijk schadelijke delen niet wor-
den verwijderd en worden ingesloten in het contactoppervlak. De experimentele resul-
taten bevestigen dat insluiting, bij vooral diepe slijpgroeven, plaatsvindt en zo preferen-
tiele schade-initiatiepunten vormen. De karakteristieke oppervlakte-eigenschappen na
slijpen, de opeenvolgende stappen waarin het contactoppervlak wordt gevormd en de-
fecten kunnen ontstaan, zijn vastgelegd in een nieuw schematisch slijtagemodel voor
geslepen spoorstaafoppervlakken.

In de casestudy in Hoofdstuk 3 zijn spoorstaven onderzocht die afkomstig zijn uit de
spoorlijn Zutphen-Hengelo. De defecten die na slijpen zijn ontstaan in de spoorstaven
van deze lichtbelaste, enkelsporige spoorlijn zijn onderzocht, waarbij het spoorstaafop-
pervlak, de vervorming van de microstructuur en representatieve defecten zijn bestu-
deerd.

Het oppervlak laat zien dat, drie jaar na uitvoeren van het slijponderhoud, de slijp-
groeven nog steeds zichtbaar zijn op het loopvlak van de spoorstaaf, terwijl deze wel
zijn weggesleten in het gauge-cornergebied. De verschillen in slijtage kunnen worden
verklaard door het bi-directionele gebruik van de spoorlijn. De tangentiéle schuifspan-
ningen die op de gauge corner worden uitgeoefend, zijn onafhankelijk van de rijrichting,
hetgeen resulteert in een lokaal ‘'normale’ slijtagesnelheid. De omkering van de rijrich-
ting zorgt voor een omkering van de schuifspanningsrichting aan het loopvlak, hetgeen
resulteert in een vertraging van de slijtage.

De S-vormige vervormingspatronen onder het contactoppervlak van de lamellen van
het perlitische spoorstaafstaal zijn typerend voor de omkering van de schuifspanning.
Scheurvorming in het materiaal ontwikkelt symmetrische scheurvlakken in beide rij-
richtingen.

Het ontstaan van spoorstaafdefecten in deze spoorlijn wordt verklaard uit twee spe-
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cifieke condities die tegelijkertijd optreden. Ten eerste, de trage slijtage van de licht be-
laste spoorstaaf welke door de omkering van de rijrichting nog wordt vertraagd. Uit de
bestudering van het spooroppervlak blijkt dat de slijpruwheid niet volledig wordt verwij-
derd, waardoor er ook geen duurzaam contactoppervlak kan ontstaan. Ten tweede is het
golfvormige slijtagepatroon op het spoorstaafoppervlak, een spoorstaafdefect dat golf-
slijtage wordt genoemd, niet volledig verwijderd, waardoor variaties in de wiel-contact-
condities ontstaan.

De casestudy laat zien dat voor het onderhoud van spoorstaven in licht belaste spoor-
lijnen een specifieke specificatie vereist is, met speciale aandacht voor de oppervlakte-
ruwheid na het slijpen en het volledig verwijderen van golfslijtage.

Door het uitvoeren van periodiek onderhoud van de spoorstaven worden defectiniti-
aties tijdig verwijderd. Het karakteristieke slijpoppervlak moet door de passerende trein-
wielen echter ook steeds worden weggesleten om een glad contactoppervlak te verkrij-
gen. Hoofdstuk 4 presenteert de resultaten van een twin-disc experiment dat is ontwor-
pen om het inloopgedrag van vijf representatieve oppervlaktecondities te bestuderen.
Deze vijf oppervlaktecondities kunnen aanwezig zijn na de uitvoering van spoorstaafon-
derhoud.

De resultaten laten zien dat de wrijvingscoéfficiént tussen het onderhouden opper-
vlak en, in dit experiment, de contra disc, initieel laag is, wat een bekende eigenschap
is van bewerkte oppervlakken. De initieel lage wrijvingscoéfficiént wordt in de litera-
tuur echter nooit genoemd bij de overwegingen over het uitvoeren van onderhoud van
spoorstaven.

De resultaten laten verder zien dat wanneer het contactoppervlak kan worden ge-
vormd door vervorming van de ruwheid, de wrijvingscoéfficiént al na een klein aantal
belastingscycli toeneemt. Wanneer vervorming echter onvoldoende is en conformiteit
door slijtage moet worden vergroot, duurt het langer voordat de wrijvingscoéfficiént toe-
neemt. De derde bevinding is dat, wanneer spooronderhoud leidt tot vervorming en
rekversteviging van het materiaal aan het oppervlak, het langer kan duren voordat de in-
loopprocessen, processen voorafgaand aan de stijging van de wrijvingscoéfficient, zijn
voltooid.

De inzichten uit dit experiment dragen bij aan het bepalen van specifieke eisen voor
bijvoorbeeld gereedschapsbeheer bij spoorstaafonderhoud.

De spoorwegindustrie is voortdurend op zoek naar prestatieverbeteringen, bijvoor-
beeld door het ontwikkelen van spoorstaafstaal met een verbeterde slijtvastheid. Deze
verbeterde slijtvastheid kan worden bereikt door warmtebehandeling, bij spoorstaven
veelal door gecontroleerde versnelde afkoeling na het warmwalsproces. Een andere me-
thode is het veranderen van de chemische samenstelling. Hoofdstuk 5 presenteert de
resultaten van experimenteel onderzoek aan de mechanische eigenschappen van een
nieuw luchtgekoeld, vanadiumgelegeerd, hypereutectisch spoorstaafstaal. De resulta-
ten van de lineair elastische breukmechanica testen worden vergeleken met de mecha-
nische eigenschappen van standaard spoorstaafstaal en een warmtebehandeld spoor-
staafstaal.

Hetluchtgekoelde hypereutectsche staal en het hypo-eutectische warmtebehandelde
spoorstaafstaal hebben een vergelijkbare oppervlaktehardheid, de materiaaleigenschap
die traditioneel wordt gebruikt voor de classificatie van spoorstaafstaalsoorten. Het me-
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chanische gedrag van beide staalsoorten is verschillend. De rekversteviging van het
luchtgekoelde staal is bijvoorbeeld hoger, evenals de scheurgroeisnelheid.

De resultaten van de lineair elastische breukmechanica proeven worden toegelicht
aan de hand van een gedetailleerde karakterisering van de microstructuur en dragen
zo bij aan de ontwikkeling van kennis over de relatie tussen de microstructuur en de
mechanische eigenschappen van perlitisch staal. Daarnaast dragen de resultaten ook
bij aan de ontwikkeling van toepassingscriteria van spoorwegstaal.

Tot slot worden in Hoofdstuk 6 de belangrijkste conclusies van het onderzoek in
dit proefschrift bediscussieerd. Ook worden de implicaties voor de uitvoering van het
spooronderhoud besproken. Tijdens het project is geconcludeerd dat onderzoek naar
defecten die kunnen ontstaan uit het geslepen spoorstaafoppervlak nog een green field
is. Uitgebreid vervolgonderzoek is daarom noodzakelijk. De aanbevelingen voor ver-
volgonderzoek omvatten de kwantificering van de aanwezigheid van risicovolle kenmer-
ken in het geslepen oppervlak, de bepaling van limietwaardes voor acceptabele aanwe-
zigheid van deze kenmerken en de ontwikkeling van onderhoudstoepassingen.
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abrasive The sharp and hard particle that is bonded in the grinding wheel to remove the
material. Abrasives are usually made from silicon carbide or aluminum oxide. 6,
45, 68, 123

angle of attack The angle that arises between the train wheel and the direction of travel
of a train in a curved track section. 69

BEL Brown Etching Layer. BEL is formed from white etching layer (WEL) by tempering
during successive reheating cycles with lower heat penetration. 45

blueing Temper color on the rail surface after grinding as a result of temperature raise
of the surface during grinding. The degree of surface blueing is an important indi-
cator of grinding quaility. See also burn. 4, 23

breaking-in Surface breaking-in takes place by simultaneously occurring processes to
achieve geometrical conformity between surfaces, and a stable level of surface
friction. 68

burn Purple to black surface oxidation resulting from local heating of the surface reach-
ing surface temperatures above 735°C. Burn is accompanied by WEL formation
and may even result in damage formation due to thermal stresses. 124

facet The ground facetis a flatlongitudinal strip on the rail surface that is applied during
vertical-axis grinding. 3, 8, 45, 123

facet transition The connection between the facets on the ground surface. This facet
transition is a zone. The width of this is determined by the variation in grinding
groove lengths. 8, 45, 124

grinding pattern The specific sequence of grinding motor orientations in vertical-axis
grinding and, as a result, the grinding positions at the transverse rail head. 8, 18

grinding wheel The grinding wheel or grinding stone is the tool mounted on the grind-
ing motor, containing the bonded abrasives used to remove material. 3, 18, 126

head check Arail defect that mainly occurs in the gauge corner of the outer rail in curved
tracks. Head checks are fine, closely-spaced cracks. 2

Hertz Wheel-rail contacts are considered Hertz contacts. Hertz contact is a frictionless
contact between two bodies with curved surfaces. The stresses in a Hertz contact
are within the elastic limit. 69
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lay Thelay is the orientation of the dominant pattern on the surface after grinding. This
pattern is formed by abrasive particles following a similar trajectory as the grinding
wheel is simultaneously moved along the rail. 123

preventive grinding Preventive grinding is a rail maintenance strategy where the rails
are ground frequently, each time achieving a small grinding depth and thus only
removing defect initiations. Also the rail is only re-profiled to a limited extent. 2,
18, 44

RCF Rolling contact fatigue (RCF) is the process of fatigue of the rail steel due to rolling/sliding
contact resulting in damage initiation and cracks. 2

slip Slip is the speed difference in the wheel-rail contact between wheel and rail as a
result of traction. 7, 51, 71

slip zone The part of the wheel-rail contact zone in which slip takes place. 77

stick zone The part of the wheel-rail contact zone in which no slip takes place. 77

target profile The transverse railhead profile that must be obtained during the re-profiling
grinding maintenance of rails. 3, 8

UIC Union Internationale des Chemins de fer. International union of railways. 71

vertical-axis grinding Grinding with a grinding setup in which grinding motors are ver-
tically placed. The grinding of the whole transverse rail profile is realized by grind-
ing motor rotation. 8, 35, 123

WEL White Etching Layer. Hard and brittle surface layer that is formed on the rail sur-
face by heating above the Acs-temperature followed by fast cooling. 8, 45, 68, 124,
142
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C Paris-Erdogan material parameter

C(T) Compact tension test specimen

E Modulus of elasticity

Fc Creep force

Fy Traction force

Fy Normal force

G Number of abrasives of the grinding wheel that are simultaneously in contact

with the workpiece
H Hardness
HBW Brinell hardness

HV Vickers hardness

I Plane-strain loading condition
K Stress-intensity factor
1.66) Provisional fracture toughness

AK Stress-intensity factor range
M Drive torque

P Applied load

Pg Intersection of the offset line and the load-displacement record
Q Wear volume
R Load ratio

R, Average height of the surface profile
R; Height difference between the highest and lowest point of the surface profile
Ry Valley depth of the roughness profile

So Secant offset

Temperature
Vv Speed
Vb Rotational velocity
w Specimen width of C(T) test specimens

Z Area reduction



INTRODUCTION

Railway transportation, both for freight and for passenger transport, is of great societal
importance. Freight is transported from harbors to major multimodal hubs for further
distribution, and frequently running trains bring commuters from suburbs to their job
locations in the inner-cities. These inner-cities were difficult to reach in the past because
of traffic congestion and are now rapidly being transformed into zero-emission zones.

Recently, railway transportation is gaining in importance for long-distance passen-
ger travels as well. A development that is driven by societal pressure to reduce carbon
emissions. To promote the modal shift from traveling by car and airplane to traveling by
train, reliability of the services are of the utmost importance. In order to achieve high
reliability, adequate and effective maintenance is required.

The transportation system consists of rolling stock, being the trains and train opera-
tors, and the railway track. Figure 1.1 shows the railway track construction consisting of
a ballasted foundation embedding concrete sleepers on which spring-mounted railway
rails are fit.

Railway rail
Spring mount

Sleeper

Ballast

Figure 1.1: The railway track construction. A) Overview of a double-track railway section. B) Detail of a track
construction consisting of ballast, concrete sleepers, spring mounts, and railway rails.
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The rails form the interface with the trains and experience plastic deformation and
wear as a result of hundreds of thousands of train wheels rolling over. To restore the rail
profile and remove dents, imprints, and damage initiations, rail grinding is carried out.

During the past two decades, rail grinding was developed into cyclic preventive grind-
ing and schedules were developed to effectively remove damage initiations and to im-
prove the cross-sectional rail profile. The cyclic preventive grinding has proven to be
cost effective as it increases the rail service life and reduces the frequency of unplanned
repairs [1, 2].

This thesis presents in the introductory chapter, section 1.1, first the reasons for
cyclic preventive grinding of railway rails. Then, in section 1.2, the motivation for this
study is explained. In section 1.3, characteristics of freshly ground rail surfaces and the
interaction with the introduction of rail steels with improved wear resistance are de-
scribed. The last section, section 1.4, the thesis outline is presented.

1.1. PREVENTIVE RAIL MAINTENANCE

Preventive rail maintenance is a relatively new strategy that primarily involves grinding.
In the past, rail grinding was mainly used as a corrective maintenance measure, for ex-
ample to reduce noise emissions by removing rail corrugations. Only the top of the rail
had to be ground for this. Since that time, rail grinding machines have been developed
into precision equipment for reprofiling [3].

Rapid spread of rolling contact fatigue (RCF) damage in curved track sections in the
1990s [4] has led to an increase in rail replacements. Moreover, the cause of this rapid
spread was initially not fully understood and the risks were underestimated [3]. It was
discovered that new, high-speed, passenger trains were equipped with more tightly con-
trolled suspension causing repeated running in the same band and high wheel-rail con-
tact stresses which resulted in a ratcheting material response and damage initiation.

To reduce rail replacements, and to prevent rail fracture and derailments, rail infras-
tructure managers successfully introduced three important countermeasures:

e Stress-relief rail profiles were introduced in curved track sections. By adjusting the
rail head geometry, wheel contact stresses are reduced. The lower contact stress in
the relocated wheel contacts prevents the typical head check defects from initiat-
ing [2, 5]. The profiles require maintenance because they lose their stress-relieving
effect due to wear.

* Rails steels with improved wear resistance were developed and introduced to re-
duce grinding frequencies and thus maintenance costs, and to elongate rail life.

 Ultrasonic inspection programs were expanded and eddy current measurement
technology was introduced to detect superficial rail damages that can be removed
by grinding before the unstable crack growth phase is reached [6].

Network-specific rail maintenance schedules were developed to maintain the stress-
relief rail profiles. The majority of these can be considered ‘preventive grinding strate-
gies’. Preventive grinding strategies consist of frequent grinding maintenance with lim-
ited capacity for reprofiling. The grinding frequency and material removal are balanced
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Figure 1.2: Vertical axis grinding setup. A) Each grinding motor is mounted in a frame that can be moved up
and down, and rotated to grind different parts of the rail profile. B) Detail of A). The grinding motor is upright.
C) Two grinding wheels, which are positioned one after the other in the grinding train, at different angular
rotations. D) The area removed by grinding wheel 1 in grey, and by grinding wheel 2 in green. Grinding wheel
2 is positioned behind 1.

based on knowledge of track use, crack growth, and available grinding motor power [7].
The use of rail condition data to optimize schedules or to locally adjust preventive grind-
ing strategies are recent and promising developments. Before introducing such a pre-
ventive grinding strategy, one or more ‘preventive-gradual’ grinding treatments are re-
quired to ensure that the rail head profile is as close as possible to the target profile [4].

Mainline rail grinders that are currently employed in high-speed single-pass grind-
ing, are typically equipped with 48 to 96 24 kW grinding motors. Grinding speeds up to
20km/h are realized and the application of durable grinding wheels prevents grinding
wheel replacement during the short maintenance slots. The vertical-axis setup allows
for a grinding motor rotation from —70° to 15° for material removal and reprofiling of
the full rail head. Figure 1.2 presents a schematic representation of a vertical axis grind-
ing setup. The grinding motor is rotated to grind different areas of the profile, as is shown
in Figure 1.2D. Each grinding wheel forms a facet on the surface.

The acceptance of rail grinding works in Europe is regulated by the EN13231-2:2020-
standard [8]. This standard provides minimum requirements on the width of the resur-
facing area of the rail head, dimensional tolerances, and surface characteristics. The
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Figure 1.3: The grinding-related rail defects in a rail from a steel with increased wear resistance. A) The rail
with the repetitive rail defect in track. The bright polished surface where the material is removed evidences the
recent removal. B) The repetitive damage initiation positions are indicated by the black arrows. This mutual
distance of the initiation positions is equal to the characteristic length of the grinding process. The red arrows
indicate the local damage-propagation direction. The material spalls off after the subsurface crack planes of
different damages intersect.

surface characteristics in the standard are defined by corrugation limits, introduced by
the grinding process, surface quality, and limitations on blueing. This blueing refers to
temper colors which are the result of temperature-specific oxide layer formation dur-
ing grinding [9]. The surface quality is presented as an index representing track-specific
classes of acceptable surface roughness.

With the introduction of stress-relief rail profiles and rail steels with improved wear
resistance, the aforementioned countermeasures to prevent the initiation of fatigue dam-
age due to rolling contact, and the introduction of frequent, preventive rail grinding, new
rail defects have emerged.

Steenbergen [10] and Rasmussen et al. [11] point to specific aspects of the ground
surface condition to explain the rail damages that arise shortly after the resurfacing treat-
ment. Others, like Grassie [12], show damages in ground rails in the presence of grinding
marks and wheel slip marks. Steenbergen [10] describes the damages as ‘a hybrid defect
type with properties of both short-pitch corrugation and rolling contact fatigue’. Figure
1.3 shows rail defects that were observed in the rail infrastructure of ProRail. Figure 1.3A
shows the defect as observed during track inspections. Figure 1.3B presents the repeti-
tive defect initiations that coincide with the characteristic length of the grinding process.
The propagation of subsurface cracks causes the removal of material from the contact
surface.
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1.2. MOTIVATION

ProRail has adopted all previously described countermeasures to prevent RCF damages
to propagate. Around 2007, the installation of rails equipped with a newly developed
stress-relief profile [5] made of steel with improved wear-resistant properties, started.
These rails are installed in track sections with small radius curves and also in gently
curved sections with radii up to 3000 m. Cyclic preventive grinding was gradually intro-
duced to cover the whole network in 2013. The grinding frequency and grinding depth
were based on the rate of damage initiation and propagation, as determined at various
monitoring locations.

In 2014, grinding-related defects were first observed in the newly introduced rail steel
grades. The number of occurrences peaked in 2017, concentrated in curves with a gentle
curve radius of 2000 m to 2400 m. The occurrence of the defects reduced the rail life in
these track sections to approximately seven years and ~95 Mt.

ProRail found a strong statistical correlation between the number of preventive grind-
ing cycles and the presence of the defects [13]. Meanwhile, some empirical metallurgical
evidence was available to explain the occurrence of the damage initiation as presented
by, for instance, Steenbergen [10], Fau et al. [14], Rasmussen et al. [11] and Schotsman
[15].

Since cyclic preventive grinding is still an irreplaceable maintenance activity to pre-
vent rolling contact fatigue damage, further research is needed to evaluate the charac-
teristics of the freshly ground surface condition and predict which features may serve as
preferential sites for damage initiation. Preventive grinding strategies can then be ad-
justed accordingly to avoid the presence or to limit the extent of these critical features.

1.3. THEORETICAL BACKGROUND

The freshly ground rail surface is characterized by the presence of grinding-related sur-
face roughness, the reprofiled rail head contour, and the blueing that may have occurred.
In this section Theoretical background, the origin of these characteristic surface features
is explained from the basic principles of grinding. Also the criticality of these features
and the mechanisms that may explain the damage initiation in the ground rail surface
are introduced. First the rail steel types will be briefly discussed.

1.3.1. RAIL STEELS

Classical rail steel is generally low-alloyed pearlitic steel with a hypo-eutectoid carbon
content, i.e. lower than 0.78 wt%. The microstructure consists of pearlite colonies, which
are composed of cementite and ferrite lamellae. Figure 1.4A presents a representative
microstructure for standard-grade steels. The surface hardness of these standard-grade
steels is 260 to 300 HBW [16].

The production method of rails is hot rolling of re-austenitized blooms of predefined
size from which typically rails with a length of 108 m to 120 m are rolled. The hot-rolling
is followed by air-cooling. Hot rolling may be followed by controlled accelerated cooling
which leads to a lower lamellar thickness and thus an increase in hardness, strength, and
wear-resistance [17, 18, 19]. The resulting refined microstructure is shown in Figure 1.4B.
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To obtain better mechanical properties, modern rail steels are micro-alloyed and the
carbon content is increased to a hyper-eutectoid level. Typical alloying elements are sili-
con, to prevent grain boundary embrittlement, manganese, for ductility, and chromium,
to increase the transformation kinetics and decrease the subsurface hardness gradient.
The surface hardness of these steels can be as high as 400 to 440 HBW [16].

Figure 1.4: The microstructure of rail steels. A) Standard-grade R260Mn rail containing 0.53-0.77 wt% carbon
and 1.25-1.75 wt% manganese [20]. The lamellar microstructure of pearlitic rail steel and different colonies
are shown. B) A rail steel with improved wear resistance, R350HT. R350HT contains 0.70-0.82 wt% carbon
and 0.65-1.25 wt% manganese [20]. The controlled accelerated cooling after hot-rolling reduced the lamellar
thickness.

The improved wear resistance of modern and accelerated-cooled rail steels means
that the stress-relief zone of the rail profile takes longer to wear away, and the frequency
of re-profiling of the rail profile can be reduced. Industry guidelines and technical re-
ports, like [21], suggest to install rails from these steels in curved sections with a radius
up to 3000 m when the annual tonnage exceeds 10 Mt.

A recent trend is to install rails made from these steel types only in tighter curves
as rail wear decreases due to the increasing share of rolling stock equipped with wheel
lubrication. Another trend is the interest in rail steels with a bainitic microstructure.
Monitored test sites are being set up by several rail infrastructure managers where rails
from various manufacturers are installed. Rail steels with a bainitic microstructure are
expected to be less susceptible to rolling contact fatigue [22]. This means that the life of
the rail is less dependent on well-timed and frequent grinding.

1.3.2. SURFACE ROUGHNESS
The roughness after grinding is the first characteristic of the freshly ground surface of
which the properties are explained.

Grinding is performed with grinding wheels containing abrasive particles. Conven-
tional abrasives are Al,O3 and SiC which can be of mineral or synthetic origin. The size
distribution of the abrasives is expressed by the grit number referring to the sieve maze;
the higher the number, the finer the abrasive particles and the narrower the size distri-
bution. The roughness height profile of the surface after grinding is the result of abrasive
particle contact with particles that are randomly distributed in the volume of the grind-
ing wheel.
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Figure 1.5 presents a schematic illustration of a grinding wheel. Volume loss and
wear of grinding wheels are an essential part of the self-sharpening process in grinding.
Self-sharpening occurs by fracturing of abrasive particles and by removal of particles
from the grinding wheel [23, 24].

o—  Abrasive
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Figure 1.5: A schematic illustration of a grinding face of a grinding wheel. The abrasive particles have irregular
shapes, various sizes, and orientations and are bonded in the grinding wheel. The different protrusion heights
cause the roughness height distribution. Self-sharpening takes place by bond fracture or fracture of abrasives.

The surface roughness wears away during train passages to form the contact surface.
Chen and Ishida [25] concluded that the roughness rapidly converges to a steady state
value independent of the initial roughness height. They also observed that the reduc-
tion is faster at higher loads and higher levels of wheel slip. However, Daves and Fischer
[26] and Kapoor et al. [27] showed that the presence of roughness leads to near-surface
plastic strain differences. The discussion on wear and deformation is of interest because
an increase in surface roughness, under conditions without wear, adversely affects fa-
tigue life. Novovic et al. [28] published a literature review article on the fatigue life of
machined surfaces. The reviewed literature showed that workpiece residual stress and
surface roughness after grinding and hard turning contribute to a reduction in fatigue
strength. However there is not much evidence on the influence of rail roughness due to
grinding on the reduction of rail fatigue life [3].
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1.3.3. GEOMETRY

The geometry of the rail after grinding is the second surface characteristic that is ex-
plained. The transverse rail head geometry and the longitudinal geometry are intro-
duced separately.

The transverse rail head profile, as a result of vertical-axis grinding, is characterized
by the presence of facets. The origination of these facets is previously shown in Figure
1.2C and D. The facet transitions, the zones connecting these facets, are associated with
stress concentrations in the wheel-rail contact. Kalousek et al. [29] were the first to ad-
dress the possible reduction in remaining rail life, and Mesaritis et al. [30] and Fau et al.
[14] observed defects to initiate at the facet transition zones in rails during experiments
performed under controlled laboratory conditions and in track.

To minimize the grinding time, specific sequences of grinding motor orientations
were developed. These sequences are indicated as grinding patterns. The patterns are
specific for the grinding equipment and for the target transverse rail head profile pro-
vided its actual profile. Kalousek et al. [29] presented the sequence of cross-sectional
areas that were removed during consecutive grinding wheel passes. The removed area
from the initially curved rail head profile results in a facet. The grinding motor angle of
the second grinding motor is different and a second facet is formed, as shown in Figure
1.2. Nowadays, simulation software is used to design grinding patterns [31]. Grinding
machines approach the target profile with an accuracy of 0.1 mm [32] and by reducing
the power of the grinding motors in successive passes, the profile deviation from the
target profile is reduced even further.

Concerning the longitudinal profile, the most important aspect to assess is the wavi-
ness of the rail surface due to grinding. The grinding process applies waviness in the
rail surface with a characteristic length. This specific wavelength is determined by the
distance that is covered during one revolution of the grinding wheel. Factors such as
tool roundness, track stiffness, and vibrations in the grinding equipment contribute to
location-specific wave height.

The excitation of the rail at this specific wavelength by the trains rolling over can
cause noise emissions and damage. The allowable wave height after grinding is 0.01 mm
[8]. Nielsen and Ekberg [33] additionally defined acceptance criteria to reduce noise
emissions and prevent RCF damage from occurring. To reduce rolling contact noise
emissions, also grinding speed variations can be introduced in subsequent grinding passes
causing variations in wavelengths [24].

1.3.4. WHITE ETCHING LAYER FORMATION
The white etching layer (WEL) that may be formed during grinding is the third charac-
teristic that is discussed. The WEL owes its name to its Nital etching resistance [34].
WEL can be formed after heating the surface above the Acs-temperature followed by
fast cooling. The specific energy, the energy dissipated in producing a chip [23], is be-
tween 10J/mm? to 100J/mm? for grinding [35], which is an order of magnitude higher
compared to milling and turning operations [36]. Therefore material removal by grind-
ing is limited by the probability of thermal damage to occur [37]. Subsequent grinding
passes will even result in an additional rise in surface temperature [9, 38]. In order to
prevent thick WEL to appear or quenching cracks to occur, the material removal must be
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controlled.

Heat partitioning in a non-cooled grinding process is 60 % to 85 % [39], which indi-
cates that 15 % to 40 % of the energy of the grinding motors is used for material removal.
Frictional heat is generated in the chip-formation zone in front of the abrasive particle
but the main friction area is between the wear surface of the abrasive particle and the rail
surface [40]. The temperature in the chip formation zone is estimated to be higher than
1100°C [9, 36, 38, 39]. The rubbing of the abrasive particles results in the temperature
increase of subsurface layers, indicated as the grinding background temperature.

The high grinding temperatures result in the aggravation of surface oxidation and the
accumulation of non-ferrous oxides [9]. Temper colors on rail steel, which range from
yellow to black, are therefore an indication of the temperature during grinding. Blue
indicates surface temperatures between 600 °C and 735 °C. Purple to black temper colors
indicate a temperature higher than 735°C and grinding cracks and quenching cracks
might form [9].

In machining operations thermally induced WEL and mechanically induced WEL are
distinguished [41]. For WEL formed under wheel rail contact two main theories are pro-
posed [42]. The first theory suggests that WEL is formed by severe plastic deformation
under repetitive wheel loads, resulting in grain refinement at the rail surface [43]. The
main support for this theory is that martensitic structures observed at the surface con-
tain more carbon in solution rather than being decarburized during the high surface
temperatures necessary for transformation [44].

The second theory explains WEL formation from heating and fast cooling. Although
simulation studies show that austenitization can take place during wheel and rail contact
[45], there is still debate whether fast heating actually occurs and heating duration is
sufficient for austenitization [44, 46].

When repetitive preventive grinding was introduced there was immediate concern
about the formation of hard and brittle WEL. Magel et al. [3] observed WEL to be present
in the roughness asperities and expected it to shear off, but Dikshit et al. [47] concluded
already in 1991 that the WEL can induce damage. Over two decades later renewed re-
search interest in the subject emerged and Steenbergen [10] and Rasmussen et al. [11]
concluded that damage might start at WEL-particles and at transverse WEL-bands that
originate from grinding maintenance.

1.4. THESIS OUTLINE

Applying rolling and sliding wheels on the rail surface causes plastic deformation and
wear, and may cause damage initiation, crack propagation, and failure. The wheel con-
tact might even cause a significant temperature increase, introducing thermal surface
stresses or even phase transformations take place. These rolling and sliding wheels must
first wear away the characteristic features of the ground surface to form a durable con-
tact surface.

This research project aimed to gain metallurgical understanding of the relationship
between the condition of the rail surface resulting from grinding and the durability of
the contact surface. The thesis presents research results on the estimation of the criti-
cality of features of ground surfaces on a microstructural scale, and the damage and wear
mechanisms during contact surface formation.




10 1. INTRODUCTION

Chapter 2 presents the surface characterization and microstructural evolution of
railway rails in a track section with a curve radius of 1860 m, after preventive grinding.
The aim of the field test was to gain insight into the relationship between the characteris-
tic features of the freshly ground rail surface, the wear mechanisms, and the deformation
processes. The study further evaluates the durability of the resulting contact surface.

To meet these objectives first the ground rail surface condition was characterized.
This surface is the reference for the consecutive tribological and metallographic anal-
yses of the surface evolution and the subsurface deformation. The observations were
summarized in a novel schematic five-stage wear model for ground rail surfaces. The
schematic wear model presents the surface evolution directly after grinding, and covers
surface-roughness reduction mechanisms, the removal of grinding related WEL, defor-
mation and finally damage initiation.

In Chapter 3 the focus is on the surface evolution and microstructural deformation of
standard grade rail steel under light bi-directional rail traffic conditions. The objective of
the study was to determine reasons for damage initiation in rails of single-track railway
lines. To conduct this case study, rail sections containing representative defects were
extracted from the track, and the surface condition and representative surface breaking
defects were evaluated.

After studying the rail surface it was concluded that, under the specific loading con-
ditions, partial removal of rail corrugation and wheel slip caused a reduction in fatigue
life. The loading conditions prevent the features of the ground surface from being com-
pletely removed. The shear stress reversal that occurs when a train passes from the op-
posite direction causes symmetrically shaped cracks to develop. This case study shows
the complexity of the formation of a contact surface and further shows that locally spe-
cific loading conditions also require local specifications for rail maintenance.

Chapter 4 presents the research results that were obtained in a twin-disc experiment.
After each resurfacing of the rail, by either grinding or milling, a new contact surface
must be formed. The objective of the experiment was to study the contact-surface for-
mation on the fresh surface and the transient behavior of the coefficient of friction.

The twin-disc experiment is designed such that the contact stress and the slip in the
contact patch are representative for the contact conditions on the outer rail in a 1200 m
radius curve.

In the experiment five machined and ground surfaces, representative for different
resurfacing operations, are tested. The results show that the formation of the contact
surface follows a different course for each of the surface conditions. Increasing the con-
formity between the surfaces appeared to be an essential aspect, and when surface wear
is required to generate a sufficiently large contact area, it takes longer for the contact
surface to form. It was further observed that when it takes more load cycles until the
contact surface is formed, a lower coefficient of friction between the test disc and contra
disc is achieved.

These findings are discussed with respect to observations in the literature and the
relevance to the design of rail maintenance procedures.
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Chapter 5 presents the microstructural characterization and results of an experi-
mental study to determine the mechanical properties of a novel air-cooled vanadium-
alloyed hypereutectoid rail steel.

In this experimental study, linear elastic fracture mechanics (LEFM) tests were per-
formed using C(T)-specimens that were produced from freshly rolled rails. The test
results were benchmarked with the mechanical properties of a controlled accelerated-
cooled pearlitic steel and air-cooled pearlitic steels.

The results are discussed with respect to the distinct microstructural characteristics
of the steel and the production route, and are supported by fractographic analyses. The
experimental study fills knowledge gaps on the microstructure characteristics of pearlite
steels that determine mechanical properties. The results contribute to the assessment
of railway steel grades for application under specific loading conditions.

Finally, Chapter 6 presents a discussion of the main conclusions that were derived
from the research presented in this thesis, section 6.1.

The recent emergence of new rail defects shows that rail grinding involves more than
just selecting the required grinding intervals and material removal. This research was
a first exploration of a new research field, a field of research that ranges from materials
science to contact mechanics and process technology. The recommendations section,
section 6.2, provides suggestions for future research and process application develop-
ment based on knowledge gaps identified during the conducted research.
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SURFACE CHARACTERIZATION AND
MICROSTRUCTURAL EVOLUTION OF
RAILWAY RAILS IN A MEDIUM-WIDE
CURVE AFTER PREVENTIVE
GRINDING

Preventive grinding of rails is a recurring maintenance routine to remove damage initi-
ated in the wheel-rail contact. The grinding routine increases the service life of rails and
reduces operational costs. Despite these benefits, grinding-related defects are observed. In
this work a field test is performed to investigate the contact-surface formation and to better
understand its durability. Surfaces after grinding are studied at different stages of the test
to characterize wear mechanisms and deformation. The freshly ground surface exhibits a
higher roughness and is composed of facets. It is determined that roughness asperities are
extruded and fill grinding grooves in the process. High contact stresses at the facet transi-
tions accelerate the extrusion of roughness asperities and the fast formation of the contact
surface. The analysis further shows that deeper grinding grooves prevent homogeneous
deformation. Strain concentrations arise due to the inhomogeneous deformation leading
to damage initiation sites. These grooves are still present in the rail surface after the test.
The evolution of the ground surface is captured in a schematic wear model.

This chapter is based on: B. Schotsman, M.J. Santofimia, R.H. Petrov, J. Sietsma, "Surface characterization
and microstructural evolution of railway rails in a medium-wide curve after preventive grinding", Wear, 2025,
Volumes 580-581, 206237, ISSN 0043-1648, https://doi.org/10.1016/j.wear.2025.206237.
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2.1. INTRODUCTION

Travelling by train is safe and has low environmental impact, especially for high-speed
long-distance travel. During the travel, the wheels of the train are carried and guided by
steel rails which leads to wear and damage in the wheel-rail contact zone. In medium-
wide curves, the formation of damages and the subsequent crack propagation in rails
can be faster than the wear rate [1, 2, 3]. Therefore, the objective of preventive grinding
is to remove these damage initiations and to restore the limited worn transverse rail head
profile. Recurring grinding increases the rail service life and reduces operational costs [4,
5, 6].

Grinding ofrails is typically a non-cooled process executed by systems equipped with
multiple grinding motors that are placed vertically. The grinding wheels are shifted by
grinding motor rotation to grind the entire rail head. Dedicated grinding patterns are
developed for efficient performance [7, 8, 9]. When the grinding motor power is reduced
in consecutive passes, surface quality and conformity with the target profile are further
improved [9].

Despite the known benefits, the literature points to specific grinding-related surface
features that may cause damage initiation after grinding [10, 11, 12, 13]. Tribological
and metallographic research on this topic is only available to a limited extent, although
recent publications show a renewed interest [11, 12, 14, 15].

The vertical placement of the grinding motors results in characteristic longitudinal
strips on the rail head contour after grinding, which are called facets. Transition zones
between the facets are associated with high contact stresses [8, 14]. For instance, Fau et
al. [13] observed flaking defects to arise from these zones.

During grinding, material is removed by cutting and ridge formation takes place by
ploughing [16]. The size distribution of the abrasive particles, the orientation and pen-
etration of these particles [17, 18] cause a characteristic roughness profile. As a result,
the first wheel contacts after grinding are on roughness asperities [19], causing material
deformation, extrusion, and generally a high wear rate (20, 21, 22].

White etching layers (WEL) are formed after a temperature increase above Acs, fol-
lowed by rapid cooling [23]. Such high temperatures are achieved while grinding by the
friction of the abrasive particles with most of the generated heat being transferred to
the rail [24]. WEL are associated with various damage mechanisms. Rasmussen [12] ob-
served that damage started at transverse, grinding-related, WEL stripes and Steenbergen
[25] suggested that the damage initiates at WEL patches that are pressed into the mi-
crostructure. The grinding-related WEL are typically thinner on high-strength rail steels
compared to standard grade rail steels [26]. However, from high strength steels a smaller
portion of the WEL breaks off compared to standard grades [15].

The objective of the present study is to better understand the relation between the
ground rail surface characteristics, wear and deformation processes, and to evaluate the
durability of the formed contact surface. For this purpose a field test was performed.
A new rail was installed and subsequently in-situ ground to standard specifications for
preventive rail grinding. For detailed studies of wear mechanisms and subsurface de-
formation, rail samples were extracted at different stages of contact-surface formation.
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The freshly ground rail surface was analyzed with special attention to transition zones,
roughness, and WEL. The results of this field test provide new insights into wear mecha-
nisms acting on the rail surface and the present study also identifies damage-promoting
aspects of the ground surface condition.

2.2. EXPERIMENTAL DETAILS

2.2.1. FIELD TEST LOCATION AND RAIL STEEL SELECTION

Figure 2.1 shows the location of the grinding field test. This location is selected because
ofits history of rail damage initiation, head checks and studs, accessibility for inspection,
and moderate annual line load. The local train speed is 130kmh~! and constant. Table
2.1 presents the relevant data of the track layout. The rail profile, curve radius, cant,
which is the superelevation between the inner and outer rail, and the cant deficiency;,
provided the curve radius and train speed.

Table 2.2 shows the train traffic that passed the test site during the test. Trains were
registered at the hot-bearing detector 5 km south of the test site. Axle load data from the
closest weighing-in-motion measurement systems are coupled to these records. The ta-
ble presents the cumulative and average axle loads, the latter accompanied by the stan-
dard deviation. Note that the typical local trains are short and equipped with 6 axles.

Figure 2.1: The test site location. A) Position in the south of The Netherlands. B) At km 34.75 on the southbound
track of the railway line Roermond-Sittard. C) Site access from the level crossing Roermondseweg.

Table 2.1: Track lay-out and rail profile at the test site.

Rail profile Curveradius Cant Cantdeficiency
UIC54E5 1860 m 80 mm 25mm
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Table 2.2: Train traffic that passed the test site during the field test, from 29 March 2021 until 18 Dec 2021. The
train traffic is divided into passenger trains, freight trains and other trains.

Trains Axles Cum. load Axleload

#  [x10%] [Mt] [Tons] +o

Measured trains  Passenger Intercity 15122 320 4.58 143+1.4
Local 9610 64.6 0.877 13.6 £ 1.9

Freight 1519 124 1.75 14.2 £ 6.6

Other 142 5.30 0.0608 11.5+5.3

Total measured 26393 515 7.27 142+ 3.6

Table 2.3: Chemical composition (in wt%) and mechanical properties of R370CrHT rail steel as stated on the
3.1-certificate.

C Mn Si Cr Re Rm €(%) Z (%) Hardness
(MPa) (MPa) HV)

R370CrHT 0.81 0.94 0.67 0.503 917 1319 12 42.1 426

Table 2.3 shows the chemical composition and mechanical properties of the R370CrHT
steel rail, subject of the current study. The R370CrHT is a fully pearlitic rail steel with
chromium addition. The rail has a UIC54E5-stress relief profile [27], which is the com-
mon standard for curved track sections in the Dutch railway network. The pearlitic
lamella thickness is 80 + 3nm [28].

The mechanical properties, determined in a monotonic tensile test as prescribed by
the EN13674-1-standard [27], are shown in table 2.3. The ultimate tensile strength, R,
is defined as the engineering tensile strength. R, is the 0.2%-offset yield strength. The
plastic elongation at fracture, ¢, is defined as the increase in length of the parallel section
of the specimens. The relative area reduction, Z, is calculated from the measured diam-
eter in the necked area. The hardness is determined at the centerline of the rail head
after removing 0.5 mm from the surface [27].

Figure 2.2: Impression of the test site. A) The newly installed rail. B) The rail prior to grinding but after 14 days
in service. C) The ground rail surface.
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2.2.2, INSPECTIONS AND METALLOGRAPHIC PREPARATIONS

In the present experiment, the in-situ rail grinding was performed as part of the preven-
tive grinding program before the monitoring started. A rail grinder, equipped with 64
grinding wheels for vertical-axis grinding, removed 0.2 mm of material in three passes at
a grinding speed of 14kmh™!, which is scheduled every 15Mt. Before the experiment
was completed, no further preventive grinding maintenance was carried out.

Locations for recurring inspections and measurements were marked and numbered.
The inspection frequency and the extraction moments of the four rail samples were de-
termined in a reference project. Inspections were carried out during the day, and mea-
surements of surface roughness and hardness at night.

Table 2.4 presents the train load for the four rail samples, each with a length of 3 m.
The coding of the samples consists of rail sample (RS) combined with the cumulative
train load in Mt. A standard portable rail cutter with a 16 inch cutting blade was used
to extract the samples. Manual grinding of the weld of the replacement rail was kept
short and was marked to avoid mixing with the preventive grinding. The straightness
of the running surface was measured to be within regulations, in order to minimize im-
pact loading due to the additional welds in track. In addition, the sample locations were
shifted against the direction of travel with increasing test duration, so that the rail surface
to be studied examined is passed before the fresh weld.

Hardness measurements and surface roughness measurements on the rail surface
were performed to quantify the progress of the contact surface formation. The surface
roughness was determined in accordance with the EN-ISO4287 standard [29], using a
Mitutoyo SJ210 surftester. The hardness was measured using a Equotip 3 Leeb rebound
hardness tester, as described in the ASTM-A956 standard [30]. The resulting Leeb hard-
ness was converted to Vickers hardness according to the ASTM-E140 standard [31]. Pic-
tures of the contact surface were made with a 5 Mpx digital camera.

Metallographic preparations started with a visual inspection of the sample surface.
Pictures of the surface were made using the same 5 Mpx camera. Under lab conditions,
the surface roughness and hardness were remeasured in agreement with the aforemen-
tioned standards at transverse positions A, B, and C, indicated in Figure 2.3. Six connect-
ing measurements were made, covering the characteristic length of the grinding process.
Also six hardness measurements were performed, evenly distributed over the same sam-
ple length.

Table 2.4: Rail samples (RS) extracted from the test site. The first row presents the rail sample codes, the
second row the total load after grinding, and the third row the share of total load (%).

Rail sample RSO RS0.4 RS2.0 RS6.9
Total load [Mt] 0 0.43 2.04 6.92
Share of total load [%] 0 6.2 29.5 100
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Figure 2.3 shows the transverse and longitudinal micrograph positions for all four rail
samples, which were cut after aligning the rail samples with respect to the ground facets
and the characteristic length of the grinding pattern. Specimens were extracted from
the middle of the facet and from the facet transition zone in the longitudinal direction.
Cross-section specimens from the contact surface were cut into three parts to fit the
20 mm mold for specimen mounting.

The specimens were embedded in Struers ClaroCit Acrylic resin and prepared using
a Struers MD-piano disc with 9 um diamond polishing fluid, followed by polishing with
3 and 1 pum diamond polishing fluid. Specimens were etched with 2% Nital for 10 sec-
onds. For optical microscopy a Keyence VHX5000 microscope was used. For detailed
observations of the surface and the microstructure a JEOL IT100 Scanning Electron Mi-
croscope was used in secondary-electron detection mode with an acceleration voltage
of 15kV and 11 mm working distance.

L SR p . N

» ‘V
Running direction and *t‘\ ]
» ~ direction of finish grinding = *
Cross- ¢ :

sections

Figure 2.3: Image of the ground in-service rail. At the rail surface are indicated: 1) Visually distinguishable
ground facets (1-13). 2) Positions for hardness and surface roughness measurements, A, B, and C. 3) The posi-
tion of the metallographic sections: sections along the running direction at the facet and at the facet transition
zone (TZ), and cross-sections.

2.3. RESULTS

2.3.1. CHARACTERIZATION OF THE FRESH GROUND SURFACE

SURFACE ANALYSIS

Figure 2.4A shows an optical micrograph of the rail surface of RSO for detailed analysis.
The grinding grooves are parallel and typical for vertical-axis grinding, formed trans-
verse to the grinding direction. The average roughness is R, = 5.5 £ 0.2um. The pattern
of repeated deeper grinding grooves evidences the characteristic length of the grinding
process, which is ~67 mm.
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Facets are smaller in the smaller-radius sections of the transverse rail head profile
and wider in the larger-radius sections. The average width of the facets is 5+2 mm. Tem-
per colors are an important quality indicator [32]. Blueing of individual grinding grooves
is observed in facet 3, indicated with i in Figure 2.4A, whereas in facet 12, see ii, groups
of colored grooves are present. The purple to black surface oxidation in facet 7, see iii, is
associated with temperatures above 735 °C, indicated as metallographic burn [33]. This
burn is accompanied by WEL formation and these temperatures may even result in dam-
age formation due to thermal stress [16, 33, 34].

Figure 2.4B shows a SEM image of the blue-framed area in Figure 2.4A, enclosing the
facet transition zone. The width of the zone is ~800 um and is defined by the variation in
grinding groove lengths, as highlighted in the figure.

The deepest grinding grooves cross the transition zone and are often characterized
by a different orientation. One such groove is indicated in Figure 2.4C which corresponds
to the area enclosed by the red frame in Figure 2.4A.

Figure 2.4: Representative micrographs of the ground rail surface of sample RS0. A) Optical micrograph of the
ground surface. The measurement positions A-C, the characteristic length of the grinding process, and the
various degrees of blueing, see i-iii, are indicated. B) Facet transition zone. The extremities of the grinding
grooves that define the transition zone are highlighted. C) A grinding groove crossing the facet transition. D)
The characteristic grinding groove. Cutting ridges are present in the grinding grooves. At both sides of the
groove ploughed material is observed.
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Figure 2.4D presents the surface in the green-framed area of Figure 2.4A and it en-
closes facet 7. Four characteristic features of the grinding grooves on facet 7 are:

* Cutting ridges are present at the bottom of the groove. In machining operations
these ridges are associated with tool wear [16] and in grinding with the shape of
the cutting face of abrasive particles.

e Parallel grinding grooves, which display a mutual distance of ~80 um caused by
abrasive particles that simultaneously treated the surface.

* Ploughing, which is characteristic for grinding [16] and causes material pile-ups
or ploughed ridges. At the —X-side, the material is ploughed directly adjacent to
the groove, whereas on the opposite side, several smaller frayed layers are present,
covering adjacent grinding grooves. The smooth surface texture of the ploughed
material is caused by the rubbing of the abrasive particle on the surface.

CROSS-SECTION ANALYSIS

Figure 2.5 shows representative micrographs of RS0 to study the freshly ground surface
in more detail. The micrograph in Figure 2.5A is observed transverse to the running
direction. It displays the variety of grinding groove profiles resulting from the abrasive
particle size variation. The presence and orientation of extruded material in the parallel
grinding grooves show a cutting sequence, although the grooves were cut in the same
grinding pass.

The same figure shows a detached WEL at the top of the ridges, possibly caused by
frictional heat generated in the friction zone of the abrasive particle. Thin WEL is present
at the bottom of the groove, resulting from frictional heating in the cutting zone.

Figure 2.5B shows another consequence of the cutting depth variation between abra-
sive particles. Material is strained instead of cut and removed, and is covering the freshly
ground surface.

The observation direction in Figures 2.5C and 2.5D is parallel to the running direction
and perpendicular to the grinding grooves. Figure 2.5C shows a material pile-up that
results from subsequent passages of different abrasive particles ploughing material to
the side. The layers are shifted relative to each other due to different abrasive particle
trajectories. The limited deformation below the pile-up, in the —Y-direction, evidences
their direction of movement. In addition, some layers show evidence of WEL while other
layers have remained pearlitic.

Figure 2.5D presents a detailed SEM image taken within the green framed area of
Figure 2.5C. The strained pearlite of the middle layer has a ~1 pm thick WEL on both
sides which is also present at the interface, see i. The surface layer, see ii, consists of
WEL and the interface between the top layer and the pearlite middle layer is frayed. The
protrusions seem to have deformed the pearlite microstructure.
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Figure 2.5: The freshly ground rail surface observed in cross-section on metallographic specimens from rail
sample RS0. A) Grinding grooves with various shapes, widths, and depths. Grinding groove 1 is shallow and
wider compared to grinding groove 2, which is deeper and covered with extruded material. Groove 3 is narrow
and the distance to the ridge at the side is R;~31 pm. B) Strained and partially cracked material that was not
removed and covers the WEL-coated surface. C) A stack of ploughed material. The layers have a total thickness
of ~24um. Below the layers, the deformation orientation is in the —Y-direction. D) The SEM micrograph
shows the green framed area in Figure 2.5c in detail. The top layer is phase transformed, see ii. At the bottom,
see i, a ~2um WEL is observed while the middle layer consists of strained pearlite with a small WEL at both
sides.

2.3.2. EVOLUTION OF THE GROUND RAIL DURING THE FIELD TEST

SURFACE EVOLUTION

Daylight inspections in track are performed at six stages of cumulative loading to eval-
uate the contact surface formation. Results of these inspections are presented in Figure
2.6 for increasing cumulative loads. Wear patterns are interpreted as the qualitative in-
dication for the wheel-contact locations.

Figure 2.6A shows the rail surface after 1 x 1073 Mt of load. The contact surface is
narrow and facet transitions of facet 8, indicated by the arrow, are widening, evidencing
localized contact.

In Figure 2.6B the contact surface after 0.12 Mt is presented. The contact has widened
and includes facet 9, which can be determined well by the surface corrosion that was
worn away. In addition to the contact surfaces on the facet transitions, load-carrying
surfaces develop on the facet surface, as evidenced by the surface widening between the
brownish grinding grooves.
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Figure 2.6: The contact-surface formation as a function of the cumulative load, based on rail surface inspec-
tions in daylight. The cumulative load in Mt is presented in each micrograph. A) 1 x 10~3 Mt. Contact-surface
formation takes place at the facet transitions of facet 8, indicated by the arrow. Blueing is still present. B)
0.12 Mt. Surface corrosion has taken place. The contact surface widens and load-carrying surfaces start to de-
velop between the grinding grooves at the face surface. Grinding grooves with diverging orientations appear.
C) 0.24 Mt. The surface of the facet transitions is smooth on the gauge side of the contact zone. Surface corro-
sion is locally present at the facet surfaces and the grinding grooves with diverging orientation are still present.
D) 0.80 Mt. The contact surface width is reached and the corrosion layer has thickened. The length of grinding
grooves shortens, but deeper grooves remain. Slip marks at the surface are caused by track maintenance and
are not investigated. E) 3.5 Mt. Three arrows are placed to observe the grinding groove lengths and the densi-
ties. F) 6.7 Mt. The surface condition just before the field test is completed.

Figure 2.6C shows that the contact width after 0.24 Mt of train load is wider than after
0.12 Mt. At the gauge side of the contact surface the wheel contact is concentrated at the
facet transition zones, resulting in smooth and light gray surfaces.

The inspection results in Figures 2.6D-F cover a longer period of time because the
development of the contact surface, after the initial stage, occurs more gradually. The
figures present the rail surface at 0.80 Mt, 3.5Mt, and 6.7 Mt of train load, respectively.
The contact surface width in Figure 2.6D and in Figure 2.6C is the same from which it is
deduced that the contact surface widening that took place during the initial stage of the
contact surface formation stopped. The number of grinding grooves on the center of the
contact surface decreases and the length shortens. Deep grooves are still present.
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In order to compare the length and density of the remaining grinding grooves in Fig-
ures 2.6E and 2.6F three arrows are placed at the same longitudinal and transverse po-
sitions relative to the characteristic grinding length and the facets, in order to compare
the length and density of the remaining grinding grooves. The comparison between the
both surface conditions shows that at the middle arrow the length and density of the
remaining grinding grooves decrease and some deeper grinding grooves remain. At the
positions of both outer arrows, the length of the grinding grooves becomes only slightly
shorter and the density remains almost the same.

EVOLUTION OF ROUGHNESS, HARDNESS AND WEAR

Qualitative results of the track inspections are supported by measurements of surface
roughness and hardness as shown in Figure 2.7. Figure 2.7A shows that the surface
roughness initially reduces at a higher rate at measurement positions B and C. These po-
sitions are adjacent to facet 8, which is the facet that is the first to show facet-transition
widening in Figure 2.6A. At position A, at the center of the contact surface, the roughness
initially decreases at a lower rate but eventually reaches the lowest surface roughness
value.

The surface hardness is measured at the same positions A, B, and C to evaluate its
development. The highest hardness is expected at positions experiencing the highest
contact stresses. The results in Figure 2.7B show that hardening proceeds initially fast
at all measurement positions, but the highest hardness value of 431 + 1 HV is reached,
similar to the roughness, at position A.

Figure 2.8 presents surface characteristics of wear mechanisms contributing to the
contact-surface formation at the facet transition and at the facet. Figure 2.8A shows the
surface of RS0.4. At the facet, load-carrying surfaces were formed between the deeper
grinding grooves, indicated with 7, and at the facet transition zones virtually no grinding
grooves are present, see ii. Figure 2.8B shows the surface at i in detail. The surface is
characterized by extruded slivers forming parallel lines. Deformation and sliver forma-
tion from roughness asperities is a known mechanism for surface roughness reduction
[20, 21]. In the process of sliver formation grinding grooves are covered and filled. The
surface at ii, presented in Figure 2.8C, is partially smooth and also similar parallel lines
are present. The lines evidence a similar wear mechanism although the surface features
may indicate a more advanced state of wear.

Figure 2.8D shows the rail surface of RS6.9, after completion of the field test. A dif-
ferent form of wear has taken place at the surface in the orange-framed area. Wear sliv-
ers show serrated edges and have various orientations and lengths in Figure 2.8E. These
characteristics are associated with rolling contact fatigue damage initiation [1] rather
than with wear tongue formation [35] or ratchetting-based wear [21].
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Figure 2.7: The evolution of surface roughness (A) and hardness (B) in positions A, B and C, during the field test.
The measurements were made on the surfaces of the extracted rail samples. See Figure 2.3 for the reference of
the measurement positions.
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Figure 2.8: The contact surface at rail sample RS0.4, A-C, and rail sample RS6.9, D-E. A) Micrograph of the rail
surface. Load-carrying surfaces develop between grinding grooves, see i, and the facet-transition zones are
smooth, see ii. B) On the facet surface in the blue frame, vertical lines and partly covered grinding grooves
are present. Both are the result of extrusion of roughness asperities. C) Extrusion lines on the surface in the
facet-transition zone of the green-framed area. The parallel lines exhibit a lower density. D) Micrograph of
the rail surface. The middle of the contact surface is smooth but on both sides the deeper grooves remain. E)
The contact surface in the orange-framed area. The serrated edges of the lines on the surface exhibit various
orientations and length. These are associated with rolling contact fatigue damage initiation.

MICROSTRUCTURE EVOLUTION

Until this point, the contact-surface formation on the ground rail surface has been an-
alyzed using surface observations only. In Figure 2.9 representative cross-section mi-
crographs of the four rail samples RS0, RS0.4, RS2.0, and RS6.9 are presented in rows,
including micrographs from the facet transitions and the facets in separate columns.

The freshly ground surface of RSO shows, in the transition zone, a detached WEL
patch on a relatively smooth surface with only one narrow grinding groove. The WEL
shows no evidence of material removal, such as the presence of a groove, and is probably
the result of rubbing by an abrasive particle on the surface. The facet surface seems to be
formed by multiple abrasive particle contacts producing a roughness profile with various
heights. This surface shows clear similarities with the surface presented in Figure 2.5A,
despite the different observation position.

Figures 2.9C and 2.9D present the rail surfaces at RS0.4. In the transition zone, the
mechanisms that contribute to the rapid formation of the contact surface are explained
by three characteristic features. First, material extruded from the asperities covers grind-
ing grooves, see i. Second, WEL formation takes place. The deformation and sharp tran-
sition between WEL and the pearlitic microstructure evidence the high temperatures
that are reached during extrusion of asperities [36, 37]. WEL is formed on both the ex-
truded slivers and on adjacent areas, see ii. Third, subsurface deformation aligns with
the direction of the traction, as highlighted by the dotted line. The deformation reaches
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Figure 2.9: The contact surface formation as observed on longitudinal sections. The rows of the array present
the micrographs of sections from rail samples RSO to RS6.9. The columns present the micrographs of sections
from the transition zone position on the left and from the middle of the facet on the right. The microstructure
details are described in the main text.
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a depth of ~60 pm and is only locally present, see iii. The facet surface is smooth and
slightly wavy. At the facet no deformation or fresh WEL, associated with wheel load and
slip, are observed.

Figures 2.9E and 2.9F present the surfaces at sample RS2.0. At the facet-transition
zone, the WEL thickness is smaller than that of RS0.4. The residual grinding groove in
Figure 2.9E, indicated with i, is partly covered with material from both sides. The sec-
ond grinding groove, see ii, is filled with corroded material and damage initiates at the
positive X-side. On the surface, next to the damage initation, a fresh WEL has formed.
The facet surface in Figure 2.9F shows damage initiation at the extreme of the WEL, in-
dicated with i, but the feature of interest is the large damage, see ii. A crack starts at the
grinding groove bottom, bending downwards, and a parallel crack has initiated. Defor-
mation, both at the surface and also below the surface, is concentrated at the positive
X-side of the grinding groove.

Figures 2.9G and 2.9H show the surface and deformation of rail sample RS6.9. The
surface conditions at the facet and the transition zone are comparable and only the
larger depth of deformation in the transition zone indicates a still slightly higher load.

Figure 2.10: The freshly ground surface characteristics affect the contact surface formation, and are related to
various features at the surface in rail sample RS6.9. A) Coil-shaped material filling a grinding groove cavity. B)
Material extrusion which results in the coverage of a grinding groove. C) Material covering a WEL patch at the
running surface.

Figure 2.10 presents micrographs of metallographic cross-sections that were made
from RS6.9. The micrographs are presented to show the various ways in which the fresh
ground surface characteristics affect the contact surface formation. The observations
support the surface observations that some of the ground surface features do not wear
quickly. Figure 2.10A shows a grinding groove which is still filled with deformed mate-
rial. The deformed material shows a coil-like deformation pattern. Kapoor [21] observed
comparable patterns of slivers when performing experiments to study the ratcheting-
based roughness reduction mechanisms.

At the submerged grinding groove in Figure 2.10B, no sliver formation is observed. It
is therefore expected that the extrusion direction is in longitudinal, X-, direction.

Figure 2.10C shows a WEL patch that was formed on the surface by grinding or wheel
slip and is now covered. The WEL is ~3 um thick and ~30 pm wide.




2. SURFACE CHARACTERIZATION AND MICROSTRUCTURAL EVOLUTION OF RAILWAY RAILS
32 IN A MEDIUM-WIDE CURVE AFTER PREVENTIVE GRINDING

In summary, the main observations on the formation of the contact surface are:

¢ Initially, the surface roughness at the transition zone exhibits a lower surface rough-
ness than at the facet surface.

* The contact surface formation is assisted by incremental asperity deformation
covering grinding grooves. The observations of sliver formation and strain con-
centration confirm the occurrence of a ratcheting-based wear mechanism, as de-
scribed by Akagaki and Kato [20] and Kapoor [21].

* Deformation and damage initiation occur mainly at one side of the grinding groove.

* The surface conditions of the facet transition and the facet after the grinding field
test are similar.

2.3.3. WEL AND DAMAGE ON THE SURFACE AFTER THE FIELD TEST

WEL CHARACTERIZATION

In studies on the relationship between the durability of the contact surface that is formed
and the surface characteristics of the freshly ground surface, WEL is always considered.
However, the microstructure of the rail surface deforms as a result of train wheels rolling
over it, which can also cause WEL [36]. Therefore, Figure 2.11 presents the pearlitic mi-
crostructure and WEL on the freshly ground surface of RS0, Figures 2.11A-C, and on
RS6.9, extracted after the field test, Figures 2.11D-E to indicate specific differences.

Figure 2.11A shows the shallow deformation and deformation orientation in —Y-
direction, indicated with i, which is caused by grinding forces exerted on the surface
by abrasive particles. The rubbing that simultaneously occurs causes a surface temper-
ature rise to Acs and above, facilitating WEL formation, see ii. In the SEM micrograph,
shown in Figure 2.11B the WEL thickness is ~5pum to 10 um. A similar layer thickness is
observed in Figure 2.11C in which the deformation underneath the WEL is highlighted
by dotted lines.

Figure 2.11D presents the gauge side of the contact surface of rail sample RS6.9. No
WEL is present and below the surface lamellae are strained and deformed having an
orientation parallel to that surface.

Figure 2.11E shows the contact surface representative for the central part of the con-
tact surface. Short localized and lens-shaped patches of WEL are present. The clear
transition between WEL and the pearlite microstructure evidences a wheel slip-related
origination.

Figure 2.11F presents the deformation orientation below the WEL. This deformation
orientation is imposed by lateral shear stress in the wheel contact. The deformation,
highlighted by dotted lines, is pointing in Y-direction, see i, which is the opposite the
observed deformation orientation below the freshly ground surface in Figure 2.11C.
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Figure 2.11: Evolution of damage in the facet transition zone of the rail surface. A) RS0.4; the WEL in the
grinding groove acts as a boundary for deformation and is submerged. The figure shows a detached WEL
caused by grinding, see i. The freshly formed surface is partly embedded by material that has been extruded,
see ii. A second extrusion is present which also traps the WEL at the surface. Here the deformation is more
evident and a slip related WEL has formed at the surface, see iii. B) RS2.0; damage initiates at the surface.
The WEL patch is pressed and embedded into the surface, see i. The crack that forms next to it reached a
crack depth of 19 um and the propagation orientation is 40° with respect to the surface, see ii. C) RS6.9; at
the surface two cracks are observed. One crack is present next to the residual grinding groove and is filled
corrosion products, see i. The second crack is closed and has a slightly shallower propagation orientation, see
ii. The crack depth is ~27 um and the propagation orientation is 50° with respect to the surface, see iii.

DAMAGE INITIATION

Previous sections showed that, during contact-surface formation, the presence of grind-
ing grooves contributes to inhomogeneous deformation, extrusion of material and dam-
age initiation. Figure 2.12 highlights the evolution of the facet-transition zone surface
under increasing cumulative load, evidencing damage initiation. Details of the micro-
structure, WEL and damage are described in the figure caption.

Figure 2.12A presents the contact surface that was formed at the facet transition zone
of rail sample RS0.4. WEL patches are embedded and trapped in the surface, and defor-
mation beneath the surface mainly takes place at the positive X-side of the grinding
groove.

Figure 2.12B presents the surface of rail sample RS2.0 to demonstrate the next stage
of damage initiation. The surface crack, indicated with ii, is filled with corroded ma-
terial and the crack faces are open. The crack propagates along the local deformation
orientation and shows characteristics of both rolling contact fatigue and wear tongue
formation.

Figure 2.12C shows the surface of rail sample RS6.9 with two cracks, indicated with
i and ii. Crack i is open and filled with corrosion products, which suggests that it has
initiated at a grinding groove. These grinding grooves form an obstacle for deformation,
resulting in a locally deformed area. Crack ii, as a result, initiates in the zone of accu-
mulated deformation.
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Figure 2.12: Evolution of damage in the facet-transition zone of the rail surface. A) RS0.4; the WEL in the
grinding groove acts as a boundary for deformation and is submerged. The figure shows a detached WEL
caused by grinding, see i. The freshly formed surface is partly embedded by material that has been extruded,
see ii. A second extrusion is present which also traps the WEL at the surface. Here the deformation is more
evident and a slip-related WEL has formed at the surface, see iii. B) RS2.0; damage initiates at the surface.
The WEL patch is pressed and embedded into the surface, see i. The crack that forms next to it reached a
crack depth of 19 um and the propagation orientation is 40° with respect to the surface, see ii. C) RS6.9; at the
surface two cracks are observed. One crack is present next to the residual grinding groove and is filled with
corrosion products, see i. The second crack is closed and has a slightly shallower propagation orientation, see
ii. The crack depth is ~27 pum and the propagation orientation is 50° with respect to the sruface, see iii.

2.4. DISCUSSION

The formation of the contact surface formation on the freshly ground rail surface is stud-
ied under actual operating conditions. The inspections of the surface deliver valuable
insights into the wear mechanisms and damage formation that take place.

2.4.1. THE FACET TRANSITION ZONES

Figure 2.4a presents the freshly ground rail surface and Figure 2.4B shows that the facets
are connected by transition zones. During grinding with vertical-axis grinding systems,
facets are formed on the rail surface that together approximate the contour of the rail
head. The angle between the facets depends on the position on the head of the rail and
is sharper at small radius sections and more obtuse at the top of the rail. This geometric
deviation from the continuous rail contour causes contact stress concentrations at the
transition zones which is, in the literature, indicated as a cause of damage initiation [13,
15].

In this study it is observed that a contact surface is formed on the facet transition
zones as soon as wheel-rail contact takes place, see Figure 2.6A. As the contact surface
widens and extends over multiple facets, the contact surface forms first at the transition
zones of the facets added to the contact, see Figure 2.6C. This contact surface-formation
is faster at the transition zone compared to the facet itself because of the presence of
locally high contact stresses and the local surface characteristics. These surface charac-
teristics are determined by the grinding pattern whereby less material is removed in the
transition zones than on the facet. Two aspects of rail grinding will be discussed briefly.

First, for all grinding process parameters being the same, a lower grinding depth re-
sults in a lower roughness height [16, 38]. From analyses made by Kalpakjian, Schmid
and Vijay Sekar [16] and Koshal [38] the following indicative relation between surface
roughness, R, and grinding depth a, was derived:
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Second, the grinding pattern results in a lower metal removal at the facet transitions
compared the the facet itself. Kalousek et al. [8] presented a grinding pattern for efficient
material removal using vertical-axis grinding which are optimized using advanced simu-
lation software [9]. The first grinding wheel forms a facet and each subsequent grinding
wheel passage is then shifted and, as a consequence of limited angular shift, a part of the
previously formed facet is removed. As a result, the metal removal approaches zero at
the side of the facet, forming the transition. By changing the inclination of the grinding
motors, the differences in grinding depth between the facet and the facet transition are
further increased, improving the grinding effectiveness and preventing the formation of
circular grinding patterns on the rail surface.

The grinding pattern applied in the current study resulted in the presence of 13 ob-
servable facets on the final surface, as shown in Figure 2.1, although in the grinding de-
sign even more facets are identified. The large number of facets requires a small grinding
depth and results in even lower removal, and hence lower roughness, in the transition
Zones.

2.4.2. WEAR TRANSITION

The observations of the contact surface in Figures 2.8 and 2.9 show that the wear mech-
anism directly after grinding is ratcheting-based. Ratchetting is the repetitive loading of
the material above the yield limit [21], resulting in localized deformation and eventually
to failure.

Ratchetting-based wear models of rough surfaces successively describe asperity de-
formation, sliver formation, and sliver separation [21]. The practical applicability of
these wear models can be tested experimentally by moving a hard slider over a softer
surface, demonstrating the formation of parallel slivers from parallel asperities [20, 39].
Akagaki and Kato [20] named this process of sliver formation ‘flow wear’. The thin sur-
face layers are progressively compressed and extruded, which is caused by contact stress
concentration at the contact extremes [21].

Figures 2.8B and C present the surface of RS0.4 evidencing the ratchetting-based
wear. The parallel extruded slivers exhibit small mutual distances corresponding with
the distances of the grinding grooves shown in Figure 2.4D. Figure 2.9C shows a micro-
graph of a facet transition of RS0.4. The slivers that are formed by extrusion cover and fill
valleys in the ground surface, accelerating the reduction of the roughness. The direction
of extrusion is determined by the tractive shear stresses that point in the —X-direction.

Figure 2.8E shows the surface condition of RS6.9. The parallel slivers at the surface
that were visible in RS0.4 are replaced by serrated lines and rolling contact fatigue (RCF)
damage initiation has taken place.

When the contact surface is formed and the grinding roughness is removed, the wear
rate becomes lower [40]. For a low wear mechanism like delamination wear to occur,
platelets must be formed and removed from the rail surface. A process of void coales-
cence close to the surface has to take place, facilitating the detachment of the platelet
[41]. For the formation of wear platelets a small crack propagation angle with respect
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to the surface is required, along with a tendency to develop upward branching cracks to
cause detachment [1, 42]. In contrast, RCF cracks tend to grow deep.

Wang et al. [1] performed two-disc experiments on eutectoid rail steel, applying a
representative Hertz contact stress of 1161 MPa and slip ratios between 0.5% and 5%
and found that crack growth exceeds the wear rate, independent of the slip ratio. They
observed similar serrated lines at the surface which were ranked from ‘coherent peeling’
to ‘tiny cracks’ [1].

The expected wheel slip ratio at the railway steel in the test section is applied at the
bottom of the slip range by Wang [1]. The surface condition as presented in Figure 2.8E
shows the best fit with the 1% slip ratio of the eutectoid rail steel surface.

2.4.3. WEL FORMATION AND DEFORMATION

In this work we propose a 5-stage wear model of the ground surface that captures the
interactions between asperity deformation, WEL formation and the embedding of char-
acteristic surface features, wear and damage initiation which is based on the observa-
tions in this experiment. Figures 2.5A, 4.1C and 2.12 each show a portion of the overall
development of the rail surface.

Figure 2.13 shows this schematic model for a simplified ground surface consisting of
a representative single grinding groove and the adjacent surface. Figure 2.13A presents
the freshly ground surface. Material removal caused a groove with ploughed ridges at
both sides. The friction in the cutting zone caused heat generation resulting in a WEL at
the bottom and at both sides, as well as the extrusion of material.

Figure 2.13B represents the second stage. The majority of extruded slivers and semi-
detached WEL patches are fractured and removed from the surface.

In Figure 2.13C the load-carrying surface starts to form. Material is extruded, em-
bedding ground surface features in the surface and the surface roughness is strongly
reduced. The material extrusion causes strain concentration at one side of the grind-
ing groove. At the extruded material fresh WEL is formed. WEL, present at the surface
of the grinding groove, spalls off from the deformed side but stays attached on the op-
posite side. During this stage the grinding groove starts to align with the deformation
orientation.

Figure 2.13D shows that, with the progress of the contact-surface formation, the
reappeared WEL becomes thinner or is even worn off. The grinding groove, under on-
going deformation, is closed at this stage, resulting in flanks pressed together with the
embedded WEL in between. Exposure to the elements causes the embedded WEL to
corrode.

Figure 2.13E shows the last wear stage. Wear processes at the surface have reduced
the number of submerged grinding grooves, but the deepest grinding grooves still re-
main. Thin WEL reappears at the surface and damage initiates at the bottom of the de-
formed grinding groove and in the deformed material next to it.

The presented schematic model provides a comprehensive qualitative overview cov-
ering the characteristics of the freshly ground surface, the roughness reduction mech-
anisms and preferential damage initiation sites. Nevertheless, more research is needed
to quantify the interrelation between the observed grinding groove characteristics and
damage initiation.
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Figure 2.13: Schematic model describing roughness reduction and WEL removal, re-appearance and submerg-
ing of the freshly ground surface.
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2.5. CONCLUSIONS

A field test is performed to study the characteristics of the freshly ground rail surface,
wear and deformation processes, and to define critical aspects for the durability of the
resulting contact surface. From the observations the following conclusions are drawn.

* The vertical-axis grinding forms facets at the rail profile. The width of the transi-
tion zones, between facets is defined by the variation in grinding groove length.
The contact stress at these facet transitions is initially high as a result of the rail
head geometry. When the facet-transition zones are worn away, the surface and
the subsurface deformation become similar for facets and facet transition zones.

* A ratchetting-based wear mechanism contributes to the reduction of the surface
roughness. Material from roughness asperities is extruded out of the contact, cov-
ers deeper grinding grooves and contributes to the fast formation of load-carrying
surfaces. This wear mechanism is gradually replaced and crack initiation and
propagation related to rolling contact fatigue starts to outgrow the wear.

* White etching layers (WEL) are present in the grinding grooves after grinding. WEL
tend, as aresult of deformation, to spall off but the remaining WELs are submerged
and enclosed in the surface.

* A schematic wear model is proposed to capture the observed interactions between
deformation, white etching layers (WEL) formation and the embedding of ground
surface features. After grinding WEL are present in the grinding grooves. First,
spallation of extruded and phase-transformed material takes place. Subsequently
crushing and submerging of grinding grooves occurs which is accompanied by the
reappearance of WEL. Deeper grooves act as obstacles and prevent uniform defor-
mation from occurring. Damage initiates adjacent to these grinding grooves in the
zone with strain concentration.

* The study shows that deep grinding grooves introduce the risk of damage initi-
ation from the ground surface. Deep grinding grooves are associated with high
grinding depth, deformation, and burn. Depth variation in the grinding grooves is
an inevitable characteristic of rail grinding. Despite the characteristic variations,
deep grinding grooves should be avoided or fully removed by finishing passes. An
acceptable depth seems to be defined by the material removal by wear during the
formation of the contact surface.
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MICROSTRUCTURE EVOLUTION
AND DAMAGE DEVELOPMENT IN
THE RAILS OF A SINGLE-TRACK
RAILWAY LINE AFTER PREVENTIVE
GRINDING

In sparsely populated areas single-track railway lines are still common. Despite the low-
density traffic and low axle loads, rail damage is observed to initiate in the rails of these
lines. Not only large cracks requiring repair are found, but also newly initiated, post-
grinding damage is observed. Rail specimens from the track containing representative
damages are extracted to identify the reasons for the damage initiation in the R260Mn
steel rail. At the rail surface, three years after the preventive grinding maintenance, the
characteristic grinding facets and roughness patterns are still present. White etching lay-
ers are observed to surround the residual grinding grooves, maintaining the roughness as
a result of the high wear resistance of these layers. The strain orientation at the gauge
side of the rail is uni-directional due to lateral creep in the wheel-rail contact while in the
center of the contact surface the strain patterns evidence shear stress reversal, associated
with the bi-directional traffic. The damage initiation mechanism after preventive grind-
ing is associated with low-wear conditions and stresses concentrated around long-lasting
grinding grooves. The findings show that preventive grinding maintenance specifications
for regional single-stock railway lines must be improved. Specific points of interest are
stringent requirements on the number of facets and surface roughness, as well as direc-
tions for the removal of corrugation.

This chapter is based on: B. Schotsman, J. Huisman, M.]J. Santofimia, R.H. Petrov, J. Sietsma, "Microstructure
evolution and damage development in the rails of a single-track railway line after preventive grinding", Wear,
Volumes 576-577, 2025, 206101, ISSN 0043-1648, https://doi.org/10.1016/j.wear.2025.206101.
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3.1. INTRODUCTION

In sparsely populated areas single-
track railway lines between small
towns are still common. Trains run
in both directions using the same
railway track, and pass each other
only at larger train stations along
the line, see Figure 3.1. The ser-
vice is provided by regional compa-
nies and the timetable is simple with
one or two trains per direction each
hour. The typical single-stock service
is operated with light trains designed
to meet the travelers’ specific local
needs. Under these use-conditions
the rail wear is low and, as a result,
the rail service life long. Despite the
low annual track load, damages are Figure 3:1: Impression of the, non-electrified, single track
detected in the railway rails which railway line, Zutphen - Hengelo.

require additional rail maintenance

and rail replacements. In the following, the available literature on the characteristics
of bi-directional use, the resulting wear rate, and the required preventive grinding main-
tenance on single-track railway lines are discussed with respect to deformation, damage
initiation and propagation under the specific loading conditions.

In the microstructure of the in-service railway rails three zones can be identified. At
the surface, to a depth of 50 um to 150 um, the plastic deformation is the most severe
[1]. Below this zone, the lamellar structure of the pearlitic rail steels is still recognizable
and uni-directionally sheared. The angle between the sheared lamellae and the surface
is an indication of the deformation severity [2]. At the center of the running surface of
the rail the lamellae can even be parallel to that surface [3]. The depth of the region with
measurable increase in hardness can vary from 4 mm to 10 mm beneath the rail surface
[1, 3], which is deeper than the observable deformation. This depth shifts with increasing
contact widths [4, 5].

Cracks initiated at the surface initially follow the uni-directionally sheared lamellae
structure [6]. Simon et al. [7] observed that, within the contact surface, the deformation
orientation is not uniformly distributed, introducing new crack-initiation locations.

Under bi-directional use conditions the tangential shear forces exerted on a rail,
defining the direction of deformation, are frequently reversed. Tyfour and Beynon [8]
and Zeng et al. [9] have shown, in twin disc experiments on pearlitic steels, that reversal
starts a process of microstructural re-orientation. The uni-directionally deformed lamel-
lae align with the new shear stress orientation. This process gradually progresses from
the surface downwards as the number of revolutions increases. Tyfour and Beynon [10]
further showed that cracks, if present, branch after the reversal and realign to the new
shear stress orientation.
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Rail surface wear is characteristic for railway operations and contributes to the re-
moval of rail damages [11]. On tangent railway tracks the rail wear is already low but Ty-
four and Beynon [8] and Zeng et al. [9] observed that frequent rolling direction reversal
reduces wear even further. The wear rate drops after the reversal of the tangential shear
stress direction and returns to its former rate when the microstructural re-orientation is
completed.

Grinding of rails was introduced to re-profile the rail head and correct corrugation
wear, already in the 1980s [12]. Nowadays repetitive preventive grinding is a standard
maintenance activity and a measure to prevent rolling contact fatigue damage to propa-
gate [13, 14]. Rail grinding is regulated by the EN13231-2-standard [15].

The initially continuous rail head contour is approximated by facets after grinding
and these facets are defined by grinding grooves perpendicular to the running direction.
Both are characteristic of the modern grinding systems with vertical axis orientation of
the grinding motors.

The specific energy in grinding is high, compared to other machining operations
[16]. Approximately 50% of the input energy is converted to heat during rubbing of
the abrasive particles on the surface [17, 18]. Surface temperatures will rise above the
Acs-temperature, the temperature above which full austenitisation of the microstruc-
ture takes place. White etching layer (WEL) is formed during cooling with the rail acting
as a heat sink. With the increase in material removal during grinding, and thus the con-
tact pressure of the grinding wheel, the WEL thickness increases [19, 20]. The typical
hardness of WEL is 2 to 3 times higher than the bulk hardness of the rail steel [21].

Despite the benefits of preventive grinding, the ground surface condition itself may
contain defect initiation sites. First, the ground facets are geometric deviations on the
rail head. Mesaritis et al. [22], using a full-scale test rig, observed flaking defects to ini-
tiate at the facet transition zone. Fau et al. [23] observed discrete flaking to initiate from
deep grinding grooves at the facet transition zones. Second, the WEL formation results
in hard and brittle patches at the rail surface. Cracks in the WEL layer, damage between
WEL and the bulk material [24, 25], and WEL stripes that result from singular abrasive
particle contact [26] are reported to act as defect initiation sites.

Grinding is not the only cause of WEL formation. It also arises from regular train
operations and can take place at the running surface of the rail [27, 28]. Sometimes
WEL is present together with a brown etching layer (BEL). BEL is observed between the
surface WEL and the bulk material or can be directly present at the surface [29]. There
is not yet a common view on the mechanism of origin, and different mechanisms are
proposed in the literature [30, 31, 32]. Mattos Ferreira [33] concluded, after performing
laser heat treatment experiments, that BEL originates from WEL. The BEL is formed by
tempering of WEL during successive heating cycles with lower heat penetration. The
different stages of microstructure development in BEL and the hardness over depth are
strong indicators for this. The BEL hardness is lower than that of WEL but still 1.5-2 times
as high as the bulk hardness [30].

To summarize, the current research interest is on the resulting surface condition after
high-powered rail grinding and the effect of the increased grinding frequency on the rail
service life. The ground surface may contain potential defect initiation sites [23, 26, 34,
35] and well-founded limit values for surface deviations are currently lacking.
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This work presents reasons for damage initiation in rails of single-track railway lines
subjected to low-frequency, bi-directional traffic after investigating representative rail
samples from the single-track railway line Zutphen-Hengelo, in The Netherlands. The
surface condition and microstructure of the R260Mn standard-grade rail steel used in
that railway line, are analyzed, and the contribution of preventive grinding to the oc-
currence of surface-initiated damage is considered. This study will add new insight to
the discussion on preventive rail grinding design and the critical aspects of the resulting
surface, especially for regional single-stock and bi-directional loading conditions.

3.2. MATERIALS AND METHODS

3.2.1. MATERIALS

The railway line is a 40 km single-track line, consisting of long tangent track sections
and designed to be further developed into a main line, which never happened. The rails
are annually inspected to detect rolling contact fatigue damage, to plan corrective main-
tenance and the necessary renewals. Several locations with rail damage were selected
from the inspection reports, and, after day-light inspections, two sections containing
representative surface-breaking defects of various sizes, were extracted for this study.

The standard grade R260Mn steel rail used in the line was produced in the Hayange
rolling mill in 1992, as was shown by the branding marks on the rail profile. Table 3.1
shows the chemical composition ranges and mechanical properties from the EN13674-
1-standard [36]. The actual carbon content is 0.62 wt.% which is measured using a LECO
chemical analyzer. The bulk hardness is 278 + 8 HV1.

Table 3.2 shows the traffic data that measured using a weighing-in-motion unit on
the railway line with 3% measurement accuracy on the single-axle-level. The annual
cumulative tonnage is ~1.75 Mt and the line is yearly used by 23540 trains with 157126
axles in total.

The single-stock passenger trains are Alstom LINT 41/H trains which run at 130 kmh ™!
and are equally distributed over both running directions. The average axle load of these
light vehicles is 10.9 + 0.6 tons.

The line is also used by a limited number of freight trains. In the direction of Zutphen
the locomotives, with a typical axle load of 22t, pull freight wagons and return empty,
as can be concluded from the axle load data presented in Table 3.2. The freight trains
account for only 0.7% of the total number of trains, but due to their length and high axle
loads they contribute with 6.5% and 2.3% to the total annual line load, in the respective
directions of travel.

Table 3.1: Chemical composition ranges (wt.%) and mechanical properties of R260Mn rail steel, as stated in
the EN13674-1-standard [36]

Chemical composition Mechanical properties
C Si Mn P S Cr oyrs (MPa) € (%) Hardness (HBW)
0.53-0.77 0.13-0.62 1.25-1.75 <0.025 <0.030 <0.15 880 10 275-320
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Table 3.2: Total trains and line load divided into running direction and freight and passenger trains.
Measurement period: 10 Sept 2019 - 9 Sept 2020

Trains Axles Cum. load Axle load

Direction # # (kTons) Tons(x+o)
Passenger 11608 73310 797 10.9£0.6
Hengelo
Freight 162 5174 40 815
9=£0.
Zutphen Passenger 11604 73332 796 10.9£0.6
Freight 166 5310 114 21+2
Total All 23540 157126 1747

When the annual tonnage is extrapolated over the rail life, until the rail replacement
in 2020, and assuming that the annual tonnage has remained the same, the total load is
~50 Mt. The replacement took place three years after the last cyclic preventive grinding
in 2017 and the analysis was performed in 2022.

3.2.2. METHODS

The analysis of the rails started with the visual inspection of the running surface before
sectioning. Figure 3.2 shows the local coordinate system together with the positions of
the micrographs. Y = Z = 0 is positioned at the top of the rail profile.

To prepare the specimens, the rails were first cut into slices using a water-cooled
BekaMak BMSY 320C band saw. Then the specimens were cut with a Struers Discotom-6
equipped with a ceramic blade. All specimens were mounted with Struers Polyfast and
heated and pressed according to the specification of the producer. The surfaces were
then prepared using SiC-paper with #80-#4000 grit size and polished with 3 um and 1 um
diamond polishing fluid. Etching was done with nitric acid, diluted with ethanol to 2
vol% (Nital), for 10 seconds.

Figure 3.2: Scheme of the local coordinate system, and location and orientation of the metallographic
cross-sections.

The observations are made using a Keyence VHX5000 digital microscope and a Jeol
JSM 6500F scanning electron microscope, with an acceleration voltage of 15 kV and 9.5
mm working distance, in secondary electron imaging detection mode.




3. MICROSTRUCTURE EVOLUTION AND DAMAGE DEVELOPMENT IN THE RAILS OF A
48 SINGLE-TRACK RAILWAY LINE AFTER PREVENTIVE GRINDING

Four sets of hardness measurements were performed using a Struers Durascan 70
hardness tester:

* The first set is made to determine the hardness of the undeformed microstructure
using a 10 N load for 10 seconds.

* Then, the hardness of the running surface is evaluated at the midpoint of the facets
and at the facet transition zones. The differences in hardness are used as an esti-
mate of the strain hardening of the rail under cyclic loading. A line of indents
is made at seven positions, starting at the surface to Z = =7 mm, with an indent
spacing of 0.25 mm. In this second set also 10 N load for 10 seconds is used.

* The aim of the third set is to characterize the WEL and BEL layers present at the
running surface, using a 0.5 N indenter load.

 The fourth set aims to identify the hardness distribution of the running surface as
a result of strain hardening and WEL formation for which a grid of indents with a
mutual distance of 5 mm is made. A 30N load is used for the hardness measure-
ments which limits the observation variations due to local microstructural differ-
ences and thin surface layers.

3.3. RESULTS

3.3.1. SURFACE ANALYSIS

Figure 3.3 shows the ballasted railway track with wooden sleepers on which the rail is
mounted with spring clips. The wheel-rail contact surface is light gray and contrasts
with the corroded rail. The contact surface has a width of 22 + 1 mm. At the gauge side
of the rail a secondary contact is observed. The rail is lightly touched by the wheel flange,
only removing the surface corrosion.

As a result of the preventive grinding maintenance in 2017, four facets are present,
which are numbered 1 to 4 in this study. The facets are distinguished by the partly worn
grinding grooves and the smooth transition zones separating them. Facets 1 and 2, close
to the gauge side of the rail, where the rail head radius is small, have a width of 4 mm and

Gaugeside

Secondary contact

Numbered facets

Contact surface '
74— Residual grinding

- grooves

| T . e P

Figure 3.3: Railway track construction and characteristic contact surface, just before rail sample extraction in
2020. The numbers indicate the ground facets at the contact surface.
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Figure 3.4: Rail contact surface as a result of the preventive grinding and wheel-rail contact. The deviations in
the contact surface width are depicted with dotted lines. The ground facets are numbered 1 to 4. Cracks are
present at facet 1, see i, an incipient crack at facet 2, see ii, and WEL at facet 3, see iii.

3mm, respectively. Facets 3 and 4 have a width of 8 mm and 7 mm, and are situated on
either side of the center line of the rail profile.

Figure 3.4 shows a detailed observation of the contact surface, with the facets also
indicated. At the gauge side, next to facet 1, repetitive waves with an interspacing of 49 +
2 mm are present. These waves are typical for the surface of the rail sections in this study.
The surface corrosion visualizing the waves is the result of the absence of wheel contact
and is most likely caused by local deviations in the rails’ longitudinal profile. The darker
spots, outside the contact surface at the gauge side, are formed by repetitive patches of
corroded grinding grooves.

At the field side, next to facet 4, a more gradual wave is observed and depicted with
a dotted line. A repetitive pattern of notch-like residual grinding grooves decorates the
widest points. The notch spacing is 57 + 1 mm and represents the characteristic length of
the preventive grinding process performed at 12kmh~! with a grinding train equipped
with 64 grinding motors each operating at 3600 rpm.

On the contact surface, at both sides of the centerline, shiny WEL patches are ob-
served after cleaning and light etching with Nital.

The facets 1 to 4 differ in the depth of the remaining grinding grooves. At facet 2 and
especially facet 1, the surface is smooth and the grinding grooves are only recognized by
a repetitive pattern in gray or as very shallow wrinkles. At the surface of facets 3 and 4
the pattern is clearly present and some deep, black colored residual grinding grooves are
observed.

The damages in the surface of facet 1 are smaller than at other zones on the rail
surface, exhibit a higher density and show a variety of orientations, whereas in facet 2
a larger incipient crack is observed, indicated wit ii. Figure 3.4 shows that the incipi-
ent crack is positioned close to the facet transition zone and between the deep residual
grinding grooves at the gauge side of the contact surface.

Figure 3.5 shows the surface characteristics at facet 2 and the facet transition zone.
The figure presents the surface of the same extracted rail but is taken outside the area
shown in Figure 3.4, focusing on wider residual grinding grooves in facet 2 and facet 3.
Figure 3.5A presents the surface after cleaning and light etching and Figure 3.5B shows
the hardness contour plot which is constructed from a grid of measurements. The grind-




3. MICROSTRUCTURE EVOLUTION AND DAMAGE DEVELOPMENT IN THE RAILS OF A
50 SINGLE-TRACK RAILWAY LINE AFTER PREVENTIVE GRINDING

HV
600

400

200

Figure 3.5: Detail of the rail surface. A) load-carrying surfaces, on which WEL-stripes are present (see i), sur-
round the residual grinding groove, highlighted with dotted lines. In the grinding groove damage initiations are
present, see ii and iii. B) The hardness distribution of that rail surface, showing locations of lower hardeness,
the grinding groove (blue) and locations with higher hardness and WEL (yellow/green). The regions regions
where WEL is observed are outlined by the white dotted lines.

ing grooves and the WEL are readily distinguished as the low-hardness blue and high-
hardness yellow/green regions, respectively.

Figure 3.5A shows that the residual grinding grooves are surrounded by load-carrying
surfaces and that a continuous band of WEL, indicated with i, is formed at the facet
transition zone between facets 2 and 3. The surfaces of the grinding grooves are darker
as a result of the absence of wheel contact and damage initiations, indicated with ii and
iii, are present in the grinding grooves in both facet 1 and facet 2.

Figure 3.5B shows that large hardness differences are present in the rail surface, with
strong gradients. The highest hardness of ~700 HV indicates the presence of WEL which
is supported by the surface observations in Figure 3.5A. The crack in facet 2 initiates at
the edge of the residual grinding groove.

3.3.2. CRACK PROPAGATION PATH
Investigating the subsurface crack propagation path is one of the objectives of this study.
Short cracks propagate along the lamellae orientation of the deformed pearlitic microstruc-
ture, preferentially in the pro-eutectoid ferrite [6]. Directionality in longer cracks, for in-
stance the squat defects, is visible in the difference between the leading crack planes and
the trailing crack planes. The leading crack plane, in the running direction, propagates
over longer lengths and greater depths compared to the trailing crack, developing in the
opposite direction [37, 38, 39].

Figure 3.6 shows a characteristic symmetric squat defect. Figure 3.6A presents three
of its distinguishing features: (1) the semi-elliptical crack tip with a length of 7 mm, (2)
the parallel propagation paths towards the gauge side, and (3) the material extrusion at
the side of the contact, where the crack deflects and becomes parallel to the running
direction. All features are symmetrical in both running directions, with a slightly more
pronounced development in positive X-direction.

Because of the defect size it, based on literature, Deng et al. [40] for instance, is
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concluded that the damage initiation took place before the preventive grinding main-
tenance was performed. Cracks at the surface tend to shift towards the center line of the
rail due to grinding. A displacement as much as 3 mm can occur [40]. The actual posi-
tion of the semi-elliptical crack tip is close to the facet transition zone between facets 2
and 3.

Figure 3.6A shows a dark spot that is formed at the rail surface (see 7). Locally re-
duced contact allows for the build-up of intermediate surface layers to form the dark
spot. It indicates, together with contact surface widening (see ii), the presence of a sub-
surface crack plane [37]. The increased wheel slip causes longitudinal slip marks, see iii,
spalling, and WEL formation. The arrow, see iv, indicates the probable displacement of
the wheel-contact area.
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Figure 3.6: Symmetric squat defect with semi-elliptical crack tip. A) Three distinguishing features are indicated:
(1) the semi-elliptical crack tip, (2) the parallel propagation paths, and (3) the deflection of the crack path. The
dark spot, see i, is the result of intermediate-layer build-up and evidences the subsidence of the surface. The
contact surface shows widening, see ii, longitudinal slipmarks, see iii, and spalling of material. The arrow
indicates the probable wheel-contact displacement, see i v. B) 3D-representation of the subsurface crack plane
composed of all contour lines after surface milling. The arrow indicate crack initiations present at a similar
transverse position.

Figure 3.6B shows the subsurface crack plane situated under the dark spot in Figure
3.6A. Each line represents a crack contour observed at the milled surface. During each
of the first 20 milling passes a layer thickness of 0.05 mm is removed, followed by 0.1 mm
per pass until the crack was fully removed. Two additional superficial U-shaped cracks
were found close to the crack tip, both initiated at a similar Y -position. These cracks are
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indicated by the arrow in Figure 3.6B.

At a distance from the surface, Z = —2 mm, shallow crack branches are found. Crack
branching and the subsequent development of parallel crack planes is a known propa-
gation sequence [37]. These secondary cracks initiate at a later crack propagation stage.
Therefore crack length and the distance to the surface are no indication for the moment
of initiation.

The subsurface crack plane develops in —Y-direction, towards the field side of the
rail, and in both longitudinal directions. The saddle-shaped plane forms a plateau at a
depth of Z = -3.1 mm and Y = —2 mm. Initially, the crack propagates at a high angle and
then deflects to a shallow crack plane orientation of 11°. The crack plane bends upwards
at the field side.

The crack plane was assessed on a longitudinal section through both crack tips to
study the propagation in the longitudinal directions. The crack plane pointing in X-
direction is slightly longer, and from Z = —4.0 mm a crack plane propagation angle of
24° is observed. The crack plane reaches a depth of Z = —5.8 mm at Y = 5mm. In the
opposite direction, at the similar Y -position, a crack plane angle of 30° is found between
Z =—-4.0mm and Z = —-5.1mm. A deflection of the crack at the deepest point of the
plane, indicating the onset of growth acceleration, has not been observed in this work.

The observations of the crack propagation path show the symmetry in the subsurface
crack planes. Only minor differences in the orientation, length, and depth are present in
both longitudinal directions. The equal shape and dimensions of both crack planes, and
the initial high propagation plane angle, are notable differences from the observations
in rails with unidirectional traffic.

3.3.3. CROSS-SECTION ANALYSIS
Cross-sections of the four facets are studied to identify local hardness variations, specific
deformation characteristics, and local WEL formation.

Pearlitic rail steels are known for their strain-hardening behavior and the exceedance
of the yield limit results in an increase of the hardness and strength [41]. Figure 3.7 shows
the hardness distribution of the contact surface with in Figure 3.7A the measured hard-
ness profiles in blue for facets 1 and 2, and in red for facets 3 and 4. Figure 3.7B presents
the corresponding measurement positions on the cross-section.

The hardness in facets 1 and 2 is 301 + 7 HV close to the surface and decreases gradu-
ally to the measured bulk hardness at a distance of 5mm. The hardness at facets 3 and 4
only shows an increase at a distance 3 mm to 4 mm while close to the surface no increase
in hardness is measured. The hardness variation in the running surface is an indication
of uneven contact stress distribution in the running surface. The subsurface increase is
most likely caused by the maximum subsurface stress from the wheel-rail contact patch
[41.

Figures 3.8A-D show the cross-section of facets 1 to 3 to observe the surface, which is
virtually free of corrosion, and the microstructure. Figure 3.8A presents the facet transi-
tion zone between facets 2 and 3. Locally no WEL is present at the surface. The WEL de-
tachment, indicated in the figure, forms a damage initiation site that has been reported
in the literature [25, 29, 42].

Figures 3.8B and 3.8C show the surface of facet 2. The lens-shaped WEL at the surface
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Figure 3.7: The hardness distribution below the running band. A) Graph presenting the hardness measured
on the cross-section of facets 1 and 2 in blue and facets 3 and 4 in orange. The hardness is measured from a
distance of 0.25 mm to the surface, until 7 mm distance. B) The location of the hardness indents on the cross-
section. The colors correspond with the colors in the graph.

2T |

Figure 3.8: Cross-section of facets 1 to 3 observed in X-direction. A) At the facet transition zone between facets
2 and 3 is locally no WEL observed. WEL-detachment is indicated with the arrow. B) WEL is present at the
surface of Facet 2. The observed crack does not propagate into the bulk. C) WEL is present, see i, and partly
embedded in BEL, see ii. D) Unidirectional deformation is present beneath the surface of facet 1, see i, and a
superficial crack is present, see ii.
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is embedded in a BEL, evidencing a history of slip events. The crack in Figure 3.8B starts
at a corrosion pit and propagates through these layers, but the stresses do not exceed the
critical level to grow the crack into the bulk material. This is highlighted by the inserted
SEM image in which the lines depict the WEL and BEL boundaries.

In facet 2, close to facet 1, the lens-shaped WEL is partly embedded in BEL, which is
in Figure 3.8C indicated with i and i, respectively.

Figure 3.8D shows the surface of facet 1. This surface is WEL free and subsurface de-
formation is present. The deformation orientation is in Y -direction, towards the gauge
side of the rail, see i, and the maximum depth of deformation is ~50 um. The orientation
suggests the presence of a shear stress component in the wheel-rail contact that points
in that direction. The superficial crack, indicated with ii, is one of the many cracks ob-
served in facet 1.

3.3.4. LONGITUDINAL SECTION ANALYSIS

Figure 3.9 shows the micrograph of the surface condition in facet 2, closest to the transi-
tion to facet 3. Although the WEL surface is corroded, the presence of thick WEL and BEL
indicates a history of wheel slip events. The total thickness of WEL and BEL is ~80 pm,
allowing hardness measurements to be carried out. The hardness of the WEL is 828 HV,
which increases to 859 HV at the WEL-BEL interface. The hardness of the BEL is sig-
nificantly lower, between 650 HV and 700 HV. WEL and BEL layers are prone to crack
initiation [24, 32, 42]. In this micrograph a crack is present, which is one of a group of
closely clustered cracks. None of these cracks propagates into the bulk material.
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Figure 3.9: Longitudinal section of Facet 2, closest to the facet transition with facet 3. A 80 um corroded WEL
and BEL is present at the surface. The graph presents the measurement results at the corresponding measure-
ment positions.
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Figure 3.10: Longitudinal section of Facet 2, closest to the facet transition with facet 3. The observations are
made using high-magnification SEM. A) Damage initiates, see i, between the oxide-filled irregularity, see ii,
and the WEL patch at the contact surface. Wrinkled pearlite lamellae are present at the edge of the WEL, see
iii. B) A wear tongue and s-shaped deformation patterns, associated with the bi-directional use of the railway
line, are present, see i. Wrinkled pearlite lamellae evidences multiple deflection occurrences, see ii.

Figure 3.10 shows micrographs from the same specimen as shown in Figure 3.9. Fig-
ure 3.10A presents the surface which is defined by a rough zone next to a WEL. The WEL
has a smooth surface and is ~3 um thick. The pearlite lamellae at the edge of the layer,
indicated with iii, are wrinkled. The rough zone is filled with debris and detached layers,
see i1, which is an indication of the absence of wheel contact. Two cracks are observed,
although some over-etching limits the observation clarity. The first crack initiates at the
bottom of the irregularity, and the second at the edge of the WEL patch, which is indi-
cated with i.

It is known that the dominant direction of the tangential shear forces defines the
deformation orientation [25, 28, 32] and also that, in this study, the shear stress direction
reverses after almost every train passage. Figure 3.10B shows the microstructure close to
the surface.

A 10um refined surface layer is present which is the result of intense plastic defor-
mation [1, 7]. Wear tongues are pointing in the X-direction, see i. The full black line
highlights the long C-shaped deformation with a sharp S-shaped pattern, closer to the
surface. This pattern is concentrated in a band which is marked by a dotted line. Wrin-
kled lamellae are sometimes observed in pearlite as a result of compression or thermal
contraction. The wrinkled lamellae, indicated with ii, show evidence of multiple deflec-
tion occurrences and it is concluded from the sharp bending and amplitude variations
that these are the result of external shear stress reversal. This specific pattern was also
observed by Tyfour and Beynon [10] in rolling direction reversal experiments.
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3.4. DISCUSSION

The contact surface condition that is characteristic of this railway line is the result of
the rail maintenance and the single-stock and bi-directional use. In this section the ob-
served inhomogeneous wear, surface hardening, and damage initiation mechanisms are
discussed with respect to the low axle load, low traffic density and observed damage.

3.4.1. INHOMOGENEOUS WEAR AND LOADING

Preventive maintenance grinding was performed in 2017 and ~5 Mt of train traffic has
rolled over the ground surface until the rail sections are extracted in 2020. The grinding
maintenance has introduced facets on the surface which are recognizable by the pres-
ence of grinding grooves having similar orientations. Figure 3.4 shows that the surfaces
of the transition zones between the facets are relatively smooth. At the surface of facets 1
and especially 2, some remains of the grinding-related roughness are present, whereas at
facets 3 and 4, transverse grooves are still shown and surrounded by a rougher surface.
These differences in surface condition are the result of local differences in the contact
conditions and rail wear.

With the simple wear law of Archard, Q = AFyyp/H [43], the wear volume Q is pre-
dicted from the loading conditions, normal force Fy and sliding distance yp, and H the
surface hardness. A is a constant. The wear mechanism described by Archard is the
formation of wear slivers during asperity encounter and plastically deform, under the
influence of applied load and slip.

The normal load and the micro-slip in the wheel-rail contact are not homogeneously
distributed as a result of the conical wheel tread and the rail-head curvature, resulting in
hardness differences of that surface. Although the wear rate changes with the increase
in surface hardness, locations with highest deformation and wear are assumed the lo-
cations with highest value of Fyp in the wheel-rail-contact, no increase in hardness is
expected when Fyyp is low.

Figure 3.7 shows the hardness distribution along the contact surface. The bulk hard-
ness of the R260Mn rail steel is 278 + 8 HV 1 and it is observed that the same hardness is
present at facets 3 and 4. But in facets 1 and 2, the hardness is higher. From the observed
differences in hardness, and the observed microstructure deformation in facets 1 and 2,
it is concluded that WL is higher in facets 1 and 2 compared to 3 and 4, which explains
the observed differences in surface wear.

Tyfour and Beynon [8] observed that the unidirectionally strained pearlite starts to
realign with the new shear stress direction after reversal of the rolling direction. It is
therefore expected that the bi-directional traffic conditions result in the reorientation in
the microstructure. More importantly, Tyfour and Beynon [8] also observed a temporary
but significant reduction in wear rate after rolling direction reversal, which only raised
to the former level when the realigning was completed.

The uniform straining of the pearlite lamellae in the microstructure at facets 1 and
2 is directed towards the gauge side of the rail. This deformation orientation is the re-
sult of the running-direction independent lateral slip, which is always directed towards
the track center. The slip forces in the wheel-rail contact play an important role in the
guidance and stable running of trains [4]. Johnson [4] has made a distinction in slip di-
rections. Longitudinal micro-slip, in X-direction, lateral micro-slip, in Y -direction, and
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spin. Longitudinal micro-slip is the result of traction and braking. The lateral micro-slip
results from small yaw angles between the plane of the wheel and the rail and contributes
to the self-centering of the wheelset. Spin is the angular velocity relative to the rail, which
occurs when the plane of the contact is not parallel to the wheelset axis of rotation, i.e.
the axle. Spin is typically strongest at the gauge corner and the gauge face.

The deformation beneath the surface at the contact extreme at the gauge side can
be explained as follows. With the change in running direction, it is evident that the trac-
tion direction changes as well, and, as a result, the longitudinal micro-slip direction.
The self-centering forces, in Y-direction, balance the train, supported by conical wheels
mounted on a rigid axle, between the two rails. The lateral slip direction is therefore in-
dependent of the running direction and causes the deformation orientation as observed
at facets 1 and 2.

The frequent reversal provides a reliable explanation for lower wear in the contact
center while the higher load and the unidirectional share in the slip cause a relatively
high wear rate. These different loading conditions on the top of the rail and in facets 1
and 2 explain the observed inhomogeneous wear of the rail surface.

3.4.2. WAVINESS AND WEL FORMATION

Waviness is observed at both sides of the running surface, indicating a variation in the
contact surface width. This variation in width is, in itself, a result of a periodic irregu-
larity in the longitudinal rail profile, a surface topography with ripples [44]. The highest
points are indicated as ‘hill’ and the lowest as ‘valley’. The presence of these ripples cause
differential wheel-rail contact conditions.

The periodic deep residual grinding grooves in facet 4 indicate that this is the char-
acteristic length of the preventive grinding. Between both grooves in facet 4, in adjacent
facet 3, a sharp notch is present, indicating a pattern shift between both facets. This pat-
tern shift in single-pass grinding is caused by the longitudinal placement of the multiple
grinding motors in the grinding train. The wavelength at the gauge side of the rail, being
49 + 2mm, is shorter. This wavelength might be caused by prior grinding maintenance.
However, the absence of repetitive grinding grooves could also point to short-pitch cor-
rugation as the cause.

Short-pitch corrugation is a differential rail wear mechanism resulting in a periodic
irregularity of the contact surface. Grassie and Kalousek [45] showed rail corrugation
wavelengths from 500 mm to 1500 mm for light-rail railway lines. These wavelengths are
caused by P2-resonance which occurs when the unsprung mass of the train excites the
track. Li et al. [46] observed that the wavelength is best explained by the pinned-pinned
frequency of the rail itself, which is 400 Hz to 1200 Hz. This frequency range corresponds,
at the line speed of 130 kmh™!, with a wavelength of 30 mm to 90 mm. Short-pitch cor-
rugation is generally observed to have a pitch of 25 mm to 80 mm [46, 47].

When a periodicity in the longitudinal profile is present, the resulting contact stress
variations will also cause differences in the rail surface. Wild et al. [44] studied the rail
surface with severe, 35 mm wavelength, short-pitch corrugation. They observed WEL to
be present at the hill of the ripple, while in the valley strong plastic deformation is ob-
served. The WEL observed by Wild et al. [44], is lens-shaped, shows an abrupt transition
to the bulk and has a hardness between 767 HV and 915 HV. Steenbergen and Dollevoet
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[24] and Pan et al. [28] have attributed these characteristics to WEL that is wheel-slip
induced.

Crack initiation at the ‘hill’ of the rail corrugation is observed in high-speed railway
lines, and is named ‘belgrospi’ after Belz, Grohmann, and Spiegel [48]. It is in this study
shown that WEL is present at hill parts of the running surface, which is in agreement
with the observations by Wild et al. [44]. Although several researchers [25, 29, 37, 49],
associate the presence of the hard and brittle WEL in itself with defect initiation, the
cracks in the WEL and BEL layers in this work are not observed to penetrate into the bulk
material. Therefore, it is concluded that a different mechanism takes place.

The incipient crack has initiated in the valley of the corrugation wave at the running
surface, as shown in Figure 3.4. Wild et al. [44] showed that wheel-rail contact in the
valley zones results in lamellae that are strained parallel to the surface. Rolling contact
fatigue cracks tend to initiate between these elongated lamellae. Simon et al. [7] studied
the strain orientation within the rail steel to explain the incipient squat initiation posi-
tion. They observed that the deformation underneath the contact surface is not uniform
as a result of the shear orientation distribution in the wheel contact. Squats are found to
initiate preferentially at positions where bands with opposing deformation orientations
meet.

Observations on the metallographic cross-sections have shown that, as a result of the
bi-directional traffic conditions, different deformation orientations meet at the initiation
position of the incipient crack in facet 2, closest to facet 3. The deformation in the lateral
direction, as observed in Figure 3.8, is reinforced with every train passage, independent
of the running direction. This deformation is also evidenced by the local increase in
hardness, as shown in Figure 3.7. In the longitudinal direction only shallow C-shaped
deformation is present.

3.4.3. DAMAGE MECHANISM

At the rail surface a global and a local damage mechanism are observed. In the previ-
ous section the focus was on short-pitch corrugation and the associated WEL and de-
formation, which are collectively considered the global mechanism facilitating damage
initiation.

The specific local surface conditions, at the damage initiation position of the incipi-
ent crack, are examined in more detail. This is of interest since the cracks like the sym-
metric squat defect presented in Figure 3.6 appear to have initiated at a similar position.

Local damage formation has been explained by different researchers based on dif-
ferent aspects of surface conditions. Steenbergen and Dollevoet [24] and Mojumder et
al. [29] observed damage to initiate at, or close to the interface between the WEL patch
that is formed at the surface, and the deformed material that is surrounding it. Deng et
al. [40] observed that defects may initiate due to the local contact stress concentration
at the edge of a depression when present on the running surface.

The surface condition after grinding was studied by various researchers to explain
grinding-related damage initiations. Fau et al. [23] and Mesaritis et al. [22] observed
that contact stress concentrations in the facet transition zone may result in damage ini-
tiation. The differences in shear stress orientation at the surface, as previously men-
tioned, cause different strain orientations. Simon et al. [7] observed squats to initiate at
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the interface of bands having opposing deformation orientations.

The damage initiation position in facet 2, closest to facet 3, may be considered as
the transition zone between the surface condition formed under the influence of rolling
direction reversal and the surface state resulting from lateral slip. Tyfour and Beynon
[8] experimentally observed a reduction in the wear rate directly after rolling direction
reversal, which may contribute to the formation of the surface condition.

Although the surface at facet 2 is relatively smooth, residuals of the grinding rough-
ness are still locally present. These residual grinding grooves are surrounded by WEL-
coated contact surfaces.

The local damage mechanism is related to the surface condition that arises after
grinding. Under the specific loading conditions, wear is insufficient to remove the grind-
ing roughness completely. And when there is a build-up of WEL in a region of residual
grinding grooves, it is observed that cracks typically initiate at the root of the groove close
to the facet transition. The surface crack subsequently follows the edge of the grinding
groove.

3.4.4. CRACK PROPAGATION

The low-axle load and bi-directional traffic influence the crack propagation in two ways.
First, under the bi-directional traffic conditions no dominant running direction is present.
Second, a crack plane orientation, due to the presence of only shallow wrinkled lamellae,
is not evident.

Zerbst et al. [5] observed that, at shallow depth, the crack propagation plane is mostly
defined by the shear stress orientation and is therefore expected to propagate in the run-
ning direction first. In most cases the propagation is at a 10° to 20° angle with the surface,
and deflects at a limited depth to follow an approximately 35° propagation angle. Also
Grassie et al. [50] and Steenbergen and Dollevoet [37] observed, under uni-directional
traffic conditions, a shallow angle crack propagation plane close to the surface.

Although both the preventive grinding maintenance and wear have changed the sur-
face and removed the actual damage initiation conditions, the 3D-representation of the
crack plane in Figure 3.6B shows that the crack propagation angle, directly beneath the
surface, is relatively high. No deflection of the crack plane occurs until a crack depth of
~2mm is reached. Tyfour and Beynon [10] observed that, after rolling direction rever-
sal, cracks re-initiated and branched to align with the reversed stress orientation. Re-
initiation takes time and may not occur due to the frequent reversal of the shear stress.
Under these conditions, a relatively steep crack orientation may occur. The subsurface
propagation is not guided by the deformed lamella orientation as a consequence of the
limited microstructural deformation but by the principal stresses only.

At the railway line the passenger trains are symmetrically distributed in number and
weight, only the freight trains running to Zutphen have a significantly higher axle load.
The crack plane orientations pointing in both running directions are fairly symmetric,
although the increased traction forces may explain the observed difference in propaga-
tion plane angle, as, provided uni-directional rolling conditions, a leading crack plane of
a squat rail defect, pointing in the running direction, is longer and deeper compared to
the steep trailing crack plane, propagating against the running direction [37, 38, 39, 50].

The observed crack plane in Figure 3.6, propagating in Y -direction, towards the field
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side of the running surface, shows an angle of 11° with respect to the horizontal plane
and reaches a depth of 3.1 mm. The cracks that propagate beyond that depth do not
longer form a continuous contour, and the crack planes in both longitudinal directions
are not connected anymore. The crack plane branches to a more shallow propagation
angle of 30° in +X-direction, the direction of Hengelo and —24° in —X-direction, to-
wards Zutphen. It is known that the increase in traction, and therefore in tangential
shear stress, moves the principal shear stress to the surface [4], and in these situations,
the subsurface cracks tend to propagate at a shallow angle, although with depth the in-
fluence of shear stress and contact stress diminishes. Bending and mode Il shear become
more important [5].

Tyfour and Beynon [10] observed cracks to branch, in rolling-direction reversal ex-
periments, aligning with the new shear stress orientation. In this study no crack path
re-orientation is observed which may be caused by the frequent reversions and the lim-
ited number of load cycles to re-initiate a new crack path. The crack plane being steep-
angled may nevertheless be explained by the crack path re-orientation mechanism.

3.5. CONCLUSIONS
The main purpose of the present work is to identify the reasons for damage initiation in
rails of single-track railway lines. It is concluded that:

* The running surface sees differential wear rates. Facets and grinding grooves of
preventive grinding maintenance are still present at the center of the contact sur-
face after ~5Mt of train load, but are worn off at the gauge side. S-shaped defor-
mation of the lamellae underneath the contact surface is caused by the reversal of
the shear stress. The hardness increase below the center of the contact surface is
small, and the thick WEL indicates the presence of strong wheel slip. The pearlite
lamellae show unidirectional strain deformation close to the gauge side which is
explained by the rolling-direction independent lateral slip in the wheel-rail con-
tact.

At the contact surface of the rail a global and a local damage mechanism are ob-
served. The global damage mechanism is caused by corrugation. Corrugation was
not entirely removed during the last preventive maintenance grinding cycle. As a
consequence of the longitudinal waviness in the rail surface, WEL patches emerge
at the hill part of the ripple. A novel observation is the damage initiation in the
valley part of the rail corrugation.

* The local damage mechanism is related to the surface condition that arises after
grinding. Under the specific loading conditions, wear is insufficient to remove the
grinding roughness completely. Before the roughness is removed, WEL builds up
around the grinding grooves and damage may initiate as a result of stress concen-
tration at the facet transition and WEL interface.
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* The symmetric squat defect mapped in Figure 3.6 develops a subsurface saddle
shape, displaying crack propagation in lateral and both longitudinal directions.
The ‘crack saddle’ reaches a depth of 3.1 mm, and bends upwards at the field side.
Beyond that depth, independent crack propagation takes place in both running
directions. The observed close similarity in crack plane lengths and angles is ex-
plained by the bi-directional traffic, causing crack growth under reversing shear
stresses of equivalent magnitudes.

» The preventive grinding maintenance specifications for regional railway lines must
be improved based on the observations in this study. Stringent requirements on
surface roughness and the minimum number of facets will reduce the number of
potential crack initiation sites. These specifications should also include directions
for the removal of short-pitch corrugation. Moreover, the presence of corrugation
requires additional material removal to avoid damage to initiate in the ripple val-
ley.
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A TWIN-DISC STUDY ON SURFACE
FRICTION AND SURFACE
CONDITIONS OF RAILWAY STEEL
UNDERGOING ROLLING CONTACT
FATIGUE

Resurfacing of rails in railway tracks is a recurring maintenance activity to prevent rail
damages from developing. The surface condition after resurfacing is completely different
from theinitial state. As soon as the first train wheels roll over, a breaking-in process begins
during which geometric conformity and a stable coefficient of friction between train wheel
and railway rail are achieved. This experimental study aims to compare the breaking-in
behavior of five different surface conditions, which may be present after rail maintenance.
For that purpose a twin-disc experiment was performed. The results show that the instan-
taneous coefficient of friction between the test disk and the counter disk, the load cycles
until the first increase in the coefficient of friction and the levels reached, depending on
the surface condition after resurfacing, show large differences. It is observed that defor-
mation of surface roughness asperities facilitates fast contact surface formation and when
wear of machined feed marks or strain-hardened material is required to achieve confor-
mal contact, it takes much longer. Additionally, if the breaking-in process takes more load
cycles, the risk of spall formation and the formation of a thick oxide layers increases. This
study is a first exploration of the consequences of repetitive resurfacing and the subsequent
breaking-in on the durability of the resulting contact surface that is formed.

This chapter is based on: B. Schotsman, M.J. Santofimia, R.H. Petrov, J. Sietsma, "A twin-disc study on the
surface friction and surface conditions of railway steel undergoing rolling contact fatigue", submitted.
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4.1. INTRODUCTION

Resurfacing of rails in railway tracks is a recurring maintenance activity to prevent rail
damages to develop. This resurfacing is part of a planned preventive maintenance pro-
gram designed to reprofile rails, to remove small dents and shallow damages, in order to
avoid of rolling contact fatigue cracks to propagate. The typical technology employed for
preventive maintenance is rail grinding, although the share of milling is rising. Milling
is, for rail maintenance, a newer technology, typically used to remove larger damages,
like cracks.

The resurfacing of rails, either by grinding or milling, results in a fresh rail surface
of which the surface characteristics vary with the material removal, choice of abrasives,
tool design, and tool wear.

With the first train wheels rolling over the freshly resurfaced rail, a process of breaking-
in starts [1]. Breaking-in consists of simultaneously occurring processes to form a con-
tact surface able to transfer traction forces of trains. During breaking-in the conformity
of surfaces increases and a stable coefficient of friction between wheel and rail is reached
[1,2].

Processes at work to achieve geometric conformity are wear and deformation [1]. An
important step in this is to reduce the surface roughness that has arisen during resur-
facing. Akagai and Kato [3] have shown that one of the processes that causes roughness
reduction is the plastic deformation of the asperities, named ‘filmy wear’. Kapoor [4] has
shown that slivers can be formed due to the presence of a contact stress concentration at
the contact edges. Before Akagai and Kato [3] and Kapoor [4], Blau [5] already presented
a cyclical deterioration model for unlubricated contacts, which describes the recurring
processes at the surface. First plastic deformation of the surface and near subsurface
takes place under ongoing deformation, causing the formation of flakes. Subsequently,
the flakes are removed, and, as the remaining plateaus have to bear the load, these start
to fracture as well.

The resurfaced rail may be partially coated with a hard and brittle white etching layer
(WEL), which is the result of frictional heat generation at the tool tip or in friction zones
of abrasives, and subsequent fast cooling [6, 7]. The presence of a WEL may retard con-
tact surface formation, although evidence is limited and inconclusive. Mesaritis et al.
[8] showed that most WEL fractures as a result of deformation in the wheel contact, and
is subsequently removed. Nevertheless, it was also observed that the remaining WEL is
enclosed in the contact surface, causing local stress concentrations [9, 10, 11].

The rise of the coefficient of friction requires removal of surface contamination and
hydroxides before a protective oxide layer can form at the surface. This layer typically
consists of hematite, a-Fe,O3 [12, 13]. Strain hardening associated with wear processes
accelerates the formation of this surface oxide [14]. During the formation of the oxide
layer, small, powdery wear particles are oxidized, while larger wear particles remain pas-
sive and are removed from the contact surface [14]. If contact conditions are such that
the oxide layer is not formed or is fractured and removed, the surface may exhibit a high
coefficient of friction resulting in catastrophic wear. [15].

Under specific conditions the oxide layer can develop into a ‘marble cake’, a mixture
of oxides and partially oxidized wear debris [16] which contributes to the reduction in
wear and friction coefficient [17]. Fretting, adhesive wear under small oscillatory move-
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ments, which has a limited ability to remove wear debris, is such a condition [12].

Due to cyclic resurfacing, the contact surface must, after each maintenance cycle, be
formed again. Although in the literature little evidence is found, it is expected that the
load cycles required to form the contact surface will depend on the type of resurfacing
operation and the typical surface condition.

To study the formation process of the contact surface under controlled conditions
a twin-disc test setup is used. The use of frequency-controlled motor drives in the test
setup allows for well-controlled, low-speed differences between the test discs, actually
approaching the in-track conditions [18], and allow the assessment of the temporary
friction coefficient between the two discs [2].

Several test setups have been developed and presented in the literature. These setups
vary in test disc size, the geometry of the contact between the discs, and the option to
introduce controlled lateral speed differences. Fletcher and Beynon [18] introduced the
Sheffield University ROlling Sliding (SUROS) twin disc test setup. Ishida and Satoh [19]
developed a test setup to reproduce specific shelling defects that have been observed
in the Shinkansen lines, the Japanese high speed lines. In the current study the Dekra
Rail test setup is used, which was constructed for research on wheel-rail-squeal noise
control [20] and was later upgraded and modernized to study rolling contact fatigue de-
velopment in rail steels [2]. With this setup it is possible to adjust the angle of attack,
which introduces, similar to wheel-rail contact in curved track sections, lateral speed
differences into the contact.

Twin disc tests machines are typically scaled models, and, for validly of the results,
the physical laws involved need to be considered [2]. For test results to be representative
of the full-scale situation, Jaschinsky [21] has determined that, for Hertz contacts and
low speed differences, a similar ellipse ratio, a/b, with a being half of the contact width,
and b half of the contact length of the contact ellipse, must appear in the contact in the
full-scale test and the scaled test.

The research objective of this experimental study is to evaluate differences in breaking-
in behavior between surface conditions that may initially be present as a result of recur-
ring rail maintenance. The formation of the contact surface starting from the different
surface conditions, the resulting surfaces and subsurface deformation, are studied. Rep-
resentative contact stresses and speed differences for curved track sections were calcu-
lated using multibody simulations, and are applied.

4.2. MATERIALS AND METHODS

4.2.1. MATERIALS

Table 4.1 shows the chemical composition and mechanical properties of R370CrHT rail
steel, as specified by the rail producer. This steel type was selected because it is the
standard for curved track sections in The Netherlands. The combined carbon and man-
ganese content of the steel results in a hypereutectoid composition [22]. To suppress
the undesirable formation of pro-eutectoid cementite, silicon is added, which also con-
tributes to the reduction of lamellar thickness.
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Figure 4.1: Pearlite microstructure of R370CrHT steel. A) Optical micrograph showing the equi-axed grains.
B) Secondary-electron micrograph presenting the lamellar structure. The cementite lamellae appear light, the
ferrite is dark.

Table 4.1: Chemical composition (in wt%) and mechanical properties as shown on the 3.1-materials certificate.
The hardness is measured on the centerline of the rail head surface, as prescribed in the EN13674-1-standard
[26].

C Mn Si Cr Fe

Composition [wt%] 0.76 0.92 0.62  0.51 bal.
R, [MPa] R, [MPa] ¢€[%] Z[%] Hardness [HBw]

Mechanical properties 1314 876 13.7 425 394

The rails were formed by hot-rolling, and were then air-cooled below the austenitic
temperature, re-austenitized, and controlled accelerated-cooled to refine the lamellar
thickness. The chromium addition influences the transformation kinetics, reduces the
prior austenite grain size [23], and promotes a-formation in the steel, which results in a
low subsurface hardness gradient. The hardness of the rail steel is 387 + 3 HV1.

Figure 4.1 presents micrographs of the microstructure. Figure 4.1A shows the equi-
axed grains and Figure 4.1B shows the lamellae in the pearlite microstructure. The pearlite
colony size and lamellar thickness were determind using a mean linear intercept method
[24, 25], and are 4.4 + 0.5 um and 81 + 4 nm respectively.

The mechanical properties as presented in Table 4.1 were determined by the rail pro-
ducer in a monotonic tensile test as prescribed by the EN13674-1-standard [26]. The
ultimate tensile strength, R,,, was determined by dividing the maximum force by the
undeformed transverse area of the tensile specimen. The 0.2%-offset yield strength, R,,
is the stress at which the 0.2% offset elastic strain intersects the stress-strain curve. The
plastic elongation at fracture, ¢, is calculated from the measured increase in length of
the parallel section of the specimens, and the area reduction, Z, is calculated from the
measured diameter in the necked area. The hardness is measured at the centerline of
the rail head after removing 0.5 mm from the surface [26].
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4.2.2. EXPERIMENTAL PROCEDURE

The objective of the experiment is to study the course of breaking-in of various initial
surface conditions. For this purpose, an experiment was designed in which, using a con-
ditioned test setup with two discs, and a predefined contact pressure and tractive shear
stress are exerted on the disc surface, which are representative of the conditions on track.

First, the contact pressure is calculated. Hiensch and Steenbergen [27] performed
multibody simulations to determine the mean contact pressure and slip for passenger
trains rolling through a 1200 m radius curve. The simulation showed that a mean con-
tact pressure of 1050 MPa, a 2 mrad yaw angle, and a a/b-ratio of 2.7 are expected. The
2 mrad yaw angle causes a lateral slip of y), = tan ¢ = vy /vx = 0.20 % in the contact zone
[28], with vy the speed of the wheel in Y-direction, and vy the speed in X-direction.

Schotsman [29] performed similar multibody simulations for a case study, using the
actual track design and train speeds. The track section has a curve radius r = 2257 m and
a 2%o slope. The calculated mean pressure, p,,, on the new UIC 54E5-profile [26] is py, =
1265 MPa and on the measured profile is p,;, = 643 MPa. The calculated a/b-ratios were
1.66 and 0.83 for the new and measured profiles, respectively.

Table 4.2 presents the material and the geometry of the test disc and the contra disc.
The geometry is defined by the disc radius, ry, and the radius of outer surface, ry,. The
normal force, exerted on the disc, Fiy = 900 N, results in a mean contact pressure of p,, =
0.93 MPa.

Table 4.2: The design of the test disc and the contra disc, the normal load, and the resulting contact pressure
for the selected disc geometries.

Material Disc geometry ‘ Loading conditions
Test disc R370CrHT ry1=785mm | Fy 900N
ry1 =10mm Mean contact pressure  0.93 MPa
Contradisc C45-steel I'y2 =240 mm Von Mises stress (max) 0.82MPa

(material nr. 1.0503) 72 =00

Tractive wheels of trains, rolling over rails, rotate, as a result of the applied driving
force, slightly faster than expected given the train’s forward speed. A traction curve de-
scribes the relation between the level of slip, and the traction coefficient, defined as the
traction force, Fy;, divided by the normal force, Fy [30]. During breaking-in, traction
curves typically shift to lower levels of slip. Low levels of slip are associated with a low
wear rate and low heat generation, whereas situations with slip saturation, the wear rate
and heat generation may be high.

Because of the aforementioned characteristics, the experimental procedure is di-
vided into two stages. During the first stage, until the coefficient of friction between
the discs has increased and a steady state is reached, the traction force Fy, is controlled
and the slip velocity is regulated to be below 0.6 %.

In the second stage, the procedure developed by Hiensch and Burgelman [2] is ap-
plied. Hiensch and Burgelman used Burstow’s wear function to determine the traction
forces. Burstow [31, 32] introduced an empirically determined function consisting of
shear force, here represented as Fc, and slip, v, in the wheel-rail-contact.

Fcy = Fcxyx+ Feyyy + Fey, 4.1)
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Figure 4.2: Scheme to control the test condition F¢y in the second stage of the test. A) The Kalker Fastsim
simulation provided the relation between the traction coefficient, Fj;/F)y, and longitudinal slip for various
values of p. B) The Kalker Fastsim simulation also provided the relation between F¢y and longitudinal slip for
various values of y, provided the 2 mrad yaw angle. C) Procedure to regulate Fcy within the predefined value
ranges.

with F¢ being the creep force, y the longitudinal slip, y, the lateral slip, and v the spin.
The function was developed for R220-rail steel and is widely used in the railway industry
to predict the number of load cycles until rolling contact fatigue crack initiation. It has
recently been calibrated for R370CrHT rail steel by Hiensch and Steenbergen [27].

Kalker Fastsim wheel-rail simulations [33] were made for the experiment to estab-
lish the relations of tractive force relative to the normal force, Fy/Fy, Fcy and slip for
coefficients of friction between both discs ranging from p = 0.10 to 0.40.

Figure 4.2 shows the schematic representation of the procedure for this second stage,
to regulate Fcy-value once the coefficient of friction is stabilized and F¢y is expected to
fluctuate only mildly. Figure 4.2A shows that first the coefficient is read from the graph.
Then the actual Fcy can be read from Figure 4.2B. Fys is adjusted to bring Fcy to the
predefined level.

The test performance is divided into separate runs of 3000 to 6000 load cycles. Before
and after each run, the disc surface is cleaned using a degreasing agent. Prior to the test
start a calibration run is performed to set the differential circumferential speed readings
of both discs to zero. This calibration run of much less than 1500 cycles, is short. The
roughness of the contact surface is measured without removing the disc from the test
setup. Measurements were performed according to the EN-ISO4287-standard [34] using
a Mitutoyo SJ210 portable surface roughness tester on a fixed support. A magnifier is
used to observe the contact surface of the test disc and to take photographs using a 64-
megapixel camera. Before stopping a run, within the last 500 load cycles, the actual
normal force, Fy, torque, M, and slip were recorded.
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4.2.3. TEST SPECIMENS

Figure 4.3 presents the rail profile and the extraction position of the test discs. Figure
4.3A shows the rail profile in cross-section containing a test disc that covers the full
height. A larger disc radius results in a larger contact surface and the results are there-
fore less sensitive to wear [2, 35]. The test discs were produced by hard turning after the
removal of both sides of the rail foot and rail head.

Figure 4.3B presents the resulting disc. The hub is welded onto the disc before fin-
ish turning to obtain the required dimensional tolerances and proper fitting in the test
setup.

Different cooling rates, a result of the section area differences within flat bottomed
rail profiles, results in hardness differences. These hardness differences, by the choice in
disc design, are present at the disc surface. It is assumed that, due to the low slip rate and
short test duration, any wear differences will not affect the test result. An assumption
that was also made by Hiensch and Burgelman [2].

To avoid assessing the contact surface containing impurities, which are more fre-
quently present in the rail web, only observations from the rail head section of the disc
are presented in this study.

To i
Ve p Hub with slotted
hole

Figure 4.3: Schematic representation of the rail profile and test disc. A) Test disk made from the full height of
the rail profile, shown in the rail profile with a slotted hole hub, which is welded onto the disk to mount it in
the test frame. B) A test disc with a hub with slotted hole. C) The local coordinate system that is used in this
study.

4.2.4. TWIN-DISC TEST SETUP
Figure 4.4 shows the schematic representation of the test setup, the free body diagram of
both discs, and the mechanically enforced angle of attack. Figure 4.4A presents the main
elements and controls. The test disc and contra disc are mounted on drive shafts of sepa-
rate AC-motor drives. The rotational velocity of both motors is measured using encoders
mounted on the driveshafts and independently regulated by variable frequency AC mo-
tor speed controllers. The motor torque is measured using torque transducers on the
driveshafts.

Figure 4.4B presents the free-body diagram of the discs. The test disc is mounted on
a movable latch, to allow for the movement to introduce normal force, Fy. The tractive
force exerted on the contact surface is generated by braking of the test disc motor.

Figure 4.4C presents the mechanically enforced disc alignment. The test motor frame
is rotated to introduce the necessary angle between the discs.
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Figure 4.4: Schematic representation of the twin-disc test setup. A) Test setup with the test disc in blue and the
contra-disc in white. Both AC-motors are independently frequency-controlled, and the rotational velocity and
torque are measured at both drive shafts. B) Representation of the test disc, 1, and contra disc, 2, with normal
force, Fy, torque, M, resulting traction force, Fjs, and rotational velocities of the discs, Vp. C) The 2mrad

misorientation causes lateral speed difference representative for the angle of attack of a vehicle bogeyina R =
1200 m radius curve.
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4.2.5. APPLYING DISTINCT SURFACE CONDITIONS FOR INVESTIGATION
Resurfacing the rail using different maintenance methods and strategies will result in
different surface characteristics. The five surface conditions, representing different rail
maintenance procedures, evaluated in this study are:

e The hard turned, HT, surface condition. This is the surface condition of the as
produced test disc.

e The transversely, in the Y-direction, brushed, TB, and longitudinally, in the X-
direction, brushed, LB, surface condition. These surfaces were prepared by brush-
ing the disc surface using a grit size #60 sanding belt on the discs mounted on a
turning lath.

* The machined surfaces, M and AM. The surfaces were prepared using a cutting
tool made of HSS-CO05-steel. The cutting tool has a relief angle of 7° and a 3° back
rake angle. The disc curvature was ground in the tool to introduce a machined
surface without changing the disc geometry. A cutting speed of 100 m/minute has
been used. The M surface was prepared by applying hard turning. From the AM
surface, which was annealed at 500°C for 4 hours, and after annealing straight-
ness deviations were removed by the machining. The subsurface deformation of
surface AM has not been assessed.

Table 4.3 shows characteristic aspects of the surface conditions. The surface roughness
is measured in the X-direction of the surface using a Mitutoyo SJ210 surface roughness
tester. The WEL thickness and the deformation depth were measured on the transversely
sectioned specimens, outside the area affected by the contact, using a Keyence VHX5000
microscope. The depth of deformation is defined as the maximum distance to the sur-
face at which unidirectionally sheared lamellae were observed.

Table 4.3: Characteristic aspects of the surface conditions that were evaluated in this experimental study.

Surface condition Abbr | Visual appearance Surface Deformation =~ White layer
roughness depth (um) (um)
R, (um)

As produced HT Shiny surface 0.12+0.01 15 1.5

Repetitive pattern
of feed marks

Brushed, transverse TB 1.1+0.1 15 1.5 (flakes)
Brushed, longitudinal LB 0.37+0.05 15 1.5 (flakes)
Machined M Dull surface 23+0.3 19-33 0

Ridges as a result

of tool vibration.

Annealed, Machined AM 1.7+0.1 Not measured Not measured
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4.2.6. PROCEDURE FOR THE CHARACTERIZATION OF THE SURFACE AND MI-
CROSTRUCTURE AFTER TESTING

Specimens for detailed surface and microstructure analysis were cut from the test discs

using a Struers Discotom-6 cut-off machine equipped with a ceramic blade. All spec-

imens were mounted with Struers Polyfast and heated and pressed according to the

specification of the producer. The surfaces were then prepared using SiC-paper with

#80-#4000 grit size and polished with 3 um and 1 um diamond polishing fluid.

To determine the hardness of the microstructure a Struers Durascan 70 hardness
tester was used, before etching with nitric acid diluted with ethanol to 2 vol% (Nital),
for 10 seconds.

The microscopic observations were made using a Keyence VHX5000 microscope and
aJeol JSM 6500F scanning electron microscope, with an acceleration voltage of 15 kV and
9.5 mm working distance, in secondary electron imaging detection mode.

The Energy-dispersive spectroscopy (EDS) observations of oxides that were formed
at the running surface, were made using a 10mm? SSD detector from Thermo Fisher
mounted on the Jeol microscope.

X-Ray diffraction analyses (XRD) were performed to analyze the crystallographic struc-
ture at the contact surface. For these observations a D8 Discover diffractometer, with a
Incoatec Microfocus Source (IuS), at 50 kV, 1000 pA, producing Cu Ka radiation, is used.
The system is further equipped with Montel Optics ELM32 with parallel beam and a UBC
collimator of 1 mm.

4.3. RESULTS

4.3.1. BREAKING-IN

Table 4.4 present the summarized results for the five surface conditions of the experi-
ment. The second column shows the number of load cycles at which the contact surface
has developed to the point where the coefficient of friction increases noticeably. A rapid
increase, from its instantaneous level to its initial peak, is observed for all surfaces once
the rise sets in. This initial peak value is defined as the maximum coefficient of friction,
U, that is observed in the test run in which the rise takes place.

From this transient phase onward test control shifts to the second phase. The test is
performed in the linear section of the traction curve, where an increase in Fj; results in
a small increase in slip. Columns 4 and 5 show the observed maximum and the average
value of the coefficient of friction during the test. The standard deviation of the average
shows that the variation in friction is small.

The test duration in column 6, expressed as the total number of cycles, is different for
each surface condition, and, especially for AM and LB surface conditions, longer. The
short runs and low total number of cycles in the test of the HT, TB, and M surface con-
ditions better serve the objective to study the surface condition-specific contact surface
formation, whereas the longer test durations are better suited to study rolling contact
fatigue damage initiation.

The correlations in the small data set resulting from the experiment were determined
to explore the relationships. The number of cycles until the shift in the traction curve
takes place and the initial rise of the coefficient of friction sets in, and the maximum



4.3. RESULTS 77

friction coefficient has a correlation value of —0.78. This correlation suggests that the
faster after the start of the test the friction increases, the higher it will become. A correla-
tion value of —0.81 is calculated for the relation between the measured valley depth, R,,
when the rise of the coefficient of friction sets in, and the level that is achieved. R, has
a stronger relation with the coefficient of friction than R, and the correlation suggests
that a larger valley depth results in a lower value.

Table 4.4: The summarized results of the experiment with different surface conditions.

Condition | Initialrise  Initial peak  Maximum u Average Total cycles
(cyclesx10®)  valueofu  (atcyclesx10%)  u (st dev) (x10%)

HT 18 0.27 0.30 (27) 0.29 + 0.09 27

TB from start 0.40 0.40 (3) 0.29 £ 0.09 12

LB 9 0.19 0.30 (328) 0.23 £ 0.05 378

M 27* 0.16 0.18 (43) 0.17+0.01 83*

AM 7.5 0.23 0.27 (100) 0.24 + 0.02 150

* Which includes 12000 cycles of rolling to generate a coefficient of friction sufficient to start the test.

4.3.2. SURFACE EVOLUTION OF THE HARD TURNED SURFACE (HT)

This section presents the contact surface formation and subsurface deformation of the
HT surface condition. Therefore Figure 4.5 shows the surface roughness evolution and
the development of the coefficient of friction during the test, with optical micrographs
of the fresh surface condition before the test at one side and the surface condition at
24 x 103 load cycles at the other.

The fresh surface in Figure 4.5A shows the characteristic parallel feed marks of hard
turning. The feed mark depth ranges from 1.5pm to 4pm and the width from 119 pum to
129 um. The average surface roughness, measured in X-direction, is R; = 0.119 um.

The contact surface in Figure 4.5B after 24 x 103 load cycles consists of two bands
with different surface characteristics. A band with a smooth surface, see i, and one with
arough surface, see ii. Darker areas on the rough surface are valleys where material was
spalled off, lighter areas are probably wear slivers that are still attached to the surface.
The fact that the different surface characteristics are visible next to each other is the
result of the 2mrad angle of attack causing a parallel stick zone and slip zone in the
contact.

The graphs in Figure 4.5C present the evolution of surface roughness and coefficient
of friction as a function of the number of load cycles. Each dot in the graph represents
a stop between runs to characterize the transient surface condition. The surface rough-
ness decreases slightly at first, as a result of contact surface formation, while the coef-
ficient of friction is constant. The latter starts to rise at 18 x 10° load cycles and the in-
crease continues into the next test run, but the rate of increase slows down. The surface
roughness also increases, but unlike the coefficient of friction, the roughness increase
accelerates.

Figure 4.6 presents a micrograph of the HT contact surface condition for the detailed
observation of the contact surface after the test. The test duration was kept short at
27 x 103 load cycles to avoid losing interesting features due to wear. The contact width is
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Figure 4.5: The contact surface formation at the HT surface condition. A) The fresh HT surface with charac-
teristic feed marks and ridges on both sides. B) The surface condition at 24 x 103 load cycles, consisting of a
smooth band, see i, and arough band, see ii. Both bands are separated by remaining feed mark valleys. C) The
evolution of the surface roughness and the coefficient of friction as a function of the number of load cycles.

~960 um and divided into two bands. The —Y -side of the contact surface is characterized
by a straight side, caused by the feed mark, a reddish surface, an indication of ferro-oxide
presence, and spallation of material. The larger spallations have a ~30° angle to the Y-
axis, and the smaller spallations align with the parallel wear scars having a ~48° angle to
the Y-axis. The band at the right, the Y -side, the contact surface is darker, and material
spallations are localized.

Until this point, only surface observations have been presented. Figure 4.7 shows
the HT surface in cross-section to study the contact surface characteristics and compare
these with the fresh surface condition outside the contact surface. The feed mark in
Figure 4.7A has a semi-elliptical shape and is bordered by ridges on both sides. Material
is strained as a result of rubbing of the cutting tool. The heat generation caused a 1.5 um
WEL on the top of the ridges. The maximum depth of deformation is 15 um and the feed
mark is filled with oxidation products.
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Figure 4.6: The contact surface, that was formed on the HT surface condition, after the test. The white arrows
indicate the sharp edge of the contact surface and spallation of material. Spallation takes place at a ~30° angle
and a ~48° angle. This second orientation coincides with the wear scratches at the surface. The ridges in the
cavities, the result of material spallation, might be propagation marks. The dashed vertical lines indicate the
former feed mark positions.

Figure 4.7: The characteristics of the HT surface condition before and after the test in cross-section. A) The
feed mark at the hard turned surface with ridges on both sides. B) The contact surface with surface-initiated
damages at mutual distances of 100 um to 140 pm. C) Material deformation and fragmentation at the contact
extreme. D) Deformation below the contact surface. E) Damage initiation between strained lamellae at the
center of the contact surface.
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Figure 4.7B shows the —Y -side of the contact surface, which is flattened by defor-
mation and wear. The maximum depth of deformation close to the contact extreme
is 35um. Surface-initiated damages, with a mutual distance of 100 pm to 140 pm, are
present.

Figure 4.7C shows the strained and detached material at the contact extreme. Frac-
tured fragments are still present.

Figure 4.7D presents the contact surface and the subsurface deformation. Lamel-
lae are strained to become parallel to the surface. The deformation orientation, in —Y -
direction, is determined by the shear orientation at the surface. At the center of the con-
tact surface, several damages are observed to have initiated within the strained lamellar
structure. An example of such an initiation is shown in Figure 4.7E.

4.3.3. SURFACE EVOLUTION OF THE BRUSHED SURFACES (TB AND LB)

The results for both brushed surface conditions are considered in the same section and
presented in a similar manner to the HT surface condition. Therefore Figure 4.8 shows
the development of the coefficient of friction and the roughness evolution of both sur-
face conditions, with optical micrographs of the surface conditions on both sides.
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Figure 4.8: The contact surface formation at the TB and LB surface conditions. A) The freshly brushed TB
surface. B) The evolution of surface roughness and coefficient of friction as a function of the number of load
cycles. C) The contact surface on the TB surface condition after the calibration run. D) The contact surface at
the LB surface condition. E) The evolution of surface roughness and coefficient of friction during the last part
of the test. F) The contact surface at the LB surface condition at 9 x 103 load cycles.
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The freshly brushed TB surface in Figure 4.8A is characterized by the transverse grooves
applied by brushing, removing most of the feed marks, some of which are still present
at the centerline of the disc. The average surface roughness of the surfaceis R, = 1.1 +
0.1 pm.

The instantaneously high coefficient of friction, shown in Figure 4.8B, is a specific
characteristic of the TB surface condition. This coefficient decreases and starts to rise
again, but not to the initial level within the duration of the test. The roughness measure-
ments show a fast reduction at first and a slight increase towards the end of the test.

The brown-colored contact surface in Figure 4.8C is immediately formed, already
during the short calibration run and is slightly darker at the Y-side, but no clear bands
are present.

Figure 4.8D presents the LB surface condition which is characterized by fine parallel
grooves and remaining feed marks in the X-direction. The surface roughness before the
start of the test is R; = 0.37 + 0.05 pum.

Figure 4.8B shows that the surface roughness of LB increases slightly during contact
surface formation until 18 x 10® load cycles are reached. The coefficient of friction starts
to rise at 9 x 10° cycles its first peak is lower than for the TB surface condition.

The contact surface on LB in Figure 4.8F has straight sides and, at the Y-side of
the contact, wear slivers are present. The coloration varies. A darker zone is present
in the center of the contact surface and an even darker zone with a small width at the
Y-side. The LB test was extended to 378 x 103 load cycles, as is shown in Figure 4.8E.
From 268 x 10° the friction coefficient starts to rise to 0.30, while at the same time the
surface roughness continues to decrease.

Figure 4.9 shows the contact surfaces after the test formed at both TB and LB sur-
face conditions. Three characteristic aspects of the TB contact surface in Figure 4.9A are
briefly mentioned. First, the contact surface has an average width of ~1070 ym and the
contact width variation is still present. The locations with small width are accompanied
by the presence of deep grooves adjacent to them, which are also visible in the contact
surface itself. Both observations evidence that material deformation contributes to the
fast formation of the load-carrying surface. Second, several damages are present, some
of which are highlighted in the Figure. Finally, the contact surface is divided into two
bands; a small red to brown band with a smooth surface and a wide darker brown band.
Differences in color and texture indicate differences in contact conditions.

The LB contact in Figure 4.9B, as a result of the test duration and associated wear and
deformation, is wider than the contact on TB. Four bands are indicated with i to i v. The
surface indicated with i is only lightly touched and longitudinal grooves are still present.
The central part of the contact surface is ~ 1000 um wide and has a red-brown, see ii,
to brown, see iii, surface. Specific for iv is the visually observable higher roughness.
The blueish temper color outside the contact surface, evidences the temperature that is
reached during brushing.
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Figure 4.9: The contact surfaces that were formed. A) The contact surface on the TB surface condition, after
12 x 102 load cycles. At the contact surface two bands are observed. The deep grooves next to the contact
surface are also visible in the contact. Several damages are present. B) The contact surface on the LB surface
condition, after 378 x 103 load cycles. Four bands are indicated with i to i v, having different surface character-
istics. The brushed surface shows blueing.

Figure 4.10: The characteristics of the TB surface before and after the test. A) The fresh surface with a fur-
row, formed by transverse brushing. B) The contact surface, C) The fresh surface outside the contact, with
deformed and submerged material. D) Deformation of the running surface, E) Contact surface widening by
the deformation of material at the contact extreme.
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Cross-sections of the TB surface condition were made to evaluate the initial sur-
face condition and the characteristics of the contact surface after the test. Figure 4.10A
presents, outside the influence of the wheel contact, a furrow that was formed during
brushing. Chips of material are removed but some of the slivers stay attached.

Figure 4.10B shows an optical micrograph of the transition between the contact sur-
face and the freshly brushed surface. The depth of deformation is 37 and damages are
present with a maximum depth and length of 8 and 37, respectively.

Figure 4.10C presents a second micrograph of the surface outside the contact zone
showing that material is folded and deformed during brushing which caused deforma-
tion to a depth of ~ 3pum.

In the contact area lamellae are strained to become parallel to the contact surface
even after 12 x 10%load cycles, the lowest number of all tests, Figure 4.10D.

Figure 4.10E presents a detail of the contact surface extreme in cross-section. The
~2um thick severely deformed layer of material is pushed towards the side, widening
the contact. The frayed edges evidence the rupture of lamellae.

4.3.4. SURFACE EVOLUTION OF THE MACHINED SURFACES (M AND AM)
Figure 4.11 shows the contact surface of both machined surface conditions, M and AM.
The graph presents the evolution of the surface roughness and coefficient of friction, and
micrographs at both sides present the surface condition at the start of the test and after
27 x 103 and 7.5 x 103 load cycles, respectively.
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Figure 4.11: The contact surface formation at the AM and M surface conditions. A) The M surface condition
after the calibration run. The wear scars are present between the repetitive surface pattern and the, partly
formed, brown-colored patches. B) The evolution of the surface roughness and the coefficient of friction of
both the M and AM surface condition as a function of the number of load cycles. C) The contact surface that
is formed on the M surface, at 27 x 10% load cycles. D) Optical micrograph of the freshly machined AM surface
condition. E) The contact surface that is formed on the AM surface at 7.5 x 103 load cycles. At the contact
surface are bands and wear slivers visible.
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Figure 4.11A shows the surface of the M surface after the calibration run. The repet-
itive pattern has a ~600 um peak-to-peak distance, caused by tool vibration during ap-
plication of the surface condition. The surface roughness is R; = 2.28 + 0.22pum. The
contact surface consists of non-connected, brown-colored patches with partially worn
ridges at the side.

The coefficient of friction between the M surface and the contra disc is initially low,
lower than for the other surface conditions, and it takes 24 x 103 load cycles to rise. To
form a contact surface, 12 x 10® load cycles were performed without the application of
traction forces. This was because transmission of traction forces was not possible with-
out causing excessive slip between the discs. The coefficient of friction reaches a plateau
of 0.18 after 43 x 103 cycles, as shown in Figure 4.11B.

Figure 4.11C presents the contact surface which forms a, virtually, continuous brown
band. Ridges are still present and the contact surface between these ridges is wider. Next
to the brown contact band, at the Y'-side, wear scars are present, evidencing contact with
the contra-disc.

The optical micrograph of the AM surface in Figure 4.11D shows the general surface
condition resulting from machining. The surface is characterized by feed marks, defor-
mation, and roughening. The surface roughnessis R; =1.74 £ 0.11 pm.

The coefficient of friction rises earlier and reaches a higher value compared to the
M-surface condition, as is shown in Figure 4.11B, The contact surface is dark brown in
color, and, typical for the AM surface, consists of longitudinal bands with wear slivers.
The bands are separated by deeper ridges, as shown in Figure 4.11E.

Figure 4.12: The surface characteristics of the contact surface formed from the M surface condition, at 83 x
103 load cycles, after the test. A) Contact surface with the machined surface at both sides. The colored frames
are locations of detailed observations. B) SEM observation of the freshly machined surface showing sliver
formation, which is the result of cutting and rubbing. Oxidation products are observed on the cutting ridges,
highlighted by a white ellipse. C) SEM observation of the machined surface in detail. D) SEM observation of
the contact surface developing damage at the remaining transitions in height.
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Figure 4.12 shows the surface of the M surface after the test to evaluate the fresh
surface and the contact surface that was formed. No detailed analysis of the AM surface
condition, such as analysis of the contact surface that was formed and metallographic
examination, was made.

The average width of the brownish contact surface in Figure 4.12A is ~1600 um. Both
sides show a repetitive wavy pattern with a ~600 um peak-to-peak distance, correspond-
ing with the ridge distances.

Figure 4.12B presents the characteristics of the freshly machined surface in the black-
framed area in Figure 4.12A. The machining resulted in extruded sliver formation on
the surface. The ~130 um wide feed marks are remnants of the initial surface, showing
oxidation.

Figure 4.12C presents the side of the contact where slivers have formed separated
blocks of deformed material.

The repetitive patterns appear to have worn away from the contact surface. However,
in SEM images, as shown in Figure 4.12D, these valleys and hills are still visible. Damage
initiates at the transitions between the locally remaining height differences.

Figure 4.13 presents the M surface condition in cross-section with in Figure 4.13A the
surface condition outside the influence of contact. Extruded slivers appear as localized
patches of strained material in the cross-section.

Figures 4.13B-E show the contact surface and details thereof. The pearlite lamellae
are strained to become parallel to that surface and, at the extreme of the contact, ma-
terial covers the ridge that is present, as is shown in Figure 4.13B. The maximum depth
of deformation is 50 pm. The detail in Figure 4.13C presents the contact extreme which
shows that the material is deformed and fractured and that some of the detached parti-
cles are still present.

Figure 4.13: The characteristics of the M surface before and after the test in cross-section. A) The fresh M
surface with deformation caused by machining. B) The contact surface. C) Material extruded at the contact
surface covering a groove. D) Oxide presence in the contact surface. E) Widening of the contact surface by
material deformation at the contact surface extreme.
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Figure 4.13D shows that oxidized particles are formed. The formation of a 2pum to
5um thick iron-oxide-layer is confirmed by EDS-analysis and is specifically different
from the other surface conditions that were tested. At the contact extreme, similar to
the other surface conditions, is material extruded, as is shown Figure 4.13E.

Red to brown coloration of the contact surface is associated with iron-oxide forma-
tion. XRD-characterization was performed to determine the oxide configuration. Fig-
ure 4.14A shows the specimen on the samples stage and Figures 4.14B and 4.14C the
observation positions at the brown colored part of the contact surface and at the dull
part, where wear tracks are present. The analyses of the diffraction patterns, see Figure
4.14D, confirmed the presence of oxides in the brown area. The oxides were identified as
hematite, a-Fe,O3. WEL was not observed in the cross-sectional analysis, however the
diffraction pattern of the XRD scan was examined for the present of residual austenite,
to see whether it could still be present. The analysis did not reveal such presence at both
positions.
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Figure 4.14: XRD analysis of the contact surface at M surface. A) The specimen at the sample stage. B) Ob-
servation position at the brown part of the contact surface. C) The observation position at the dull part of
the contact surface. D) The diffraction pattern with in red the expected peaks for Fe and in blue for a-Fe» O3,
hematite.
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4.4, DISCUSSION

The formation of the contact surface of five different surface conditions was studied to
determine the differences in the breaking-in process of freshly resurfaced rail surfaces.
Surface oxide layer formation, transient behavior of the coefficient of friction between
both the test disc surface and the surface of the contra disc, and the differences between
the contact surfaces that are formed, are discussed.

4.4.1. OXIDE FORMATION AT THE CONTACT SURFACE

The contact area of the test disc immediately turns red-to-brown, independent of the
initial surface condition and even before the coefficient of friction rises. This coloration
is the result of oxide formation at the surface.

The dominant iron-oxide that is formed at ambient temperatures is hematite, a-
Fe,03, [12, 13, 36]. The presence of which was confirmed for the M-surface condition.

When the test lasts longer, the surface coloration becomes paler or locally brighter
which is a result of changes in the wear rate once the contact surface has formed. Kortiim
[37] found that the coloration of oxide layers is predominantly determined by particle
size and Torrent & Barrén [36] showed that oxide coloration becomes paler with oxide
particle size reduction.

Surface wear and the rate of deformation, at start of the test, are high and wear debris
is formed. A reduction in wear rate, as a result of the reduction of asperity contact and
the built-up of a protective oxide layer, results in smaller wear particle size and therefore
oxide particle size.

A concise evaluation of the HT, TB and M surface conditions shows that:

* The contact surface at the HT surface initially turns red to brown and develops to
a paler coloration, as observed during the test performance.

e The TB surface condition is initially dark brown and gradually becomes pale. A
distinct band with a different color develops at the contact surface, and, based on
the results by Torrent & Barrén oxide particles are locally larger [36].

* The contact areas at the ridge tops of the M surface are, initially, red. Once the
contact surface is formed, these develop to brown.

The surface condition formed at the M surface is, at the micro-scale, different com-
pared to the HT and TB surfaces. Specifically at the M contact surface a 2um to 5um
oxide layer is formed. The formation is the result of an enduring wear process and in-
sufficient removal of wear debris from the contact, which might be facilitated by the
presence of the repetitive ridges.

Stott & Wood [38] showed that oxides and wear debris sinter and develop a com-
pacted layer of crystalline particles. This is a process usually associated with insufficient
removal of wear debris, like for instance fretting wear. The M-surfaced disc developed
contacts with a brownish appearance, but it takes long before these develop into a con-
tinuous longitudinal band. To form a continuous contact surface, the ridges must be
worn away. Once formed, wear marks are still present next to the contact surface, which
indicate the presence of locally persistent wear, which also contributes to the presence
of wear debris.
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It was not anticipated in the experimental design that wear would play a significant
role. On the other hand, no major adjustments due to test disc radius reduction, were
necessary. Where TB and HT tend to converge to a coefficient of friction of 0.3, the M
surface develops a significantly lower level of friction. Nevertheless, further research is
needed to substantiate the results and explain wear debris removal with respect to the
initial surface condition.

4.4.2. THE DIFFERENCES IN BREAKING-IN
During breaking-in the contact surface is formed and, before the coefficient of friction
rises, different processes take place:

e Surface roughness reduction and strengthening;
* Deformation and wear to align both surfaces and to increase conformity;

* The removal of contaminants and the formation of a protective oxide layer [1, 16],
as was discussed in the previous section.

With the number of load cycles to the rise in coefficient of friction between the test
disc surface and the contra disc as the indicative measure of the duration to complete
these different processes, the rate of contact surface formation is ordered and evaluated.

The TB surface condition is immediately able to transfer traction forces and has a
high coefficient of friction. This high instantaneous level is associated with the removal
of initial oxides [15, 38], the consecutive reduction and rise to a new level with the for-
mation of an protective oxide layer.

The straining of the asperities, next to asperity truncation, allows fast surface rough-
ness reduction and increase of conformity. The TB surface mimics the ground surfaces
and Schotsman et al. [11], chapter 2, and Mesaritis et al. [10] showed that such processes
contribute to the formation of contact surfaces at ground rail surfaces.

The instantaneous coefficient of friction for the HT surface is with 0.07 low, until it
starts to rise at 18 x 10% load cycles.

Conformity is not easily achieved for the HT surface condition. During test perfor-
mance it was observed that the first contact surface wears away and some of the feed
marks become visible again. At 24 x 10° load cycles the left part of the contact surface is
smooth, while at the right part small spallations and wear slivers are present. Typical for
the HT surface condition is the presence of WEL. Mesaritis [8] showed that the WEL de-
laminates and therefore the presence of WEL is not expected to slow down the break-in
process.

The instantaneous coefficient of friction for the M surface condition is lowest of all
tested surface conditions. Well-defined ridges are present at the surface and the initial
total height of the roughness profile, R;, is R; = 16.2 + 4.8um. By the time the coeffi-
cient of friction increases, the contact surface has formed a continuous band and R; has
decreased to 4.3 + 0.8 um.

In summary, the TB surface condition shows the highest instantaneous coefficient of
friction, which is best explained by asperity deformation facilitating the fast contact sur-
face formation. The other surface conditions require, next to deformation and strength-
ening, significant wear to reach conformity between contact surfaces.
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4.4.3. DIFFERENT CONTACT SURFACE FORMATION PROCESSES

The formation process of the contact surface from the five surface surface conditions
results in a smooth surface with the exception of the HT surface condition. In the HT
surface condition, material spallation occurs.

Figure 4.5B shows a gradual decrease in surface roughness as feed mark ridges were
deformed and removed. However, after 18x 10% load cycles, the average roughness started
to increase, indicating the onset of material removal from the surface. The total height
of the roughness profile R;, that probably approximates the spalling depth best, devel-
ops as follows; 1.04 + 0.13pum, 4.2 + 0.8um, and 7.2 + 1.4 um, at 18 x 103,24 x 103, and
27 x 103 load cycles, respectively.

The material spallation of the HT surface condition is explained by the stress concen-
tration at the feed mark ridges and local, subsurface yielding. Once a steady state coef-
ficient of friction was reached, the test control switched to stage two and traction forces
applied to the surface were increased. With the increase in traction forces, also the shear
stresses at the surface rise, and the subsurface position of the maximum stress moves
closer to the surface [28]. Presumably, the propagation rate of the subsurface-initiated
damages, that were already present, increases. The ongoing increase in R; might there-
fore be explained by the longer crack path for deeper damages, taking more load cycles
to produce a spall.

To substantiate this assumption a geometric correspondence between the location
of the spallation of material and the feed mark positions must be present. Therefore
the dashed vertical lines in Figure 4.6 schematically indicate the feed marks. The highest
stresses are expected at the feed mark ridges. The Figure shows that in the — Y -part of the
contact surface the spalls form in rows. The deepest points of the spalls are positioned
between the dotted lines and associated with the former feed mark ridge position. In the
Y -part of the contact surface the spalls also form rows. These observations support the
assumption that the spalling is associated with long-lasting local stress concentration
during breaking-in.
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4.5, CONCLUSIONS

The breaking-in and contact surface formation of surface conditions representative for
various rail maintenance procedures were evaluated. From the observations the follow-
ing conclusions were drawn.

* The number of load cycles until a steady state coefficient of friction is reached and
the contact surface is formed varies significantly for the different surface condi-
tions tested. The transversely brushed surface is instantaneously able to transfer
traction forces and the coefficient of friction is high, whereas for the machined sur-
face, which is characterized by heavily sheared material at the surface and a high
surface roughness, it takes 27 x 10% load cycles to rise.

 The differences in number of load cycles to reach a steady state are explained by
the wear volume required for surface to form a contact surface with a sufficiently
large contact area, and by the extent to which deformation replaces wear in the
initial contact surface formation.

* Typical for the HT surface is the spallation of material. The development of sub-
surface initiated material spallations are explained by stress concentrations dur-
ing the breaking-in phase as a result of the presence of longitudinal ridges at the
surface.

* A gradual contact surface widening is observed during the test. This is the result
of wear and deformation caused by contact stress concentrations in the contact
extremes.

¢ All contact surfaces develop a red to brown color. This coloration is typically the
result of oxide formation, which is confirmed by EDS and XRD analyses. When a
high wear volume is required to reach conformity, a protective oxide layer might
develop into a thicker layer consisting of oxides and partly oxidized wear debris.

* The experimental results indicate that, for rail maintenance, tool wear manage-
ment to prevent a low initial coefficient of friction and a long breaking-in phase, is
important.
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EXPERIMENTAL INVESTIGATION ON
THE FATIGUE AND FRACTURE
TOUGHNESS PROPERTIES OF

HYPEREUTECTOID RAIL STEEL

Increasing train speeds and the reduction of maintenance slots places high demands on
the railway rails. To meet the challenging demands, producers regularly introduce new
steel types. In this experimental investigation the mechanical behavior of an air-cooled
vanadium-alloyed hypereutectoid rail steel is presented. The rail is produced by apply-
ing conventional hot rolling of a reheated bloom and is then cooled on a cooling bed. The
mechanical behavior is determined by performing standardized linear elastic fracture me-
chanics tests. The necessary specimens are extracted from new rails that are made in series
production. Monotonic tensile test results have shown that the strain-hardenability of the
steel is comparable to standard-grade eutectoid rail steel and is higher than that of an
accelerated-cooled eutectoid rail grade. The fracture toughness test results showed, statis-
tically, no difference when compared with the fracture toughness values of the accelerated-
cooled eutectoid rail grade. The tests were performed at room temperature. The fatigue
crack growth rates in the linear Paris-regime, are higher than in the previously mentioned
steels. At a load ratio of 0.1 the fatigue crack growth is comparable to the referenced steels
at a load ratio of 0.5. The results are explained considering the distinct microstructural
characteristics of the air-cooled vanadium-alloyed hypereutectoid steel and the fractured
surfaces of the specimens. This experimental investigation contributes to selecting railway
steels and predicting the actual in-service behavior.

This chapter is based on: B. Schotsman, V. Mattos Ferreira, D. Leonetti, R.H. Petrov, M.J. Santofimia,
J. Sietsma, "Experimental investigation on the fatigue and fracture toughness properties of hyper-
eutectoid rail steel", Engineering Fracture Mechanics, Volume 313, 2025, 110657, ISSN 0013-7944,
https://doi.org/10.1016/j.engfracmech.2024.110657.
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5.1. INTRODUCTION

The increasing train speeds and wheel loads in modern railway operations impose addi-
tional requirements on the railway track substructure, and more specifically on the rails.
Moreover, the increasingly busy traffic limits the inspection and maintenance options,
in both duration and frequency. Therefore infrastructure managers have introduced a
damage-tolerant maintenance methodology. In addition, a reduction in rail wear is pre-
ferred since material consumption, like steel rails, is the major contributor to the carbon
emissions of the railroad [1]. To enable further progress of railways, development of the
rail steels is required.

As rails are hot rolled from continuously casted blooms, rail producers can choose
to improve the strength and wear resistance by changing the steel composition or by
introducing a post-rolling heat treatment, depending on the rolling mill facilities.

The design of the post-rolling heat treatment of rails is generally simple and consists
of controlled accelerated cooling to approximately 500 °C followed by air-cooling. Ac-
celerated cooling limits carbon diffusion between cementite and ferrite in the typically
peatlitic steels, resulting in a smaller lamellar thickness and an increase in yield strength.
Between lamellar thickness and yield strength a Hall-Petch relationship is obeyed [2, 3,
4].

In terms of steel composition, traditionally, the carbon content was increased to im-
prove wear resistance and strength. However, this practice introduces the risk of unde-
sired grain boundary embrittlement because of the formation of a cementite network on
the prior austenite grain boundaries. In hyper-eutectoid steels, silicon is often added to
suppress cementite formation at prior austenite grain boundaries. Furthermore, vana-
dium is added to increase the wear resistance [5, 6]. Wilby et al. [6], as an example,
reported better wear properties for the air-cooled vanadium-alloyed steel compared to
the accelerated-cooled pearlitic steel, having approximately the same hardness. Addi-
tionally, vanadium-carbide formation consumes carbon, effectively reducing the local
carbon content. However this is not sufficient to prevent coarse cementite particles from
precipitating in the thin pro-eutectic ferrite layer [7].

Minimum values for fracture toughness of rail steels are common requirements for
quality control and material acceptance. High fracture toughness promotes easier in-
spectability of the rails due to the larger allowable crack size. To explain the microstruc-
ture characteristic and fracture toughness relationship in pearlitic steels studies focus
on the prior-austenite grain size and lamellar thickness.

The size of prior-austenite grains (PAGs), in which the pearlite colonies have nucle-
ated, is found to control the fracture toughness [8, 9, 10]. Crack path analysis showed
that the cleavage fracture propagates through the (100)-crystallographic plane of the
ferrite following low-angle grain boundaries between pearlite colonies, i.e. between
colonies with a comparable crystallographic orientation. An analysis of the angles be-
tween colonies in large and small PAGs steels further showed that large PAGs are associ-
ated with the majority of colony misorientations being below 5°, whereas in small-PAGs
steels misorientations are uniformly distributed over the classes below 5°, below 10°, and
over 10° misorientation [10]. These PAGs related size of ‘orientation units’, consisting
of adjacent pearlite colonies of common parentage and therefore common orientation,
control the fracture toughness [10].
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Other researchers point at lamellar thickness as the microstructure property explain-
ing the fracture toughness [4, 11, 12]. The highest fracture toughness values were found
for steels with the highest lamellar thickness. Kavishe and Baker [4] explained the result
by the actual size of the fracture process zone, which is small compared to the yielding
area at the crack tip, and always smaller than the prior-austenite grain.

Fatigue crack growth has also been studied with respect to the pearlite microstruc-
ture characteristics and the fracture mechanism, but with inconclusive results [13]. Gray
etal. [14] and Daeubler et al. [15] independently performed crack growth tests on Amer-
ican ISO1080 eutectic railway steel. Using C(T)-specimens, it was concluded by Gray et
al. that coarsening the prior austenite grain structure reduces the fatigue crack growth
rate [14]. Using a tensile-tensile test setup and a stress ratio between 0 < R < 1, Daeubler
et al. concluded the opposite; fine PAG size and small lamellar thickness result in the
lowest crack propagation rate [15]. A complicating factor explaining crack growth is that
both the orientation of the crack as well as the mechanism of crack growth change with
the increase of stress-intensity factor range, AK, consequently affecting the crack path
at the mesoscale. At low AK, the crack propagates in the ferrite between the cemen-
tite lamellae [13, 14]. The cementite lamellae act as a boundary for local yielding and
therefore a smaller lamellar distance retards the crack propagation [13, 14, 15]. In the sta-
ble crack-propagation stage, the Paris-regime, the crack propagation is stress-controlled,
causing a staircase morphology at the fractured surface, of which the size is related to the
lamellar thickness. At a further increase of AK, such that the maximum stress intensity
approaches its critical value, and the crack growth is close to being unstable, the stair-
case features are replaced by cleavage planes and the surface gradually becomes similar
to a cleavage fracture surface [13, 16].

In the present study, the fatigue crack growth rate and fracture toughness of an air-
cooled hypereutectoid rail steel are evaluated using linear elastic fracture mechanics
tests. The test procedure for the determination of fatigue crack growth rate in steels is
regulated by relevant international standards, such as the ASTM E647 [17]. The test pro-
cedure in the ASTM E399 standard [18] has been developed and standardized to mea-
sure plane-strain fracture toughness of metallic materials under Mode-I loading. The
objective of this procedure is to determine the size-independent material property Kj¢,
defined in terms of the stress intensity factor, K [19]. In practice, the material is tested
on specimens containing a crack that nucleates from a starter notch due to fatigue. The
plane-strain fracture toughness under other modes of opening has been correlated to
Kjc [20]. One of the challenges of railway operations is the control of rolling contact fa-
tigue in the rails. Due to the occurrence of cyclic loading, cracks initiate and propagate
at an angle of 20° - 30° with respect to the rolling surface [21]. At these initial stages, the
fatigue crack growth is driven by mixed-mode conditions. At a later stage of crack propa-
gation, it was observed that rolling contact fatigue cracks, outside the volume affected by
the presence of the rail-wheel contact stresses, tend to grow downwards, i.e. in the ver-
tical plane [21, 22]. For these reasons, fracture toughness and fatigue crack growth rate
under mode-Iloading will, besides serving as a benchmark, also provide insight into the
microstructural behavior of rail steel.

The objective of the experimental study is therefore to determine the mechanical be-
havior of the air-cooled hypereutectoid rail steel using linear elastic fracture mechanics
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(LEFM) tests. A fractographic analysis of the fatigue crack growth, fracture toughness,
and tensile specimens, is made to study the crack path and relation with the microstruc-
ture characteristics of this steel, in line with a previous study by Mattos Ferreira [7]. The
results are further benchmarked with results on accelerated-cooled eutectoid rail steel,
using the same test setup [23, 24], and eutectoid rail steels [9, 25] from the literature.

5.2. MATERIALS AND METHODS

5.2.1. MATERIALS

Table 5.1 shows the chemical composition of the air-cooled hypereutectoid rail steel,
R335V, together with the accelerated-cooled eutectoid rail steel, R350HT, and the eutec-
toid rail steels, Refl and Ref2. Specific for R335V is the 0.10 wt.% vanadium and ~0.9
wt.% silicon addition. The composition is within the composition ranges as provided by
the EN13674-1-standard [26].

The microstructure is further defined by the production route. The R335V rail is hot
rolled from a reheated bloom and subjected to air-cooling. The typical temperature at
the last rolling step is T = 1050 °C. The cooling rate during transportation to the cooling
bed is ~1°C/s and the temperature when arriving there is ~800 °C. The typical cooling
rate on a cooling bed is ~0.1°C/s [27].

The composition of R350HT accounts for a lower carbon and silicon content, and a
higher manganese content when compared with R335V steel. During production, R350HT
steel rail is hot rolled followed by controlled accelerated cooling to ~500 °C and is then
air-cooled, resulting in a smaller lamellar thickness.

The chemical composition of both eutectoid rail steel grades, Refl [9] and Ref2 [25],
are included in the bottom section of Table 5.1.

Table 5.1: Chemical composition (in wt.%) of air-cooled hypereutectoid steel, R335V, the referenced
accelerated-cooled eutectoid rail steel, R350HT, and eutectoid rail steels, Refl and Ref2.

Element concentration (wt.%)
C Mn Si \%

R335V [7,24] 091 0.88 0.87 0.10 HP335

R335V [23] 091 0.86 0.88 0.10 HP335

Steel Steel grade

R350HT [23] 0.77 1.10 0.39 - R350HT
Refl [9] 0.74 1.06 0.27 - R260
Ref2 [25] 0.68 1.11 0.35 - 900A

5.2.2. FRACTURE MECHANICS TESTS

TENSILE TESTS

Figure 5.1 presents the position of the cylindrical tensile specimens extracted from the
rail head. This position is in accordance with the EN13674-1-standard [26]. The tensile
test specimens are produced, using a turning process, from a strip which was cut from
both sides of the rail profile. The test specimens are positioned in the center of the strip.
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Figure 5.1: Location, orientation, and dimensions (mm) of C(T)- and tensile-specimens in the rail profile. A)
The rail head cross-section. B) The longitudinal section.

The monotonic tensile tests were performed using an Instron 5985 universal test-
ing system equipped with a self-aligning wedge grip fixture and a 250 kN load cell. The
elongation was measured with an Instron AVE 2 non-contacting video extensometer. A
constant crosshead separation speed of 0.75 mm/min is chosen which corresponds to a
strain rate €] = 0.25 x 1073s7! according to the EN-ISO6892-1-standard [28]. The speci-
mens were maintained at 200 °C for 6 h before performing the tests, to relax near-surface
stresses due to specimen production as prescribed in the EN13674-1-standard [26].

FATIGUE CRACK GROWTH AND FRACTURE TOUGHNESS TESTS

Table 5.2: Linear elastic fracture mechanics tests on R335V rail steel; references, specimen type, dimensions,
and number of tests.

Test Reference Specimen type Dimensions (mm) Number
Fatigue crack growth ASTM E647 [17] C(T) W =40,B=10 4
Fracture toughness ASTM E399 [18] C(T) W =40, B=18* 4

W =40, B =20** 3

* Specimens extracted from a UIC56-rail profile [26]; the rail head dimensions limits the
thickness to B = 18 mm; specimens 1-4.

" Specimens extracted from a UIC60-rail profile [26]; specimens 5-7.

Table 5.2 presents the relevant information on the C(T)-specimens used to quantify
the fatigue crack growth rate and plane-strain fracture toughness. Figure 5.1 presents
the specimen position in the rail head section, which is the center of the rail head with
the straight notch pointing downwards, aligning with the crack propagation orientation
in in-service rail [21, 22]. The C(T)-specimens are produced by face milling. The holes
are drilled and reamed on the same machine before polishing the surfaces. The straight
notch is cut by electric discharge milling.
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The test performance and analyses follow the ASTM-E647 [17] and ASTM-E399- stan-
dards [18]. Specifically for fracture toughness determination the requirements for static
testing are followed. Both fatigue crack growth and plane-strain fracture toughness tests
have been performed in a test frame equipped with a hydraulic actuator and a load cell
with a nominal capacity of 125 kN, using closed-loop control and force feedback. The
data acquisition system from National Instruments has a sampling frequency of 300 Hz.
The specimens were loaded through a clevis and pin, designed according to the afore-
mentioned standards. Both clevises are connected to the load line using spherical hinges
to minimize secondary bending moments. The loading frequency is 10 Hz and has a si-
nusoid waveform. At the selected frequency self-heating is limited [29, 30], has a negli-
gible influence on the results and is not further included in the analysis.

Fatigue crack growth is monitored using a dual cantilever clip-on displacement trans-
ducer - model UB-5A from TML - mounted directly on the integral knife edges at the
crack mouth. The fatigue crack growth, da/dn, is presented as a function of AK at a
double logarithmic scale. The da/dn is the average over a fixed AK-step size. Table 5.3
presents the cyclic loading conditions.

The plane-strain fracture toughness is the material property that describes the crit-
ical condition for the onset of unstable crack growth under plane-strain. It is expressed
as the critical stress intensity factor, K;c. The scalar Ky represents the stress field close
to the tip of a crack [31], and is calculated as:

K =aoma)'?, (5.1)

with a being the geometrical factor for test specimens of finite size provided in ASTM
E399 [18], o the stress in the nominal cross section (without considering the presence of
the crack) and a the crack length.

To determine the fracture toughness first a fatigue pre-crack was induced in the spec-
imens by applying constant amplitude loading characterized by aload ratio R < 0.1 and a
maximum force P,,,,<10kN, as presented in Table 5.5, section 5.3. During pre-cracking,
the crack size was monitored using compliance measurement based on crack mouth
opening displacement, v. The compliance, u, is calculated as [17]:

u=[(22) "] 5.2

where E is the Young’s Modulus and P the applied load. To minimize the effect of crack
closure on compliance reading, Equation 5.2 is evaluated at 90% of the load, at the de-
scending part of the constant amplitude loading cycle [32].

The normalized crack length is, for C(T)-specimens, calculated as [18]:

a
W 1.0010 — 4.6695u + 18.460u° — 236.821° +1214.9u* — 2143.61°, (5.3)

with a being the crack length and W the specimen width.

Secondly are the fracture toughness tests performed by applying an increasing load
at a constant rate up to fracture, and such that the increase of the stress intensity factor
is between 0.55 and 2.75 MPa m'/?/s for quasi-static testing in accordance with ASTM-
E399 [18].
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Table 5.3: Loading conditions of the specimens in the fatigue crack growth tests

Specimen P4 [KN] Loadratio, R | Specimen P, [kKN] Load ratio, R
1 4.0 0.1 3 3.5 0.1
2 4.0 0.5 4 6.0 0.5

The load-displacement plot is analyzed following the procedure for determination of
fracture toughness, reported in Annex X of ASTM E399 [18]. In this procedure, the slope
of the secant to the load-displacement curve, used to identify the load for fracture tough-
ness determination, is dependent on the ligament and not fixed to 95%. This waives the
condition that the maximum load should not be larger than 1.1 P, for a test to be valid,
which is defined as the load at pop-in or the intersection with the secant line, depending
on the principal type of the load-displacement record [18]. The secant offset percent-
age, Sq, is a function of the ligament of the crack, defined as W - g, and is related to a
constant crack extension. The 95% offset secant is based on a crack extension that is a
constant fraction of the final pre-crack size [33].

The same test setup and analysis procedure was employed by Leonetti and Schots-
man [23] and Leonetti et al. [24] to determine plane-strain fracture toughness and fa-
tigue crack growth rate of the R350HT rail steel.

The length of the fatigue pre-crack in the fracture toughness specimens is the sum
of the notch depth and the length of the fatigue crack emanating from that notch. The
notch depth is measured on both sides of the fractured specimens using an Olympus
Stereo SZX9 microscope, and averaged. The length of the fatigue crack is then measured
using a Keyence VX5000 optical microscope. The measurement positions are provided
by ASTM E399, i.e. at the intersection with the free surfaces, at 25%, 50%, and 75% of
the thickness, resulting in a total of 5 measurements per specimen. The average of the
measurements conducted at 25%, 50%, and 75% is used as the fatigue crack length [18].

5.2.3. METALLOGRAPHIC PREPARATION AND OBSERVATIONS
The observations for fractographic analysis of the tensile, crack growth, and fracture
toughness specimens are made after 30 minutes of ultrasonic cleaning in isopropanol,
using a Jeol IT100 Scanning Electron Microscope (SEM), with a 15kV acceleration volt-
age and 10 mm working distance in secondary electron imaging mode.

Higher magnification micrographs of the microstructure were obtained with a He-
lios G4 PFIB UXe SEM using a 10kV accelerating voltage, 0.1 nA current, in secondary
electron imaging detection mode.

For the characterization of the tensile test specimens cross-section samples were
made and embedded in conductive resin. Standard metallographic sample preparation
was performed followed by chemical etching with Nital diluted to 2% for 10 s. Three lines
of Vickers microhardness measurements were made at the specimen center and close to
the free surface using a Durascan 70 hardness tester by applying aload of 10 N for 10s. As
areference, 5 lines of hardness measurements were made on the rail head center of the
unused rail. Successively, high-magnification images of the microstructure were made
using a SEM model Jeol 6500E with a working distance of 10 mm, and an acceleration
voltage of 20 kV.
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5.3. RESULTS

5.3.1. MICROSTRUCTURE
Figure 5.2A presents the micrograph of the as-received R335V steel grade evidencing the
pearlitic microstructure and the presence of localized boundary ferrite. The presence
of a ferrite layer was also observed in other hypereutectoid steels [34, 35] and is a result
of silicon alloying and vanadium carbide formation [7, 36]. However, coarse cementite
particles are present at these boundaries. In a study on microstructural characterization
of R335V Mattos Ferreira [7] observed the presence of randomly distributed vanadium
carbide-precipitates strengthening the cementite.

Figure 5.2B presents the microstructure of R350HT rail steel as a reference. A wider
pro-eutectoid ferrite network is present.

High-magnification SEM images, Figures 5.2C and D, qualitatively show the lamellar
thickness. For R335V this is larger when compared to R350HT. The observations were
made on a sectioning plane perpendicular to the lamellae.

R335V R350HT

o W
==

==

N \

Figure 5.2: Scanning electron micrographs of the as-received R335V (A, C) and R350HT (B, D) steels (respec-
tively). (A, B) The pearlitic microstructure with white arrows indicating the presence of smaller and wider
boundary ferrite networks. (C, D) The greater respectively smaller lamellar thickness, as is visually observed
on the SEM images.

-

Figure 5.3 shows the hardness measured at the rail head center starting 0.5 mm from
the surface. R335V rail steel has an average hardness of 351 + 12 HV, while R350HT steel
has an average hardness of 379 +9 HV. The hardness of standard grade Refl, which has a
similar carbon content as R350HT, is 288 + 2 HV [9].

The absence of a continuous network suggests a larger volume fraction of cementite
to be present in the pearlite [37]. Both the VC-precipitation and the increased cementite
fraction contribute to hardness.
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Figure 5.3: Hardness of R335V and R350HT, measured on a transverse section of the rail head, at the
centerline of the rail profile.

5.3.2. RESULTS OF THE LINEAR ELASTIC FRACTURE MECHANICS TESTS
TENSILE BEHAVIOR

Performing monotonic tensile tests is a pre-requisite to determine the settings of the
LEFM-tests. Additionally, the interpretation of the shape of the stress-strain curve de-
livers valuable information about the response of the steel, whereas the fractography
provides insight into the crack path and the microstructure relationship.

Table 5.4 shows the tensile test results with the standard deviation of the average for
the tests on R335V [7] and R350HT [23]. In the same table the results for standard grades
Refl [9] and Ref2 [25] are presented. The ultimate tensile stress, s [MPa], is defined
as the maximum load, [N], divided by the undeformed area of the specimens, [m2], oy
[MPa] as the 0.2%-offset yield strength, and € as the plastic elongation at fracture, mea-
sured over the parallel length of the specimens.

Table 5.4: Tensile test results of R335V, R350HT and Refl and Ref2.

Steel E(GPa) o y [IMPa]  oyrs [MPa]  &(%) n
R335V [7] 2105 700+11 1161+12 8.2+0.2 0.253 +£0.003
R350HT [23] 219+6 839+8 1232+8 10.4+0.5 0.196+0.002
Refl [9] 731 951 15.5
Ref2 [25] 533 924 12 0.249

The strain hardening capacity of the steels is presented as the strain hardening expo-
nent n, the exponent of the true stress as a function of true strain for the uniform plastic
deformation, which is used to compare the strain hardenability of steels [38]. The results
for R335V and R350HT are calculated from the tensile test results [7, 23]. For Ref2 n is
presented in the literature [25].
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Figure 5.4 presents the monotonic stress-strain curves that were obtained for R335V,
in orange, in blue the R350HT results, and in black results for standard grade Ref2 [25].
The lines parallel to the elastic part of the curve indicate the average total plastic elonga-
tion at fracture. Two additional aspects of the material response to the increasing tensile
stress are considered. First the strain during the elastic-plastic transition, an indication
of how the yielding starts, and secondly the non-uniform material deformation, after
necking.

For R335V the yielding evolution is sudden and limited necking takes place as such
a very limited stress reduction is observed. Figure 5.4 shows a gradual transition from
elastic to plastic elongation in the tensile curves of R350HT steel. After reaching oyrs
non-uniform deformation sets in, until fracture, at a, compared to R335V; larger plastic
strain. Also Ref2 steel shows a gradual transition to plasticity and even more plastic strain
at fracture.
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Figure 5.4: Engineering stress-strain curves of the four tests of R335V [7]. The four test curves of R350HT [23]
and Ref2 [25] are presented as a reference.

DEFORMATION AND FRACTOGRAPHY OF TENSILE SPECIMENS
Figure 5.5 presents the microstructural observations on the transverse plane of the ten-
sile specimens. Limited non-uniform deformation is observed in R335V which is also
evidenced by the parallel specimen sides and small shear lips in Figure 5.5A. Secondary
cracks cut through the ferrite between the cementite lamellae and the crack tip blunting
within the pearlite colony is an indication of local yielding, Figure 5.5B. The coloration
of the specimen is the result of maintaining the specimen at 200 °C, Figure 5.5C [39].

In R350HT steel, Figure 5.5D, the deformation results in necking and large shear lips.
Secondary cracks are predominantly present in the grain boundary ferrite, Figure 5.5E.

The strain-hardening properties of the steel and non-uniform deformation during
the tensile tests result in the hardness trend over the cross-section as presented in Fig-
ure 5.5E In R335V the hardness is virtually independent of the distance to the fracture
surface, whereas the measured hardness in the R350HT tensile specimen close to the
fractured surface, is high and decreases gradually with increasing distance.
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Figure 5.5: Deformation observed in the transverse plane of the tensile specimens. A) Cross-section of R335V
tensile specimen. The arrows point the small shear lip and secondary cracks. B) Secondary cracking in R335V.
C) The fractured R335V-specimens. D) Cross-section of R350HT. The arrows indicate the shear-lip size and
secondary cracking. E) Secondary crack in R350HT. F) Hardness measurement results on the cross-section.
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Figure 5.6: Fractography of R335V (A-C) and R350HT (D-F) tensile specimen. The arrows indicate inclusion
sites in areas showing cleavage and ductile fracture.



5. EXPERIMENTAL INVESTIGATION ON THE FATIGUE AND FRACTURE TOUGHNESS
106 PROPERTIES OF HYPEREUTECTOID RAIL STEEL

Figure 5.6 shows the fractographic images of the tensile specimens. In Figure 5.6A the
presence of a circular wavy pattern of ridges at the R335V surface is shown. Figure 5.6B
and C show SEM images of representative locations on the central part of the fractured
surface. The presence of clean cleavage-fracture facets is shown in Figure 5.6B. In the
center of the micrograph a grain boundary is observed that encloses an area of brittle
rupture. Only very limited ductile tearing patches are present and dimples are shallow,
Figure 5.6C.

In R350HT a limited number of ridges is present and at the outer region a small cup-
and-cone fracture is observed, Figure 5.6D. At the fracture surface, cleavage fracture ar-
eas are interspersed with areas showing ductile fracture features. The arrow in Figure
5.6E points at an inclusion site, typically present at the center of the cleavage plane. At
several positions patches with equiaxed dimples are observed. The arrow in Figure 5.6F
points at a larger inclusion site in the ductile fracture zone.

PLANE-STRAIN FRACTURE TOUGHNESS

The fracture toughness test results of R335V steel are presented in Table 5.5. Columns
Piax,p, the maximum force during the pre-crack procedure, and a, crack length, con-
tain the test information concerning the propagation of the fatigue pre-crack. To limit
the influence of the crack-tip plastic zone on the fracture toughness results, the maxi-
mum force during final stage of the pre-cracking is limited to Ppqx,p > 0.6Pgsi. Also,
the fatigue pre-crack length is limited to 0.45 < a/W < 0.55, with a/W the ratio of crack
length and specimen width [18].

The last four columns contain the test results. Pgy; is the intersect of the force-
displacement-curve with the secantline. P4y, the maximum force in the force-displace-
ment-curve, and Kg the conditional result. If the Kj-test satisfies the conditions for
plane-strain, K can be considered K;s;. In Table 5.5 the invalid results are indicated
with an asterisk.

The test results of R350HT are shown as well [23, 24]. At the bottom rows the frac-
ture toughness of Refl, tested on samples having the same orientation [9] and Ref2 [25]
are presented. To summarize the results, statistically no difference between the Kjg; of
R335V and R350HT is observed.

FRACTOGRAPHY OF THE FRACTURE TOUGHNESS SPECIMENS

Figure 5.7 shows the fracture surface of R335V fracture toughness specimens with in Fig-
ure 5.7A the specimen with knife-edge and straight notch. Details of the surface, typical
for R335V; are presented in Figures 5.7B-E The frames in Figure 5.7A present the indica-
tive observation locations.

The cleavage planes in Figure 5.7B are observed at a crack length a = 32 mm. It is
shown that from each cleavage plane a successive cleavage fracture initiates. The crack
front then waves out within the plane, in the direction indicated by the river lines. Out-
side that area it is observed that several cleavage planes exhibit a ~90° angle. This angle
is associated with the ferrite cubic BCC crystal structure [9]. The cleavage tends to ad-
vance along the (100)-plane [10].

Ductile patches are present but are only small, ranging from 20pum to 50 um in size. A
detail of the ductile fracture characteristics is presented in Figure 5.7C. The typical hole-
joining features, like dimples, are superficial, not fully developed, even at this relatively
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Table 5.5: Linear elastic plane-strain fracture toughness test results.

Precracking  Fracture Toughness Test

Specimen  Ppax,p a Posi Pmax Ko Kisi
[kN] [mm] [kN] [kN] [MPam®®] [MPam®°]
R335V 1 10 189 148 16.1 36.7 *
2 10 187 134 165 32.7 *
3 9.0 19.2 137 157 34.7 *
4 9.0 189 126 157 31.1 *
5 8.0 20.1 148 17.6 36.1 36.1
6 8.0 204 144 173 35.9 35.9
7 8.0 20.2 140 182 37.5 37.5
349+09 365+0.5
R350HT [23, 24] 1 11.0 21.1 144 16.8 37.8 *
2 10.5 20.5 156  20.0 39.0 *
3 9.45 19.1 149 169 33.7 33.7
4 10.5 187 155 18.0 34.0 *
5 10.5 188 159 19.2 35.3 *
6 8.6 193 171 206 39.1 39.1
7 8.6 20.2 158 187 38.6 38.6
8 8.6 20.0 154 193 37.1 37.1
36.8+08 37.1+1.2
Refl (L-S) [9] 38.6
Ref2 [25] 325+23

*Invalid: Ppayx,p > 0.6Pqs;i

large crack length. This might be caused by the thin and localized grain-boundary ferrite
present in the microstructure. The shallow, vein-like patterns, and ‘fluted’ river lines are
also associated with ductile separation [31, 40].

In Figure 5.7D a detail of the framed area in Figure 5.7B is shown. The coalescence
of crack planes results in the river lines at the cleavage fracture plane [31]. The resulting
step sizes vary in height and orientation.

In Figure 5.7E the transition zone between the fatigue pre-crack and cleavage frac-
ture is presented. At the right the fatigue pre-crack with a fatigue-related staircase sur-
face pattern is observed, with a sudden transition to the brittle cleavage fracture at the
left. The arrows at the surface indicate the local propagation direction. In between both
areas, a local stretch zone is present. The stretch zone is a zone of plastic deformation
and fibrous hole-joining fractures that occur at the tip of the fatigue crack before unsta-
ble growth by cleavage sets in [31]. This is locally observed and shown in Figure 5.7F

To summarize the observations on R335V, cleavage planes initiate and re-initiate,
and ductile patches are small. Tear ridges at a ~90° angle are present, evidencing the
cleavage propagation in the (100)-planes as predicted by Park and Bernstein [10] follow-
ing a path through the effective grain, a concept that describes the composed unit of
pearlitic colonies with low mutual misorientation.
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Figure 5.7: Fractographic micrographs of a R335V fracture toughness specimen. A) The fractured specimen
with observation locations. B) The cleavage fracture zone with low mutual misorientation angle colonies. The
re-initiation site with local propagation direction is indicated. C) An area with features of ductile fracture.
Shallow dimples and a lamellar structure with fluted ductile fracture characteristics are indicated. D) River
patterns in the cleavage fracture zone. E) The transition zone between fatigue pre-crack to cleavage fracture.
F) Stretch zone.
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FATIGUE CRACK GROWTH
In this study the crack growth of R335V steel is tested in a wide AK range and subse-
quently analyzed in the Paris-regime, as described by the Paris-Erdogan law:

da m
— = CAK", (5.4
dn
with da/dn the crack growth rate in [m/cycle], AK the stress-intensity factor range
[MPay/m], and C [(m/cycle) /(MPa y/m)™] and m material parameters.
Table 5.6 presents the Paris-Erdogan material parameters for stress ratios R = 0.1 and
R =0.5, and also the test results for R350HT rail steel [23] and Ref2 [25], both using C(T)-
specimens, and Refl steel [9] using SE(B) specimens.

Table 5.6: Paris-Erdogan crack growth parameters for R335V, R350HT, and referenced steel grades, for load
ratios R=0.1 and R=0.5.

R=0.1 R=05
C m C m
(m/cycle) /(MPa v/m)™ (m/cycle) /(MPa y/m)™
R335V 3.47x10713 4.20 7.64x107 13 431
R350HT [23] 411x10713 3.92 4.90x 10713 4.09
Refl (L-S) [9] 230x 10713 3.98
Ref?2 [25] 5.95x 10713 3.86 1.14 x 10712 3.96

The fatigue crack growth rate curves for R335V rail steel are presented in Figure 5.8,
in blue for the load ratio R = 0.1, and for R = 0.5 in orange. Figure 5.8 further shows the
fatigue crack growth curves for R350HT [23] and the Paris curves for Refl [9] and Ref2
[25].

Fracture surfaces of equal crack growth rates are presented for R335V and R350HT.
All micrographs shown have the same scale as is represented by the single scale bar, and
the frame colors correspond with the graph colors.

The R335V graph for R = 0.1 is linear at the lower stress intensity factor range in this
double-log graph. Scatter in the results increases from AK ~ 24 MPa m'/2, For stress ratio
R =0.51it is observed that the crack growth accelerates, entering stage III crack growth at
AK ~17MPam!/2.

In the fractographic images a staircase pattern, associated with fatigue crack growth,
is observed at a stress ratio of R = 0.1 and ~da/dn = 2.5 x 10~8m/cycle. The surface is
almost flat. At R = 0.5, tear ridges are present and parallel cleavage planes are observed.
Then, at the top row the crack growth is a factor 10 higher. At R = 0.1, still in stage II
fatigue crack growth, cleavage planes with river lines are observed next to areas show-
ing evidence of fatigue crack growth. The fracture surface of R335V tested at R = 0.5 is
characterized by the cleavage planes at a high mutual angle. At the verge of these planes,
crack arrest and re-initiation in fatigue crack growth takes place.
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Figure 5.8: Fatigue crack growth graphs. The results for R335V and R350HT [23] are presented together with
Paris-curves for Refl [9] and Ref2 [25]. Fractographic images at equal crack growth are shown; top row da/dn
~ 2.5 x 10”7 m/cycle, bottom row da/dn ~ 2.5 x 108 m/cycle. The image frame colors correspond with the
graph colors.

The fatigue crack growth graphs for R350HT show similar characteristics as for R335V,
although the crack growth rate is lower at the same stress intensity factor range. For
R = 0.1, the graph is linear at low AK, and scatter increases at AK ~ 32MPa m!/2. For
stress ratio R = 0.5 the graph is linear at the lower AK range, and the crack growth rate
accelerates, entering stage III crack growth at AK ~ 18 MPa m!/2,

The fractographic images of R350HT show a fine staircase pattern, which is associ-
ated with the small lamellar thickness, at R = 0.1 and da/dn ~ 2.5 x 10~8m/cycle. In-
creasing the stress ratio to R = 0.5 reveals several features such as cleavage planes, and
crack arrest and re-initiation.

At the top row, at R = 0.1, small cleavage planes are observed showing high mutual
angles and, in the micrograph, also signs of crack arrest and re-initiation are observed.
The fracture surface of R350HT tested at R = 0.5 has different characteristics. Next to
brittle cleavage facets, tear ridges are present at which ductile hole-joining features are
observed.
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Figure 5.9 presents fracture surface characteristics for fatigue crack growth in R335V
tested at R = 0.1. The crack length presented in the figures is derived from the calibrated
gauge opening displacement. Figure 5.9A shows a 5um wide stretch zone between the
straight crack starter notch in the specimen and a brittle cleavage crack start. In Fig-
ure 5.9B local growth directions are indicated with the arrows. The crack growth path
follows microstructural features, like grain boundaries and ferrite laths, despite being in
the Paris-regime [13, 15]. The observed changes in orientation might be related to a grain
boundary, seen as the ridge in the figure. The small cleavage zone in the further fatigue
growth-dominated surface in Figure 5.9C is interpreted as a step or bifurcation in the
crack path. When the crack length increases, in Figure 5.9D, quasi-cleavage zones with
crack arrest and re-initiation zones are observed. Upon further growth, fatigue crack
growth and parallel cleavage planes are present at close distance, see Figure 5.9E. Figure
5.9F shows the surface close to the onset of unstable crack propagation. Cleavage planes
increase in both density and size. Tear ridges between the planes are present, and some
fatigue crack growth zones are still observed.

To summarize the observations regarding crack growth in R335V steel. At low fatigue
crack growth rates the crack path clearly follows microstructural features. Fractography
shows that fatigue crack growth characteristics are locally present even close to unstable
fracture.
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Figure 5.9: Fractography of fatigue crack growth in R335V, tested at R = 0.1. The images are ordered by crack
length. The crack length and crack growth rate are indicated under each image. The white arrows indicate
local crack propagation direction, whereas the macro crack growth is from right to left. A) Crack initiation at
the straight notch. B) Fatigue crack propagation with microstructure-related crack path direction transition.
C) Fatigue crack propagation with local cleavage zones. D) Crack arrest and re-initiation. E) Increase in area
fraction of cleavage zones when the crack length increases. F) Quasi-cleavage crack propagation and fatigue
crack propagation.
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5.4. DISCUSSION

The tensile behavior, plane-strain fracture toughness, and fatigue crack growth rate re-
sults are discussed with respect to microstructure characteristics of R335V and com-
pared with the results of R350HT [23].

5.4.1. TENSILE BEHAVIOR
The steel composition and production route of R335V result in a specific tensile behavior
when compared to other rail steel grades mentioned in the EN13674-1 [26],

The strain hardening coefficient of R335V is high. In Table 5.4 is the coefficient, n
= 0.253 £0.003, presented, together with values for the referenced steels [23, 25]. This
value is higher compared to R350HT [23] and also higher than for standard grade Ref2
steel [25]. As aresult, oyrs of R335V is only 6% lower than of R350HT whereas the 0.2%-
offset yield strength is 17% lower.

Strain hardening is largely controlled by dislocation motion in the pearlitic ferrite,
and it therefore increases with the lamellar thickness [3, 41, 42]. Measurement of the
lamellar thickness is often performed in studies on the structure-property relation [43].
The difference in lamellar distance between the R335V and the R350HT rail steel can be
observed by comparing Figures 5.2C and D, together with the presence of a small and
wide (respectively) boundary ferrite network as shown in Figures 5.2A and B. The air-
cooling after hot rolling of the R335V has resulted in a relatively larger lamellar thickness
whereas accelerated cooling of R350HT resulted in the smaller lamellar thickness.

Hardness on the other hand, holds a Hall-Petch relation with the lamellar thickness
[10, 16, 44]. The average hardness of R350HT, as measured at the centerline of the rail
profile, is 379 + 9 HV, which is higher than for the air-cooled standard grade Refl. Refl
has a similar carbon content and a hardness of 288+2 HV [9]. The R335V rail steel has an
overall hardness of 351 + 12 HV. The vanadium carbide-precipitation is known to prevent
the formation of a continuous pro-eutectoid cementite network [7, 21, 45], resulting,
with silicon addition, in a higher cementite-ferrite ratio within the pearlite and higher
hardness than can be expected from the lamellar thickness itself [37].

5.4.2. PLANE-STRAIN FRACTURE TOUGHNESS

Table 5.5 presents the results of the plane-strain fracture toughness tests. Despite the
hypereutectoid composition of R335V, statistically no difference in fracture toughness
between R335V and R350HT [23] is observed. These results are in line with results in
other studies on rail steels [9, 11, 46].

Differences in the fracture toughness values of pearlitic rail steels are explained in the
literature by two different microstructural features, the lamellar thickness [4, 11, 12] and
the effective grain size, the size of clusters of pearlite colonies with small mutual misori-
entation [10, 9]. In deviation from the R335V steel, all rail steel grades in the referenced
literature have a close to eutectoid composition [9, 11, 46], while the hyper-eutectoid
composition is usually associated with lower fracture toughness [47].

Kavishe and Baker [4] conclude that a higher lamellar thickness results in a higher
fracture toughness. This lamellar thickness-fracture toughness relation is not observed
and therefore lamellar thickness is not the explaining factor in this experimental inves-
tigation. Figure 5.7 presents the fractured surface of an R335V specimen, and in the de-




5. EXPERIMENTAL INVESTIGATION ON THE FATIGUE AND FRACTURE TOUGHNESS
114 PROPERTIES OF HYPEREUTECTOID RAIL STEEL

tailed Figure 5.7B the area of parallel cleavage planes is encircled. In agreement with Park
and Bernstein [10], the crack re-initiates at adjacent colonies when cleavage propagates.
In steels with low mutual misorientation between colonies, little energy is consumed for
this re-initiation, and as a result fracture toughness is low. Therefore, the fracture tough-
ness of the steel is explained by the effective grain size.

To explain the similar fracture toughness values for R335V and R350HT, despite the
differences in composition and lamellar thickness, the production route of both rails
was observed. Reheating of the blooms, the consecutive hot rolling of rails, and recrys-
tallization after each rolling step is the standard procedure for the production of rails.
The present study indicates that this production route results in similar-sized effective
grains, regardless of the cooling rate after hot rolling.

5.4.3. FATIGUE CRACK GROWTH

In Table 5.6 and Figure 5.8 the fatigue crack growth rate test results are presented. The
fatigue crack growth in both R335V and R350HT [23] rail steels are determined using the
same test setup, and similar sized C(T)-specimens.

Increasing the stress ratio increases the mean stress intensity factor, limits crack clo-
sure phenomena, and results in higher crack growth rate in R335V, R350HT [23] and Ref2
[25], as is observed in Figure 5.8. This is a well-known effect [9, 46, 48].

The fatigue crack growth curves in Figure 5.6 are parallel, although for R335V higher
fatigue crack growth rates are observed. A small lamellar thickness is associated with
a more ductile fracture behavior, with more secondary cracking [15], and with the best
resistance to crack growth at low crack growth rates [13]. For small-scale yielding con-
ditions this is explained by the radius of the plastic zone, ry, which can be estimated
as the squared ratio of the actual value of K; and the yield strength of the material [49],

according to
1 (Kl)z 5.5
ry=—|—|1 . .
Y7 on Oy

A smaller lamellar thickness results in a higher resistance to yielding and retards crack
growth [13].

Moreover, the composition of R335V steel is hypereutectoid with 0.91 wt% carbon
content, as is presented in Table 5.1, whereas Daeubler et al. [15] used AISI1080 in their
experimental investigation, with a carbon content of 0.8 wt%. Mishra et al. [13] used
steel with a carbon content of 0.72 wt%. Therefore, besides lamellar thickness, a second
aspect is discussed; the cementite network at the prior austenite grain boundary.

The composition of R335V is optimized with manganese, silicon and vanadium ad-
ditions [5, 36, 50]. Manganese addition limits prior-austenite grain size, contributing
to the toughness [8], whereas silicon prevents the formation of pro-eutectoid cementite
[36]. Mattos Ferreira [7] observed the presence of a limited layer of grain boundary fer-
rite in the microstructure of R335V, in which also coarse cementite particles are present.
This microstructure has been illustrated in Figure 5.2A.

A limited number of studies is available to reference fatigue crack growth in pearlitic
hypereutectoid steels. However, despite the attention to the cementite network at the
prior austenite grain boundary, Thao [37] concluded that the fatigue crack growth rate
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in hypereutectoid steels is higher than in eutectoid steels. This is explained by the brit-
tle fracture through the grain boundaries or the lower deformation capacity of the mi-
crostructure having a higher cementite content [37].

5.5. CONCLUSIONS

In this experimental investigation, the mechanical behavior of an air-cooled vanadium-
alloyed hypereutectoid rail steel is characterized using standardized linear elastic frac-
ture mechanics tests. The main conclusions are summarized below:

* Monotonic tensile test results show that the strain hardening capacity of R335V
steel is higher than that of R350HT rail steel, a material property typically related to
coarser pearlite. In the hypereutectoid steel non-uniform plastic elongation before
fracture is virtually absent. Secondary cracks in R335V are at the ferrite-cementite
interphase within the colony and crack tip blunting is observed at the extremes of
the secondary interphase cracks.

* The fractography of the tensile specimens show the clear grain boundaries in the
fracture region. Ductile fracture patches are present but small as a result of the thin
grain boundary ferrite. Additionally, at the fracture surface of the R335V fracture
toughness specimens, it is observed that ductile fracture features like dimples are
shallow.

e Statistically no difference between the fracture toughness of R335V and R350HT
rail steel was found. This result indicates that a damage-tolerant maintenance
strategy for the railway rails can be applied when R335V steel rails are installed.

e The fatigue crack growth curve in the Paris-regime of the mode-I fatigue crack
growth test is parallel to the Paris curves for R350HT and standard grade eutectoid
rail steels. Although being parallel the fatigue crack growth resistance in the Paris
regime is lower for R335V, such that at a load ratio of R = 0.1, the crack growth rate
is comparable to the crack growth in referenced steel types at a R = 0.5. Despite
the limited references available the lower crack growth resistance is explained by
the hypereutectoid composition, and is, in the Paris regime, independent of the
microstructure as optimized by the silicon, manganese, and vanadium additions.

» The fractography of the fatigue crack growth surfaces shows a coarse staircase pat-
tern. At high AK it is observed that the cleavage facets cover a larger area fraction,
but still fatigue crack growth is observed. This heterogeneity is believed to con-
tribute to the substantial scatter in the fatigue crack growth results.
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GENERAL DISCUSSION AND
RECOMMENDATIONS

This thesis presents research results of the investigations on rail surface conditions re-
sulting from grinding and the durability of the contact surface that is formed. The main
objective is to develop metallurgical understanding of the conditions under which dam-
age may occur. For that purpose different research projects were designed and per-
formed: track tests, laboratory tests, and case studies. The processes that take place
at the rail surface were analyzed and the criticality of ground surface features was evalu-
ated. Also the investigation of the fatigue and fracture toughness of a novel hypereutec-
toid railway steel is performed. The results of this study contribute to the development of
knowledge on the relation between microstructure and mechanical behavior of pearlitic
steel. In section 6.1, discussion, the main research findings are presented.

During the progress of these research projects future research objectives are formu-
lated to fill knowledge gaps that were identified. These are presented in section 6.2, Rec-
ommendations.

6.1. DISCUSSION

This discussion section presents the main findings of the research conducted within the
framework of this project. The implications and possible adjustments to the surface con-
dition of the freshly ground surface to improve surface durability are also discussed.

In Chapter 2 the surface roughness is presented as one of the characteristic features
of the freshly ground rail surface. Vertical-axis grinding introduces a, typically, transverse
lay on the applied facets. This roughness has a height profile resulting from abrasive
particle size distribution and variations in degree of penetration.

The surface roughness is reduced by wear and deformation processes that are in-
duced by rolling and sliding wheel-rail contact. It is observed that slivers are formed
subsequently covering adjacent grinding grooves. Roughness asperities, which are sub-
jected to high contact pressures, are deformed and slivers of material are progressively
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extruded out of the wheel contact. This localized wear mechanism is generally indicated
as plastic ratchetting.

In a grinding field test, Chapter 2, and a conditioned twin-disc experiment, Chapter
4, it is observed that deformation contributes to the rapid reduction in roughness and
the formation of the contact surface, especially at the facet transitions. A disadvanta-
geous aspect is that detrimental particles may not be removed during contact surface
formation and get trapped. The study of micrographs in Chapter 2 confirmed that white
etching layer (WEL) formed during grinding and residues of rail steel that is subjected to
metallographic burn, are enclosed in the rail surface.

In the results of the research projects, performed to identify critical surface features,
three grinding-related damage initiation mechanisms are identified.

Microscopic images of cross-sections of the rail samples taken during the field test
(Chapter 2) revealed that damage initiates at deep grinding grooves, which typically
show metallographic burn. These grinding grooves contain corroded WEL and are de-
formed, submerged, and still present after ~7 Mt of train load. The presence of deep
grinding grooves prevents, either by the presence of geometric surface deviation or as a
result of grinding burn, the uniform deformation of the surface due to wheel-rail contact.
Strain concentrations, which act as preferential sites for damage initiations, appear.

The second mechanism for damage formation is identified in the case study on the
railway line Zutphen-Hengelo in The Netherlands, using rails taken from this single-
track line, Chapter 3. The case study shows that damage may occur when the grinding
roughness does not wear off quickly enough during the formation of the contact surface.
In that case, WEL starts to form on the contact surface surrounding the grinding grooves,
further reducing wear. Finally, damage occurs at the bottom of the remaining grinding
grooves surrounded by the WEL-coated contact surface.

The necessary surface conditions at which both observed mechanisms can lead to
damage initiation can be avoided by controlling the variation in abrasive penetration
depth and the height profile of the surface roughness. Allowable limits depend on site-
specific conditions, especially concerning the wear rate and the wear resistance of the
rail steel of the installed rail.

Incomplete removal of the short-pitch corrugation is the third mechanism identified.
The results in Chapter 3 demonstrate that failure to remove the corrugation across the
entire width of the wheel-rail contact surface may lead to the formation of new damage.
Removal of corrugation is almost always demonstrated by performing longitudinal pro-
file measurements at the highest point of the installed rail. However, it is important to
perform measurements across the entire width of the contact surface. Special attention
should be paid to this after the grinding work is completed.

Facet transition zones, the connection between facets created by vertical axis grind-
ing, are identified in the literature as preferential zones for damage initiation, particu-
larly under conditions of high stress and low wear, and in the presence of deep grinding
grooves. The results of the field test in Chapter 2 show that contact surface formation in
facet transition zones is faster than at the facet center, due to locally higher stresses. The
aforementioned plastic ratcheting wear occurs, and sliver formation is accompanied by
a temperature increase above A.3, causing a WEL to be formed locally. The extent to
which larger deformation below the facet transition surface, compared to the facet cen-
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ter, occurs, decreases with increasing load cycles and the wear at the transition zones.

The introduction of frequent preventive grinding causes the formation of a new con-
tact surface every time the rail is resurfaced. Therefore, the breaking-in behavior of dif-
ferent surface conditions is evaluated using a twin-disc setup, Chapter 4.

During breaking-in, surface contamination is removed, deformation and wear take
place to align surfaces and to increase conformity, the contact surface gains strength
and is able to transfer higher external forces. The experimental results show that the
coefficient of friction between the test disc and contra disc rises shortly after the start
of the cyclic loading when a contact surface is formed by the deformation of roughness
asperities. But when wear is required to align surfaces, it takes longer, and higher slip
speeds remain present.

Rail steels with increased wear resistance are introduced in the railways to increase
grinding intervals. As part of this study a novel rail steel is characterized and the me-
chanical behavior is evaluated, Chapter 5. This novel air-cooled steel grade has a hyper-
eutectoid carbon content with vanadium additions.

The experimental results show that the fatigue crack growth rate in the hypereutec-
toid steel is higher than in the benchmarked eutectoid steels, despite the micro-alloying
with vanadium and silicon to limit the precipitation of grain boundary cementite. Due
to the micro-alloying, no grain boundary embrittlement occurs. The increased crack
growth is likely caused by the high cementite content in the pearlite.

The results of the experimental study contribute to the understanding of the rela-
tion between microstructure and mechanical behavior of pearlitic steels. It is concluded
that, when applying this type of steel, a damage-tolerant maintenance method can be
applied, but defect initiation must be closely monitored in practice to evaluate the crack
growth rates in practice and to benefit from its wear-resistant properties.

6.2. RECOMMENDATIONS FOR FUTURE RESEARCH

The research presented in this thesis has extended metallurgical understanding of crit-
ical features of the freshly ground rail surfaces. Nevertheless, research on damage initi-
ation conditions is still a green field and many aspects need further investigation. The
area of research includes not only metallurgy but also wheel-rail interaction mechan-
ics and process technology. During the progress of this research project, the following
recommendations were formulated to fill the perceived knowledge gaps.

* Itis observed that white etchinglayer formation and grinding burn in deeper grind-
ing grooves may have a detrimental effect on the durability of the contact surface
by an increased probability of grinding-related damage initiation. However, no
quantification of the allowable grinding groove depth or white etching layer thick-
ness is made yet. These observations lead to two recommendations for further
research.

— Perform experiments to determine whether roughness height (variations) of
the freshly ground surface and surface wear can be balanced, allowing the
roughness to be fully worn before a low wear rate sets in. If such roughness
height (variation) exists it is expected to be different for different steel grades
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and loading conditions. The assumption that was made, based on the ob-
servations in this study, is that a contact surface with lower roughness, and
without the presence of locally deeper grinding grooves, has a better durabil-
ity.

— The second recommendation is to invest in process development that allows
cutting depths to be increased without developing detrimental surface fea-
tures such as WEL, metallographic burn and incidental deep grinding grooves.
In some industries experiments take place using new abrasives, for example
cubic boron nitride (CBN) combined with cooling of the grinding wheel, re-
sulting in a more favorable heat partitioning [', *].

* The vertical-axis grinding causes facets on the freshly ground surface. The ef-
fects of high local contact stresses in the facet-transition zones, as found in the
literature, are also observed in the grinding field test. Although facet transitions
were not indicated as specific damage initiation sites, it is not fully understood yet
which facet transition characteristics are allowable. Three recommendations for
further research were formulated.

— Study the contact surface formation and quantify the evolution of the defor-
mation beneath the surface using technologies that reveal microstructural
details like electron backscatter diffraction (EBSD). The objective is to gain
better understanding of the process and the critical aspects of the transition
zone.

- Design research experiments to determine the allowable facet plane angle
ranges given a certain wheel load, to avoid damage initiation caused by lo-
calized stress concentrations. This allowable facet plane angle determines
the minimum number of facets at the rail surface, and thus the minimum
number of grinding wheels needed to finish the ground surface.

— Design research experiments to determine allowable grinding groove depth
variations at the facet transitions. This recommendation relates to the re-
search recommendations on allowable surface roughness.

Once, by performing the above-mentioned research, quantitative relationships between
surface properties, their limits, and the probability of damage initiation have been es-
tablished, it can be implemented and applications can be developed.

When developing specifications and equipment, profile variations that are present
in practice must be taken into account. These variations are the result of differences in
wear and local rail replacements, and require different grinding depths for reprofiling.

As the grinding depth increases, the intensity of the friction between the abrasive
particles and the surface also increases, and thus the heat production. To design a robust
grinding process that minimizes the formation of damage promoting surface features, it
is essential to study these variations.

Lg, Malkin, C. Guo (2007), "Thermal analysis of grinding". In: CIRP Annals 56, pp 760-782.
2A8. Lavine, S. Malkin, T.C. Jen (1989), "Thermal aspects of grinding with CBN wheels". CIRP Annals 38, pp
557-560.
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Rail manufacturers have optimized the chemical composition of rail steel and intro-
duced controlled, accelerated cooling after hot rolling to improve mechanical proper-
ties and to reduce wear. The investments were made to extend the service life of the
rails and the grinding intervals for users. Despite these investments, there are still some
knowledge gaps regarding the relationship between microstructure and the mechanical
properties of pearlitic steels, particularly in the areas of fatigue crack growth and fracture
toughness.

Experimental research and characterization of air-cooled hypereutectoid rail steel
have shown that the grain size of the pearlite colony and the misorientation angles be-
tween the pearlite colonies are important indicators of the fracture toughness of pearlitic
steels.

The research results indicate that improvements in the production process are nec-
essary to further optimize the mechanical properties of railway steel and its final mi-
crostructure and to capitalize on all the investments in composition.

Hot rolling temperatures still seem to be primarily determined by the forces and
roller wear that occur during rolling. However, by adjusting hot rolling temperatures,
the pearlite grain size and the peatrlite colony orientation can be controlled. Therefore,
it is advisable to investigate whether lowering the rolling temperature will improve the
mechanical behavior, making investments in the chemical composition even more ef-
fective.
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The railway track construction. A) Overview of a double-track railway sec-
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Vertical axis grinding setup. A) Each grinding motor is mounted in a frame
that can be moved up and down, and rotated to grind different parts of the
rail profile. B) Detail of A). The grinding motor is upright. C) Two grind-
ing wheels, which are positioned one after the other in the grinding train,
at different angular rotations. D) The area removed by grinding wheel 1
in grey, and by grinding wheel 2 in green. Grinding wheel 2 is positioned
behind1. . .. ... ... e

The grinding-related rail defects in a rail from a steel with increased wear
resistance. A) The rail with the repetitive rail defect in track. The bright
polished surface where the material is removed evidences the recent re-
moval. B) The repetitive damage initiation positions are indicated by the
black arrows. This mutual distance of the initiation positions is equal to
the characteristic length of the grinding process. The red arrows indicate
the local damage-propagation direction. The material spalls off after the
subsurface crack planes of different damages intersect. . .. ... ... ..

The microstructure of rail steels. A) Standard-grade R260Mn rail contain-
ing 0.53-0.77 wt% carbon and 1.25-1.75 wt% manganese [20]. The lamel-
lar microstructure of pearlitic rail steel and different colonies are shown.
B) A rail steel with improved wear resistance, R350HT. R350HT contains
0.70-0.82 wt% carbon and 0.65-1.25 wt% manganese [20]. The controlled
accelerated cooling after hot-rolling reduced the lamellar thickness. . . . .

A schematic illustration of a grinding face of a grinding wheel. The abra-
sive particles have irregular shapes, various sizes, and orientations and are
bonded in the grinding wheel. The different protrusion heights cause the
roughness height distribution. Self-sharpening takes place by bond frac-
ture or fracture of abrasives. . . . . . ... .. oL oo oo oL

The test site location. A) Position in the south of The Netherlands. B) At
km 34.75 on the southbound track of the railway line Roermond-Sittard.
C) Site access from the level crossing Roermondseweg. . . . . ... ... ..

Impression of the test site. A) The newly installed rail. B) The rail prior to
grinding but after 14 days in service. C) The ground rail surface. . ... ..
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Image of the ground in-service rail. At the rail surface are indicated: 1) Vi-
sually distinguishable ground facets (1-13). 2) Positions for hardness and
surface roughness measurements, A, B, and C. 3) The position of the met-
allographic sections: sections along the running direction at the facet and
at the facet transition zone (TZ), and cross-sections. . . . . ... ......

Representative micrographs of the ground rail surface of sample RS0. A)
Optical micrograph of the ground surface. The measurement positions A-
C, the characteristic length of the grinding process, and the various degrees
of blueing, see i-iii, are indicated. B) Facet transition zone. The extremi-
ties of the grinding grooves that define the transition zone are highlighted.
C) A grinding groove crossing the facet transition. D) The characteristic
grinding groove. Cutting ridges are present in the grinding grooves. At both
sides of the groove ploughed material is observed. . ... ..........

The freshly ground rail surface observed in cross-section on metallographic
specimens from rail sample RS0. A) Grinding grooves with various shapes,
widths, and depths. Grinding groove 1 is shallow and wider compared to
grinding groove 2, which is deeper and covered with extruded material.
Groove 3 is narrow and the distance to the ridge at the side is R;~31pum.
B) Strained and partially cracked material that was not removed and cov-
ers the WEL-coated surface. C) A stack of ploughed material. The layers
have a total thickness of ~24 uym. Below the layers, the deformation ori-
entation is in the —Y-direction. D) The SEM micrograph shows the green
framed area in Figure 2.5c in detail. The top layer is phase transformed, see
ii. At the bottom, see i, a ~2um WEL is observed while the middle layer
consists of strained pearlite with a small WEL at both sides. . . . . ... ..

The contact-surface formation as a function of the cumulative load, based
on rail surface inspections in daylight. The cumulative load in Mt is pre-
sented in each micrograph. A) 1 x 1073 Mt. Contact-surface formation
takes place at the facet transitions of facet 8, indicated by the arrow. Blue-
ing is still present. B) 0.12 Mt. Surface corrosion has taken place. The con-
tact surface widens and load-carrying surfaces start to develop between
the grinding grooves at the face surface. Grinding grooves with diverg-
ing orientations appear. C) 0.24 Mt. The surface of the facet transitions
is smooth on the gauge side of the contact zone. Surface corrosion is lo-
cally present at the facet surfaces and the grinding grooves with diverg-
ing orientation are still present. D) 0.80 Mt. The contact surface width
is reached and the corrosion layer has thickened. The length of grinding
grooves shortens, but deeper grooves remain. Slip marks at the surface are
caused by track maintenance and are not investigated. E) 3.5 Mt. Three ar-
rows are placed to observe the grinding groove lengths and the densities.
F) 6.7 Mt. The surface condition just before the field test is completed.

The evolution of surface roughness (A) and hardness (B) in positions A, B
and C, during the field test. The measurements were made on the surfaces
of the extracted rail samples. See Figure 2.3 for the reference of the mea-
SUrement POSItIONS. . + . v v v v v v e e e e e e e e e e e e e e e e
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2.8

2.9

The contact surface at rail sample RS0.4, A-C, and rail sample RS6.9, D-E.
A) Micrograph of the rail surface. Load-carrying surfaces develop between
grinding grooves, see 7, and the facet-transition zones are smooth, see ii.
B) On the facet surface in the blue frame, vertical lines and partly covered
grinding grooves are present. Both are the result of extrusion of roughness
asperities. C) Extrusion lines on the surface in the facet-transition zone
of the green-framed area. The parallel lines exhibit a lower density. D)
Micrograph of the rail surface. The middle of the contact surface is smooth
but on both sides the deeper grooves remain. E) The contact surface in the
orange-framed area. The serrated edges of the lines on the surface exhibit
various orientations and length. These are associated with rolling contact
fatigue damage initiation. . . . ... ... .. oL L Lo o L

The contact surface formation as observed on longitudinal sections. The
rows of the array present the micrographs of sections from rail samples
RSO to RS6.9. The columns present the micrographs of sections from the
transition zone position on the left and from the middle of the facet on the
right. The microstructure details are described in the main text. . . .. ..

2.10 The freshly ground surface characteristics affect the contact surface forma-

tion, and are related to various features at the surface in rail sample RS6.9.
A) Coil-shaped material filling a grinding groove cavity. B) Material extru-
sion which results in the coverage of a grinding groove. C) Material cover-
ing a WEL patch at the running surface. . . . .. ... ... ..........

2.11 Evolution of damage in the facet transition zone of the rail surface. A)

RS0.4; the WEL in the grinding groove acts as a boundary for deformation
and is submerged. The figure shows a detached WEL caused by grinding,
see i. The freshly formed surface is partly embedded by material that has
been extruded, see ii. A second extrusion is present which also traps the
WEL at the surface. Here the deformation is more evident and a slip re-
lated WEL has formed at the surface, see iii. B) RS2.0; damage initiates at
the surface. The WEL patch is pressed and embedded into the surface, see
i. The crack that forms next to it reached a crack depth of 19 um and the
propagation orientation is 40° with respect to the surface, see ii. C) RS6.9;
at the surface two cracks are observed. One crack is present next to the
residual grinding groove and is filled corrosion products, see i. The sec-
ond crack is closed and has a slightly shallower propagation orientation,
see ii. The crack depth is ~27 um and the propagation orientation is 50°
with respect to the surface, see iii.. . . . .. .. ... ..
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2.12 Evolution of damage in the facet-transition zone of the rail surface. A)

RS0.4; the WEL in the grinding groove acts as a boundary for deforma-
tion and is submerged. The figure shows a detached WEL caused by grind-
ing, see i. The freshly formed surface is partly embedded by material that
has been extruded, see ii. A second extrusion is present which also traps
the WEL at the surface. Here the deformation is more evident and a slip-
related WEL has formed at the surface, see iii. B) RS2.0; damage initiates
at the surface. The WEL patch is pressed and embedded into the surface,
see i. The crack that forms next to it reached a crack depth of 19 pm and
the propagation orientation is 40° with respect to the surface, see ii. C)
RS6.9; at the surface two cracks are observed. One crack is present next
to the residual grinding groove and is filled with corrosion products, see i.
The second crack is closed and has a slightly shallower propagation orien-
tation, see ii. The crack depth is ~27 um and the propagation orientation
is 50° with respect to the sruface,see iii. . . ... ... ... .. ... ....

2.13 Schematic model describing roughness reduction and WEL removal, re-

3.1

3.2

3.3

3.4

3.5

3.6

appearance and submerging of the freshly ground surface. . ... ... ..

Impression of the, non-electrified, single track railway line, Zutphen - Hen-
gelo. L.
Scheme of the local coordinate system, and location and orientation of the
metallographic cross-sections. . . . . ... ... ... .. L L.
Railway track construction and characteristic contact surface, just before
rail sample extraction in 2020. The numbers indicate the ground facets at
thecontactsurface. . . .. ... ... .. .. .. L o
Rail contact surface as a result of the preventive grinding and wheel-rail
contact. The deviations in the contact surface width are depicted with dot-
ted lines. The ground facets are numbered 1 to 4. Cracks are present at

facet 1, see i, an incipient crack at facet 2, see ii, and WEL at facet 3, see iii.

Detail of the rail surface. A) load-carrying surfaces, on which WEL-stripes
are present (see i), surround the residual grinding groove, highlighted with
dotted lines. In the grinding groove damage initiations are present, see ii
and iii. B) The hardness distribution of that rail surface, showing locations
of lower hardeness, the grinding groove (blue) and locations with higher
hardness and WEL (yellow/green). The regions regions where WEL is ob-
served are outlined by the white dotted lines. . .. ..............
Symmetric squat defect with semi-elliptical crack tip. A) Three distinguish-
ing features are indicated: (1) the semi-elliptical crack tip, (2) the parallel
propagation paths, and (3) the deflection of the crack path. The dark spot,
see i, is the result of intermediate-layer build-up and evidences the subsi-
dence of the surface. The contact surface shows widening, see ii, longitu-
dinal slipmarks, see iii, and spalling of material. The arrow indicates the
probable wheel-contact displacement, see i v. B) 3D-representation of the
subsurface crack plane composed of all contour lines after surface milling.
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The arrow indicate crack initiations present at a similar transverse position. 51



L1ST OF FIGURES

133

3.7

3.8

3.9

The hardness distribution below the running band. A) Graph presenting
the hardness measured on the cross-section of facets 1 and 2 in blue and
facets 3 and 4 in orange. The hardness is measured from a distance of
0.25 mm to the surface, until 7 mm distance. B) The location of the hard-
ness indents on the cross-section. The colors correspond with the colors
inthegraph. . . . ... . .. . e

Cross-section of facets 1 to 3 observed in X-direction. A) At the facet transi-

53

tion zone between facets 2 and 3 islocally no WEL observed. WEL-detachment

is indicated with the arrow. B) WEL is present at the surface of Facet 2.
The observed crack does not propagate into the bulk. C) WEL is present,
see i, and partly embedded in BEL, see ii. D) Unidirectional deformation
is present beneath the surface of facet 1, see i, and a superficial crack is
PIESENE, SEE [l. . o v v v v v v et et e e e e e e e e

Longitudinal section of Facet 2, closest to the facet transition with facet 3. A
80 um corroded WEL and BEL is present at the surface. The graph presents
the measurement results at the corresponding measurement positions. . .

3.10 Longitudinal section of Facet 2, closest to the facet transition with facet 3.

4.1

4.2

4.3

The observations are made using high-magnification SEM. A) Damage ini-
tiates, see i, between the oxide-filled irregularity, see i, and the WEL patch
at the contact surface. Wrinkled pearlite lamellae are present at the edge
of the WEL, see iii. B) A wear tongue and s-shaped deformation patterns,
associated with the bi-directional use of the railway line, are present, see i.
Wrinkled pearlite lamellae evidences multiple deflection occurrences, see
O

Pearlite microstructure of R370CrHT steel. A) Optical micrograph show-
ing the equi-axed grains. B) Secondary-electron micrograph presenting the
lamellar structure. The cementite lamellae appear light, the ferrite is dark.

Scheme to control the test condition Fcy in the second stage of the test.
A) The Kalker Fastsim simulation provided the relation between the trac-
tion coefficient, Fy;/Fy, and longitudinal slip for various values of u. B)
The Kalker Fastsim simulation also provided the relation between F¢y and
longitudinal slip for various values of y, provided the 2 mrad yaw angle. C)
Procedure to regulate Fcy within the predefined valueranges. . . ... ..

Schematic representation of the rail profile and test disc. A) Test disk made
from the full height of the rail profile, shown in the rail profile with a slotted
hole hub, which is welded onto the disk to mount it in the test frame. B) A
test disc with a hub with slotted hole. C) The local coordinate system that
isusedinthisstudy. . .. ... ... ... .. .. .. e
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4.4

4.5

4.6

4.7

4.8

4.9

Schematic representation of the twin-disc test setup. A) Test setup with
the test disc in blue and the contra-disc in white. Both AC-motors are in-
dependently frequency-controlled, and the rotational velocity and torque
are measured at both drive shafts. B) Representation of the test disc, 1, and
contra disc, 2, with normal force, Fy, torque, M, resulting traction force,
Fy, and rotational velocities of the discs, Vp. C) The 2 mrad misorienta-
tion causes lateral speed difference representative for the angle of attack of
avehicle bogeyina R=1200mradiuscurve. . . . ... ............

The contact surface formation at the HT surface condition. A) The fresh
HT surface with characteristic feed marks and ridges on both sides. B) The
surface condition at 24 x 103 load cycles, consisting of a smooth band, see
i, and a rough band, see ii. Both bands are separated by remaining feed
mark valleys. C) The evolution of the surface roughness and the coefficient
of friction as a function of the number ofload cycles. . . . . ... ......

The contact surface, that was formed on the HT surface condition, after the
test. The white arrows indicate the sharp edge of the contact surface and
spallation of material. Spallation takes place at a ~30° angle and a ~48°
angle. This second orientation coincides with the wear scratches at the
surface. The ridges in the cavities, the result of material spallation, might
be propagation marks. The dashed vertical lines indicate the former feed
mark positions. . . . ... ... e

The characteristics of the HT surface condition before and after the test in
cross-section. A) The feed mark at the hard turned surface with ridges on
both sides. B) The contact surface with surface-initiated damages at mu-
tual distances of 100 um to 140 um. C) Material deformation and fragmen-
tation at the contact extreme. D) Deformation below the contact surface.
E) Damage initiation between strained lamellae at the center of the contact
SUIfaCe. . . . . . e e e e e e e e

The contact surface formation at the TB and LB surface conditions. A) The
freshly brushed TB surface. B) The evolution of surface roughness and co-
efficient of friction as a function of the number of load cycles. C) The con-
tact surface on the TB surface condition after the calibration run. D) The
contact surface at the LB surface condition. E) The evolution of surface
roughness and coefficient of friction during the last part of the test. F) The
contact surface at the LB surface condition at 9 x 10% load cycles. . . . . . .

The contact surfaces that were formed. A) The contact surface on the TB
surface condition, after 12 x 103load cycles. At the contact surface two
bands are observed. The deep grooves next to the contact surface are also
visible in the contact. Several damages are present. B) The contact surface
on the LB surface condition, after 378 x 10° load cycles. Four bands are in-
dicated with i to iv, having different surface characteristics. The brushed
surface showsblueing. . . . . ... ... ... .. . oo ..
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4.10 The characteristics of the TB surface before and after the test. A) The fresh
surface with a furrow, formed by transverse brushing. B) The contact sur-
face, C) The fresh surface outside the contact, with deformed and sub-
merged material. D) Deformation of the running surface, E) Contact sur-
face widening by the deformation of material at the contact extreme. . .. 82

4.11 The contact surface formation at the AM and M surface conditions. A) The
M surface condition after the calibration run. The wear scars are present
between the repetitive surface pattern and the, partly formed, brown-colored
patches. B) The evolution of the surface roughness and the coefficient of
friction of both the M and AM surface condition as a function of the num-
ber of load cycles. C) The contact surface that is formed on the M surface,
at 27 x 103 load cycles. D) Optical micrograph of the freshly machined AM
surface condition. E) The contact surface that is formed on the AM surface
at 7.5 x 103 load cycles. At the contact surface are bands and wear slivers
visible. . ... e e 83

4.12 The surface characteristics of the contact surface formed from the M sur-
face condition, at 83 x 10%load cycles, after the test. A) Contact surface
with the machined surface at both sides. The colored frames are locations
of detailed observations. B) SEM observation of the freshly machined sur-
face showing sliver formation, which is the result of cutting and rubbing.
Oxidation products are observed on the cutting ridges, highlighted by a
white ellipse. C) SEM observation of the machined surface in detail. D)
SEM observation of the contact surface developing damage at the remain-
ing transitionsinheight. . . . . ... ... .. L. oo o o L 84

4.13 The characteristics of the M surface before and after the test in cross-section.
A) The fresh M surface with deformation caused by machining. B) The con-
tact surface. C) Material extruded at the contact surface covering a groove.
D) Oxide presence in the contact surface. E) Widening of the contact sur-
face by material deformation at the contact surface extreme. . .. ... .. 85

4.14 XRD analysis of the contact surface at M surface. A) The specimen at the
sample stage. B) Observation position at the brown part of the contact sur-
face. C) The observation position at the dull part of the contact surface. D)
The diffraction pattern with in red the expected peaks for Fe and in blue for
a-FepOs, hematite. . . . . . . ... . e e e 86

5.1 Location, orientation, and dimensions (mm) of C(T)- and tensile-specimens
in the rail profile. A) The rail head cross-section. B) The longitudinal section. 99

5.2 Scanning electron micrographs of the as-received R335V (A, C) and R350HT
(B, D) steels (respectively). (A, B) The pearlitic microstructure with white
arrows indicating the presence of smaller and wider boundary ferrite net-
works. (C, D) The greater respectively smaller lamellar thickness, as is vi-
sually observed on the SEMimages. . . .. .. ... ... .. ......... 102

5.3 Hardness of R335V and R350HT, measured on a transverse section of the
rail head, at the centerline of therail profile. . ... .............. 103
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5.4

5.5

5.6

5.7

5.8

5.9

Al

Engineering stress-strain curves of the four tests of R335V [7]. The four test
curves of R350HT [23] and Ref2 [25] are presented as a reference. . . . . . .
Deformation observed in the transverse plane of the tensile specimens. A)
Cross-section of R335V tensile specimen. The arrows point the small shear
lip and secondary cracks. B) Secondary cracking in R335V. C) The fractured
R335V-specimens. D) Cross-section of R350HT. The arrows indicate the
shear-lip size and secondary cracking. E) Secondary crack in R350HT. F)
Hardness measurement results on the cross-section. . . . .. ... ... ..
Fractography of R335V (A-C) and R350HT (D-F) tensile specimen. The ar-

105

rows indicate inclusion sites in areas showing cleavage and ductile fracture. 105

Fractographic micrographs of a R335V fracture toughness specimen. A)
The fractured specimen with observation locations. B) The cleavage frac-
ture zone with low mutual misorientation angle colonies. The re-initiation
site with local propagation direction is indicated. C) An area with fea-
tures of ductile fracture. Shallow dimples and a lamellar structure with
fluted ductile fracture characteristics are indicated. D) River patterns in the
cleavage fracture zone. E) The transition zone between fatigue pre-crack to
cleavage fracture. F) Stretchzone. . ... ... .................
Fatigue crack growth graphs. The results for R335V and R350HT [23] are
presented together with Paris-curves for Refl [9] and Ref2 [25]. Fracto-
graphic images at equal crack growth are shown; top row da/dn ~ 2.5 x
107" m/cycle, bottom row da/dn ~ 2.5 x 10~8m/cycle. The image frame
colors correspond with the graphcolors. . . . ... ..............
Fractography of fatigue crack growth in R335V, tested at R=0.1. The images
are ordered by crack length. The crack length and crack growth rate are
indicated under each image. The white arrows indicate local crack prop-
agation direction, whereas the macro crack growth is from right to left. A)
Crack initiation at the straight notch. B) Fatigue crack propagation with
microstructure-related crack path direction transition. C) Fatigue crack
propagation with local cleavage zones. D) Crack arrest and re-initiation. E)
Increase in area fraction of cleavage zones when the crack length increases.
F) Quasi-cleavage crack propagation and fatigue crack propagation. . . . .

A double track site with the hot axle box detector (HBD) and hot wheel de-
tector (HWD) for train measurement. A) An overview of the detector site
with RFID-tag readers to identify trains and the in-track detectors to mea-
sure wheel temperatures and axle box temperatures. B) Illustration of the
detector site demonstrating the measurement positions and directions.

A.2 Weighing in motion system. A) A measurement site. B) One of the 7 rail

A3

sensors that is installed on each rail. C) The schematic representation of
thefiberopticsystem. . . ... ... ... .. .. .. .. o
Running surface of the rail made from rail steel with improved wear prop-
erties. The arrows indicate the squat-type defects that are present. Defects
cause only minor subsidence of the surface which is typical for rails made
fromthesesteels. . .. ... ... ... . ... e
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A4

A5

A.6

A7

A.8

A9

Impressions of the evolution of the ground rail surface. A) Grinding per-
formance. B) Freshly ground rail. C) Rail surface after 60 train passages,
1050 wheel passages and 13 kt of axle load. D) Rail surface after 140 train
passages, 2400 wheel passages and 31 kt. E) Rail surface after 220 train pas-
sages, 3800 wheel passages and 49kt. F) Rail surface after 440 train pas-
sages, 7700 wheel passagesand 100kt. . . ... ... .. ... .. ......
The scheme for the extraction of rail samples and observation positions.
On the left the installation, (T-1), and extraction moments, T1-T3, in time,
are presented. On the right the sample identifiers used in Chapter 2, with
the rail load since grinding in Mega tonne, is shown. The analysis pre-
sented in Chapter 2 only concerns the new rail with 3N (new), 5, 7 and 9
(identifiers during the project). . . . . .. . ... .. .
Quick scan of the surface of RS0.4. A) The contact surface formation. B) A
deeper grinding groove at the facet transitionzone. . . . . . ... ... ...
Quick scan of RS0.4. The inserted metallographic microscope images show
the surface condition at various positions of the gauge corner of the ground
rail. Lo e
Confocal images of the replicas of the rail surface which are used for 3D
profile analysis. A) The freshly ground surface. B) The surface of the rail
after it was in use for aday after grinding . . . . ... ... ..........
The inspections, measurement results, and visual characterization. The
measurement results of measurements performed in the lab are presented
inboldtext. .. ... ... . ... e

146

147

147

148

149







2.1

2.2

2.3

2.4

3.1

3.2

4.1

4.2

4.3

4.4

5.1

5.2

5.3
5.4
5.5
5.6

LIST OF TABLES

Track lay-out and rail profile at the testsite. . ... .............. 19
Train traffic that passed the test site during the field test, from 29 March
2021 until 18 Dec 2021. The train traffic is divided into passenger trains,

freight trainsand othertrains.. . . . .. ... ... .. ... .. .. .. ... 20
Chemical composition (in wt%) and mechanical properties of R370CrHT
rail steel as stated on the 3.1-certificate. . . . .. ............. ... 20

Rail samples (RS) extracted from the test site. The first row presents the rail
sample codes, the second row the total load after grinding, and the third
row the share of totalload (%). . . ... ... ... .. ... .. .. ... ... 21

Chemical composition ranges (wt.%) and mechanical properties of R260Mn

rail steel, as stated in the EN13674-1-standard [36] . ............. 46
Total trains and line load divided into running direction and freight and
passenger trains. Measurement period: 10 Sept 2019 - 9 Sept 2020 . . . . . 47

Chemical composition (in wt%) and mechanical properties as shown on
the 3.1-materials certificate. The hardness is measured on the centerline

of the rail head surface, as prescribed in the EN13674-1-standard [26]. .. 70
The design of the test disc and the contra disc, the normal load, and the
resulting contact pressure for the selected disc geometries. . ... ... .. 71
Characteristic aspects of the surface conditions that were evaluated in this
experimentalstudy. . . . .. ... .. . L o 75

The summarized results of the experiment with different surface conditions. 77

Chemical composition (in wt.%) of air-cooled hypereutectoid steel, R335V,
the referenced accelerated-cooled eutectoid rail steel, R350HT, and eutec-

toid rail steels, Refl and Ref2. . . . . .. ... ... .. 98
Linear elastic fracture mechanics tests on R335V rail steel; references, spec-

imen type, dimensions, and numberoftests. . . . ... ......... ... 99
Loading conditions of the specimens in the fatigue crack growth tests . . . 101
Tensile test results of R335V, R350HT and Refl andRef2. . . . ... ... .. 103
Linear elastic plane-strain fracture toughness testresults. . . ... ... .. 107
Paris-Erdogan crack growth parameters for R335V, R350HT, and referenced

steel grades, forload ratios R=0.1and R=0.5. ... ............. 109

139






A

PREPARATIONS AND LESSONS
LEARNED FROM THE TRACK TEST

141



142 A. PREPARATIONS AND LESSONS LEARNED FROM THE TRACK TEST

A.1. INTRODUCTION

Performing experiments in an in-service track has the advantage that, in this research
project, the ground rail surface is exposed to a wide variety of train traffic and to all other
external influences that may be present. Some of these influences might never be con-
sidered when an experiment is performed under fully controlled conditions.

The specific circumstances also pose challenges. For example, the experiment can-
not simply be interrupted for further examination of the surface condition at hand or
because a desired surface condition is reached. Another challenge concerns the gener-
alizability of the results. The experimental results are found for a specific test location.
How can generalizability be taken into account in the design?

The purpose of this Appendix A is to show how the above-mentioned challenges were
addressed in the experimental design, the results of which are described in Chapter 2.
First, the main objectives and research questions are presented in section A.2. Section
A.3 shows the specific preparatory activities that were carried out. The experimental
design and the metallographic quick-scan, that is introduced as a check point, are intro-
duced in section A.4. Finally, section A.5 presents the main lessons learned regarding the
design and execution of field tests.

A.2. OBJECTIVES AND RESEARCH QUESTIONS

In the literature study, as presented in the introduction of Chapter 2, knowledge gaps
were identified with regard to the breaking-in behavior and defect initiation mecha-
nisms in the ground rail surface.

The surface condition of the rail that is installed before the experiment is defined by
the stationary pre-installation milling, which is performed to remove the decarburized
layer. The surface condition after 14 days in service is shown in Figure 2.3B, and is, during
in-situ grinding, replaced by the ground surface condition, Figure 2.3C.

After grinding, a process of breaking-in starts. Characteristic aspects of the breaking-
in are discussed in Chapter 4 and comprise surface roughness reduction, deformation
and wear. During the breaking-in process, wear may initially be high but should decrease
during a controlled breaking-in process [1, 2]. Machine operators use well-defined pro-
cedures to go through this breaking-in phase, but in track breaking-in is not controlled.

In the literature various loading conditions and mechanisms that can cause damage
to rails are described. Concerning the ground rail surface, damage may initiate at transi-
tion zones between ground facets [3, 4] or at deeper grinding grooves [5]. The presence
of white etching layers (WEL), the result of heat generation in the friction zones of abra-
sive particles during deep grinding [6], might cause damage initiation in these layers or
at the verge of them [7]. Another mechanism is damages initiation as a result of the hard
and brittle WEL being pressed into the softer matrix [8].
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After studying the available research results regarding the running-in of the ground
rail surface condition, the following two questions were formulated:

* How do the surface and subsurface conditions of a ground rail made from steel
with improved wear properties, evolve?

— What phases can be distinguished in the development of the contact surface?
And what mechanisms play a role?

- Are, at the contact surface, indications of the occurrence of high wheel slip
present, for instance, adhesive material exchange and white layer formation?

- If observed, at which transverse position on the rail do damages initiate?
- Do these damages propagate to larger cracks, or are these worn off?

* Which features of the ground surface condition wear off and which may contribute
to the development of damage?

HBD 2B Raijlcontact 2B
HWD 1B =
HBD1B =
-

HORIA G . oo

HWOD 19

railcontact2 A ” -
> - e %S ... 1 = .",

HBD 2 A

Figure A.1: A double track site with the hot axle box detector (HBD) and hot wheel detector (HWD) for train
measurement. A) An overview of the detector site with RFID-tag readers to identify trains and the in-track de-
tectors to measure wheel temperatures and axle box temperatures. B) Illustration of the detector site demon-
strating the measurement positions and directions.
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A.3. PREPARATIONS

For experiments conducted under controlled conditions, a relevant test setup and con-
ditions must be selected, and experimental procedures and samples must be prepared.
Conducting an experiment on a live track requires the coordination of necessary opera-
tional activities, such as the coordination between the installation of new rail to ensure
a damage-free surface before grinding, and the performance of the preventive grinding
maintenance itself. Because maintenance schedules are fixed, the inspection and re-
moval of the rail were scheduled as much as possible before the start of the experiment.

This chapter presents two specific aspects of the preparation of the experiment; the
site selection and a reference project that was carried out to determine inspection mo-
ments.

-
ﬂ A A"

1
— L

i e Detect
[ Light | Fiber optic

Figure A.2: Weighing in motion system. A) A measurement site. B) One of the 7 rail sensors that is installed on
each rail. C) The schematic representation of the fiber optic system.
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SITE SELECTION

The location selection is based on several
operational criteria related to feasibility
and criteria related to the experimental
design.

Accessibility and safety. The site,
as presented in Figure 2.1, is eas-
ily accessible from the level cross-
ing. The double track situation and
the unobstructed view in both di-
rections allow for daylight inspec-
tions.

The load on the test site and the
trains that pass. In the experiment
the load which the ground rail has
to endure cannot be controlled, but
trains can be measured. One of the
selection criteria therefore was the
presence of a weighing-in-motion
unit.

Close to the test site a hotbox de-
tector, see Figure A.1, is present.
All trains are identified by the hot-
box detector and coupled to mea-
surement results of weighing-in-
motion systems, see Figure A.2. The
results are presented in Table 2.2.

History of rail damages. If damage
to the rails at the selected location

Figure A.3: Running surface of the rail made from rail
steel with improved wear properties. The arrows indi-
cate the squat-type defects that are present. Defects
cause only minor subsidence of the surface which is
typical for rails made from these steels.

has occurred in the past, this is an indication that the loading conditions are such
that damage may initiate during the experiment. For the selected test site it is
known that, after standard R260Mn rails were installed, head check defects de-
veloped. After rails with improved wear resistance, R370CrHT rail grade, were in-
stalled squat-type defects [9] or grinding-related damages [8] developed. The re-
sults of the track inspection before the start of the experiment confirmed this, see
Figure A.3. The available indications about the time to defect initiation for differ-
ent types of defects show that a test duration of 7 to 10 MGT should be sufficient

[8,9,10].
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REFERENCE PROJECT

One of the challenges of conducting an experiment in an in-service railway line is that
rail transport always has priority, both during the day and at night, and maintenance
windows for inspection are limited.

In order to schedule daylight inspections and to select moments when rail samples
can be extracted from the track for detailed analysis, the literature was studied and a
reference project was carried out. In the literature some references are found for the
roughness reduction and damage initiation as a function of load cycles or train load [3,
8,9, 11].

A freshly ground rail on a railway line that sees only 80 trains per day was inspected
daily to determine the rate at which the contact surface forms. Figure A.4 presents an
impression of the reference location and the evolution of the freshly ground rail surface.

Figure A.4: Impressions of the evolution of the ground rail surface. A) Grinding performance. B) Freshly ground
rail. C) Rail surface after 60 train passages, 1050 wheel passages and 13 kt of axle load. D) Rail surface after 140
train passages, 2400 wheel passages and 31 kt. E) Rail surface after 220 train passages, 3800 wheel passages and
49 kt. F) Rail surface after 440 train passages, 7700 wheel passages and 100 kt.
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A.4. EXPERIMENTAL DESIGN
The experimental design is described in Chapter 2. In this section two additional as-
pects of the preparation are described; the inspection and replacement scheme, and the
quick-scan that was introduced.

The inspection and replacement scheme contains the observation positions and ex-
traction positions with identifiers for the location, see Figure A.5.
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Figure A.5: The scheme for the extraction of rail samples and observation positions. On the left the installation,
(T-1), and extraction moments, T1-T3, in time, are presented. On the right the sample identifiers used in
Chapter 2, with the rail load since grinding in Mega tonne, is shown. The analysis presented in Chapter 2 only
concerns the new rail with 3N (new), 5, 7 and 9 (identifiers during the project).

After extraction of the rail sample a metallographic quick-scan was made. The results
are used to gain insight into the current surface condition so that decisions can be made
about the next steps in the experiment. The final analysis that is presented in Chapter
2 is made after the finalization of the experiment. An example of such a quick scan is
presented in Figures A.6 and A.7.

Grinding grooves
at the facet and
transition zones

1000 um

Figure A.6: Quick scan of the surface of RS0.4. A) The contact surface formation. B) A deeper grinding groove
at the facet transition zone.
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Figure A.7: Quick scan of RS0.4. The inserted metallographic microscope images show the surface condition
at various positions of the gauge corner of the ground rail.

An overview of all inspections and measurements is presented in Table A.9 at the end
of this appendix.

A.5. LESSONS LEARNED

In the previous sections additional information on the experimental design and prepa-
rations were presented. Despite the careful preparations, there are a number of points
of attention for future experiments in in-service track.

* The freshly ground track surface undergoes rapid changes at the beginning of the
experiment under the influence of passing trains. This was also observed in the
reference project, and the inspection frequency was adjusted accordingly.

The reference project was conducted on a tangent track section where a standard
R260Mn steel rail was installed. Although some localized wear was observed a
gradual and uniform reduction in roughness took place. The experiment itself was
carried out in a curved track section.

The reference project has contributed to the successful performance of the exper-
iment in track. Nevertheless, differences in track lay-out and track use resulted in
different observations of the rail wear.



A.5. LESSONS LEARNED 149

* The wear processes occurring on the rail surface were evaluated using scanning
electron microscopy (SEM) at low magnifications. The large depth of field of SEM
is a well-known property and actually performing surface analyses using SEM show-
ed the true capability of the method.

e Despite the fact that trains and train wheels are large, it was observed that the local
processes that take place on the rail surface are crucial. In Chapter 2, Figure 2.6 the
results of these localized processes are shown. See also Chapter 3 and reference
[12].

* Local variations in wear and loading of rail surfaces that develop over time can
best be studied by properly aligning all rail samples taken from the track. This
experiment has shown that the characteristic length of the grinding process must
be respected.

* To document the changes in surface condition in detail, it was decided to make
replicas of the surface for later analysis. A fast-curing, two-component silicone
rubber compound was used for this purpose. These replicas were made at the
same rail position during every inspection. The analysis has not yet been per-
formed for the following reasons:

— Although all replicas are made at the same position on the rail surface, align-
ing the replicas and identifying the locations of interest using a 3D optical
profilometer, which characterizes a small area, has proven to be time-consuming.
A separate research project needs to be initiated for this purpose.

— The wear of the rail surface is high, which resulted in wear particles ending
up in the replicas even after cleaning the surface. The reflection of these wear
particles results in measurement errors when interpreting the surface profile.
See Figure A.8 for the first images of the surface.

Figure A.8: Confocal images of the replicas of the rail surface which are used for 3D profile analysis. A) The
freshly ground surface. B) The surface of the rail after it was in use for a day after grinding
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Inspection | Share of cum. Transverse profile
Sample type load after Date Inspection findings Surface roughness Hardness | Replica measurement
grinding (%) Ra R,
(stdev)(pm) | (stdev){(um) | Hv (stdev)
Rail installation
Night installation 28 March Milled surface with longitudinal grinding pattern 410 (20) Yes
In-situ grinding fresh ground surface, light Pre-and post-
1 Night 0.0% 13/14 Apr | coloration in two facets 5.52 (1.06) | 20.27 (4.08) | 386 (22) Yes grinding
Daylight 0.0% 14-Apr Repetitive waviness in daylight
Daylight 0.5% 15- Apr Surface smoothening at 1 facet on top of the rail Yes
Daylight 1.1% 17- Apr surface smoothening expands to adjacent facets Yes
Wide smoothened zones, deeper grooves in
Daylight 1.7% 19- Apr tran n zones become visible Yes
Progressing wear, within corroded surface small
Daylight 3.4% 24- Apr contacts are visible Yes
2 Night 6.2% 2-May Sample 2 extraction 3.07 (1.02) | 14.04 (4.15)| 394(13) Yes Yes
Widening of the contact surface, facets show
Daylight 11.5% 16-May various stages of wear Yes
Night 15.7% 30-May Clear pattern of deep grooves 2.29(0.37) | 12.70 (1.70) | 386(8) Yes
Shallow damage, initiating at the surface damage
Night 23.5% 20-June from maintenance 2.18(0.70) | 12.36(2.83)| 390(13) Yes
3| Night 29.5% 4-July Sample 3 extraction 2.49 (1.15) |11.51(4.13)| 399(8) Yes Yes
Running band; deep grooves in the center, clear
Daylight 50.0% 21-Aug pattern at both sides Yes
Night 74.1% 17-Oct Same patterns although more shallow 1.48 (0.70) | 8.73(4.19) | 406 (10) Yes Yes
Daylight 96.4% 9-Dec Small crack from roughness, repetitive patterns
4 Night 100.0% 18-Dec Sample 4 extraction, finish grinding field test 1.34(0.73) | 6.36(2.62) | 406(22)

Figure A.9: The inspections, measurement results, and visual characterization. The measurement results of

measurements performed in the lab are presented in bold text.
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