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ARTICLE INFO ABSTRACT

Keywords: Transport by rail is an efficient way of moving goods and people while managing problems such
Steel as congestion and the consequences on the environment. The relatively low energy consumption
rails

and CO; emissions are attributed to the low rolling-resistance due to the stiffness of the wheel and
rail, leading to small contact area [1]. Investments in rail transportation has boomed in recent
years. London, with the oldest underground rail system in the world, has added the Elisabeth Line
at a cost of some £14 billion; China now has the largest high-speed rail system in the world. All

Wear
White-etching layer
Rolling contact fatigue

g:?iit: these developments rely on the safe performance of steel rails, which suffer from two primary
Alloy design damage mechanisms, rolling-contact fatigue caused essentially by repeated contact stresses with
Weldability the wheel, and a variety of wear mechanisms. Factors such as weldability are important, given
Inclusions that all modern rails are continuous. This review deals with the detailed physical-metallurgy of
Contact mechanics rail steels, including alloy design, microstructure, variety and choice, and damage mechanisms.

1. Introduction

Steel rails enable the movement of goods and people on well-defined pathways that ensure right-of-way. The rolling stock relies
entirely on steel wheels so its motion involves metal-to-metal contact that must be optimised to ensure safety and service life. Amongst
many variables, the nature of that contact depends on whether the rolling stock is configured for passenger traffic or to carry heavy
goods. Conditions often require that the rail path is not straight, in which case the loading on the rail section will not be uniform,
causing uneven wear and damage. There is, therefore, a considerable combination of engineering and metallurgy involved in the
design of rails.

The metallurgical variables involved in the design of rail steels are really quite complex and difficult to characterise or estimate
theoretically [2-4]. They include localised plasticity [5], wear [6], rolling contact fatigue [7], corrosion [8] and impact fracture during
service [9]. These mechanisms require a basket of properties to be optimised simultaneously, with the focus on strength, work-
hardening behaviour, toughness, hardness, subsurface initiated fatigue, crack growth rates, wear resistance and weldability
[10-12]. And these parameters do not work in isolation — for example, a high wear-resistance means that surface-initiated fatigue
cracks are not “tribologically machined” away during service.

1.1. Snippet of history

Wooden railways appeared first in Great Britain, in locations where the goods would be conveyed to one place only, such as at coal
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Nomenclature

a,p Terms involving the Poisson’s ratio in contact mechanics

o Ferrite

o Martensite

Op Bainite

y Shear strain

%o Initial shear strain increment

7s % difference in surface speeds of wheel and rail

Y Austenite

5 Tensile ductility

€, Strain amplitude in cyclic loading

Ae Difference between maximum and minimum strain components

0 Cementite

He Coefficient of friction, dimensionless

v Poisson’s ratio

£ Creepage, the difference between surface velocities of items rolling against each other, divided by the mean velocity

o Stress - subscript ‘f” for cleavage fracture stress, ‘i’ for friction stress, ‘y’ for yield stress, ‘u’ for ultimate tensile stress,
‘0.2’ for proof stress

T Principal shear stress in contact zone

A Contact area

Acs Temperature at which austenite formation begins during heating

ds Sliding distance

F Normal force in Newtons

Fiy/A Tractive force

H Hardness in Nm 2

k Archard wear coefficient

ke Stress corresponding to radius of Tresca yield-locus circle

kup Hall-Petch coefficient

Kie Plane strain fracture toughness

L Mean lineal intercept defining grain size

N Number of rolling-contact cycles

Do Hertzian contact pressure

Do Hertzian pressure at shakedown

P Contact load per unit length

P Load corresponding to ratcheting limit

q Tangential traction

q Heat flow

St Pearlite interlamellar spacing

SWT Smith-Watson-Topper damage parameter

Tg Eutectoid temperature

Tg—T  Undercooling at which pearlite forms

Vr Relative velocity of rubbing surfaces

Vw Wear volume

vy Volume fraction of phase 0

ppmw  Parts per million by weight

CCT Continuous cooling transformation

RCF Rolling Contact Fatigue

SEM Scanning electron microscope (microscopy)

WEL White-etching layer

WEM White-etching matter

mines [13]. The wood, though of great strength, “would soon become reduced in depth ... and break long before it was worn through™.
The wood was then overlaid with cast iron; fully cast-iron rails were subsequently implemented in 1738 but tended to be short in
length, uneven and brittle. This was followed by wrought iron rails which were installed at the Walbottle Colliery (Newcastle-upon-
Tyne) in 1805; although ductile, they suffered from low hardness, had a large slag content [14] and tended to wear quickly, so slivers of
the steel could be found in the vicinity of the track. Indeed, a report by Robert Stephenson and Joseph Locke in July 1857 is said to have
stated that [15]:
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Fig. 1. Structure and carbon concentration of rails over the years. (a) An 1820 wrought iron rail with 0.05Cwt%. (b) Mushet’s 1857 pearlitic rail
with 0.25Cwt%. (c) A 1950 pearlitic steel with ~0.55Cwt%. (d) A 1970 pearlitic rail with 0.75wt% C. Adapted and reproduced with the permission
of Dr. J. Jaiswal [18]. (e) Experimental hypereutectoid rail-steel containing 0.92C-0.96Mn-0.32Cr, with a true interlamellar spacing of 203+32nm
[19]. (f) Hypoeutectoid Fe-0.57C-1Mn-0.08-0.2 Vwt% rail with an interlamellar spacing of about 200nm with thin cementite sheets separated by
ferrite [20].
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«... all attempts have failed to provide a good durable rail — and the consequence is that destruction and not fair wear and tear
results”.

Within two months of this report, Henry Bessemer announced the mass manufacture of steel; by 1905 about 11 million tonnes of
Bessemer steel was made into rails [16]. The original implementation of a steel rail was by Robert Forester Mushet, installed at the
Derby Midlands station in the UK, early 1857 [17]; the rail was a low carbon manganese pearlitic alloy, a disruptive technology that in
time completely replaced the cast iron or wrought iron rails. The manufacturing process steadily improved with continuous casting
introduced during the 1970s alongside an enhancement in the cleanliness of the steel produced. Rails could be made in longer lengths,
minimising the number of joints required.

Fig. 1 illustrates the evolution of the rail microstructure over a period of two centuries. The original metal rail was wrought iron
which is ductile but too soft to sustain reliable service over prolonged periods. This was replaced by a higher carbon steel that had a
mixture of allotriomorphic ferrite and pearlite, with the carbon concentration increased subsequently to generate fully pearlitic mi-
crostructures. Subsequent developments in the modern era focused on the refinement of the interlamellar spacing of the pearlite in
order to enhance the strength without excessive alloying which can jeopardise weldability.

1.2. Towards the modern rail

The essential objective over the last 150 years has been the optimisation of manufacturing process and service life, given the ever
more arduous conditions the rails are required to endure [21]. This entails the following:

e production of cleaner steels to mitigate damage originating at inclusions such as MnS, Al,O3 and SiO2, some of which become
shaped during the hot-rolling of rails [22] or in localised regions even during service [23]. In some scenarios, Al,03 —SiO2 —MnO
inclusions stimulate the nucleation rate of MnS by providing heterogeneous nucleation sites, thus refining its particle size, which
must benefit performance [24].

It has long been known that phosphorus in a rail steel does not add desirable qualities [25], causing breakage when the concen-
tration is above 0.12wt% — this concentration is far too high to be tolerated in modern rails given the tendency for prior austenite
grain boundary embrittlement. Although this kind of embrittlement may not be common in modern pearlitic rails where the prior
boundaries are eliminated as pearlite grows across them, it is a critical feature of rails based on displacive transformations such as
bainite [3,26]. Dissolved and diffusible hydrogen is well-established to embrittle all steels [27,28]. It can be present within the
rolled rail and evolve during cooling (leading to flaking) [29] and it may enter rail steels through the cathodic reactions associated
with corrosion [30]. The role of sulphur in forming MnS has already been mentioned.

Greater yield strength to avoid gross plastic deformation at the head of the rail, and to reduce the wear rate. There is a large
reduction in wear rate when the hardness is increased beyond ~ 260 HV, with the improvement becoming less sensitive to strength
beyond that [31].

Increase in the rail head cross section to reduce the load, and increased hardness achieved by refining the interlamellar spacing of
pearlite using a combination of solute additions and heat treatments [29,18].

All of these aspects are related to rail failures of the type illustrated in Fig. 2, albeit in old rails and details connected to modern rails
are described later in the text.

The introduction of the basic oxygen furnace, secondary steelmaking, and continuous casting all help limit inclusions and undesired
elements. The topic is still a focus of research in the manufacture of rail steels [e.g., 32-34]. A new understanding is related to the role
of slag basicity defined often by the ratio ([CaO +MgO]/[SiO2 +Al,03] wt%); the silica is classified as an acidic oxide because it accepts
oxygen atoms from the basic oxides. An increase in the basicity ratio changed inclusion compositions from SiO, —CaO to
Al;03 —MgO —SiO, —CaO with a greater alumina content, so they remained only partly liquid during the hot-rolling of rails, and hence
were in a more beneficial state in the final rail [34]. The CaO-Al,03 phase diagram has a deep eutectic at 49 wt% of CaO [35], with a
slag of that basicity ensuring finer inclusions [36].

Cleanliness using better steelmaking processes has a cost so choices have to be made by balancing the factors controlling service life
against the through life costs. It would not, for example, be practical from the point of view of cost, to reduce the phosphorus con-
centration of rail steel to less than 0.005wt%, although the technology exists for doing so in other contexts (Table 1).

There nevertheless is a continuing demand on steel quality given the requirements for greater traffic densities, mixed traffic, higher
speeds and greater axle-loads from freight trains in response to greater demand [40,41]. Weldability can also be compromised by the
cleanliness of the base rail-steel [42]; the rolling contact fatigue limit of a repair-welded rail depends on the steel cleanliness [43]. The
welding itself may introduce oxide inclusions in the region that melts and solidifies.

An axle-load is defined by the weight on two wheels joined by an axle, or equivalently, the total permitted weight of a loaded wagon
divided by its number of axles. The maximum permitted axle-load in Europe is 22.5tonnes [44] though it is greater in the USA and on
the so-called heavy-haul railroads, where it can be in excess of 40 tonnes [45]. These factors can induce different failure mechanisms
such as the loss of rail profile, corrugation, plastic deformation, fatigue and rolling contact fatigue, and catastrophic fracture induced
by corrosion or weld repairs, Fig. 3, mechanisms that can jeopardise safety if the damage is not detected and ameliorated following
inspections [18,46,47]. In a modern rail-steel containing a typical 0.013wt% of sulphur, it is possible to find MnS particles that are
flattened by the rolling, some 60 pm long; these particles may have oxide at their cores [48].

The complexity of modern wheel-rail contacts is defined by a large number of variables, from rail, pads, clips, sleepers, ballast,
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(c) segregation-pipe defect

Fig. 2. Examples of rail failures in old rails. Reproduced with the permission of Dr. J. Jaiswal [18].

Table 1

Approximate dissolved impurity levels achievable in commercial steels. From a compilation [37] based on data from [38,39].
Solute P C S N H (0] Ti
Concentration/ ppmw 10 5 5 10 <1 3 10

wheel, suspension, environment, vehicle dynamics and contact mechanics. This makes it difficult to relate microstructure and rail-
performance. Reduction of gross damage has, therefore, been focused on reducing contact stresses [49], grinding the rail to remove
small surface cracks, improving rail steel, and conducting regular non-destructive inspections [50]. Fatigue initiation and propagation,
can be sensitive to the microstructure, as evident in steels for bearings [37]; although both bearings and rails involve rolling contact,
there is a huge difference because the former operate while carefully lubricated, whereas the latter may include sliding friction.

Rolling contact fatigue, general wear (a loss >20% unacceptable), and loss of rail profile are responsible for the replacement of rails
that have yet to reach the design life. Early efforts to enhance rail performance focused on increasing the carbon concentration and
refining the interlamellar spacing within pearlite in order to make the rail harder. In spite of very early work that indicated a dete-
rioration in the wear performance of rails [51], it is now throughly established that making the rail harder mitigates general wear. In
rolling-sliding tests on pearlitic rail-steels, the volume of material lost per distance slid correlates nicely with hardness (HV) for a given
maximum contact pressure P and creepage & [52]:

wear rate /mm°m™' = —0.008HV + 3.73 (1a)

for HV 280—-400 P =1300MPa ¢ =0.03

wear rate /mm®m~' = —0.0033HV + 1.38 an

! The creepage is the difference between the two surface velocities of the items rolling against each other, divided by the mean velocity.
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(g)

Fig. 3. Failures in contemporary rails: (a) break caused by corrosion at base of foot; (b) fatigue initiated crack at weld repair; (c) corrugation; (d,e)
gross plastic deformation; (f,g) rolling-contact fatigue cracks, and (h) squat defect. Reproduced with the permission of Dr. J. Jaiswal [18].
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for HV 280-400 P =500MPa ¢=0.1

In unique work, Ueda and Matsuda [53] discovered that the effect of carbon is not simply via the change in hardness. In wear tests done
without creepage because the profiled rail disc was driven by pearlitic-wheel disk with an angle of attack of 0.5° and initial contact
pressure 2000 MPa, the carbon concentration of the pearlitic rail had an independent effect on reducing both the wear rate and the
spalling rate due to rolling contact fatigue, at the same hardness, Fig. 4. It was established that a greater carbon concentration increases
the hardness beneath the rolling contact surface, thus suppressing the development of plastic flow needed for damage evolution.

An increase in the hardness of pearlite does decrease wear and enhances rolling contact fatigue resistance [54], but one conse-
quence might be a reduction in toughness and an increase in the fatigue crack growth rate. However, data do not support a systematic
dependence of toughness on the yield strength of rails over the range illustrated in Fig. 5. This is likely a reflection of other factors, such
as inclusion type and distribution [55], that may influence toughness and at the same time, explain scatter in measured values. In fact,
the toughness varies with the location of the sample in the rail cross-section [56,57]. After all, the deformation of the original rect-
angular bloom used to roll the shape of the rail is not uniform, which affects strength and the shape and size of inclusions.

Some specifications include a minimum value of K;¢ which presumably is because it allows an estimation of how long it takes for a
crack growing by fatigue to reach a critical size:

Minimum yield strength/MPa Minimum toughness K;c / MPam'/?

460 26
560 24
460 but head — hardened 30

Hardness of course, is important and its consequences will be discussed in detail in the sections that follow. But it is worth summarising
the elementary mechanical properties first and their role in the selection of rail steel.

The stress—strain behaviour in tension of rail steels is similar to other air-cooled pearlitic steels, exhibiting continuous yielding [63].
The head of the rail intentionally can be much stronger if the interlamellar spacing there has been refined by accelerated cooling,
Fig. 6, where key properties are summarised. The yield strength and hardness correlate strongly and are both linear functions of S 2
with either parameter controlled to design appropriate steels; the ultimate strength does not feature in the analysis of critical properties
such as fatigue and wear.

It is difficult to be explicit about the tensile elongation required to successfully implement rail steels, and oddly, a greater elon-
gation is specified for less-strong rails; lower values of 9—-10% are accepted for harder rails, presumably because larger ductility
simply cannot be achieved, Fig. 6¢. The surface of a rail undergoes plastic shear during service, leading to an accumulation of strain.
Cracks initiate when the ductility there becomes exhausted so there must be a tolerable extent of ductility, whether that should be
measured in tension or in compression experiments [64].

Cracks in rails usually are initiated at the surface due to fatigue; it is important that these cracks do not reach a critical size for rapid
propagation as defined by the fracture toughness, Fig. 5. There is a routine maintenance procedure whereby the surface of the rail is
ground down to remove any fatigue damage while maintaining the head profile.

There is a suggestion that it may be possible to achieve the same performance goals by implementing a bainitic microstructure or
tempered martensite for better resistance to gross plastic deformation and rolling contact fatigue at lower hardness values than the
conventional or head-hardened varieties [18]. The overriding aim of this review is therefore to assess the role that each microstructural
parameter plays in the main degradation mechanisms of modern rails so a better understanding of wheel-rail interaction can lead to
improved design criteria for rail steels with enhanced properties.

2. Rail metallurgy
2.1. Rail manufacture

Pearlitic rail steels are manufactured by continuous casting at about 0.7ms ! into rectangular blooms ~ 410 x 320 mm, which
after cooling are reheated to 1200-1300°C in a gas furnace containing a balanced atmosphere that helps avoid decarburisation
[75,76]. This is followed by descaling and hot-deformation in the austenitic condition, using rolls that are shaped so that the cross-
section of the rail evolves during multiple passes through roll-gaps to the final shape, as illustrated in Fig. 7.

After rolling, the rails are laid on their sides on a bed where they cool. Given the asymmetric cross-section and consequent non-
uniform cooling, the long rails become curved, Fig. 8a,b.

So once they have cooled to less than 100 °C, they are straightened first by passing through a series of driven rollers that are located
in an alternating sequence above and below the rail. The final hot-rolling pass delivers the required rail-profile; the top rolls of the
straightening machine are profiled to the required crown shape and the loads imparted are sufficient to make marginal, final modi-
fications to the shape of the crown. This straightening process subjects the rail to alternating bending of different magnitudes during
the passage across the rollers, with the resulting plastic deformation reducing the distortion, i.e., straightening the rail, but leaving it in
a state that contains residual stresses, illustrated in Fig. 8. The details of the stress distribution and the signs and magnitudes of the
stresses are a function of the straightening machine [77].

While there has been much work on the modelling and measurement of residual stress distributions, it is not obvious that these
stresses have a detrimental or beneficial effect on the rolling-contact fatigue performance of the rail. A combination of residual stress
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Fig. 4. Test data due to Ueda and Matsuda [53] showing the effect of both carbon and hardness on (a) area loss on the cross-section of the rail; (b)
the number of spalls due to rolling contact fatigue when each test was completed.
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Fig. 5. The fracture toughness of rail heads as a function of the yield strength. Compilation of data from [58-62,55].

and fatigue calculations have been carried out on heavy-haul (30 tonne axle-load) rails that are stress-free and in a second case using a
residual-stress field measured from a newly manufactured rail, and a third scenario which used a calculated residual-stress field from a
cooling and roller-straightening analysis [79]. Only small differences were found, leading to the conclusion that the large axle-loads
dominate fatigue life because any initial states of stress are redistributed after the first wheel passages. It remains to be demonstrated
that the same situation prevails with lighter axle-loads.

On the other hand, a clear connection has been demonstrated between fatigue resistance in bending (both vertical and transverse)
over 5 x 10° cycles, with the mean residual stress at the rail foot and edge being added to the mean applied stress [80]. The magnitudes
of the residual stresses in roller-straightened rails become larger with stronger rails, leading to web fracture both before and in service
[81,82], with the effects being exacerbated at the cut ends where the stress intensity at an existing defect can cause the crack to
propagate.

In some cases, the rail-head after straightening is hardened by induction heating and rapid cooling using compressed air or water
spray, or even cooling rapidly immediately from the rolling heat by dipping the whole head into a coolant-bath to obtain fine pearlite
[83]. This accelerated cooling is followed by a second straightening operation. These processes leave a longitudinal residual stress
which is tensile in the head and foot, peaking at about 200 MPa, balanced by a compressive stress in the web (Fig. 7). This distribution
of residual stress remains largely unchanged during service [84]. During the 1990s, Voestalpine developed the “head special hardened”
process in which the whole length of the hot-rolled rail is dipped into the heat-treatment bath immediately after rolling. This results in
a fine, relatively uniform pearlite, which enhances many of the properties required for high-performance rails [54].

2.2. Flash butt-welding

Rails are produced in lengths up to ~ 120 m so installation necessitates a method of joining the segments. This was done originally
using bolts and fishplates but the method is largely abandoned because of the costs of maintenance, cracking due to stress concen-
tration at the bolt holes, and the gaps between the bolted segments cause the periodic “clickety-clack” sound as wheels traverse the
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rail. Compiled using data from [65,66]. The elongation data have sometimes been corrected to remove the elastic part of the o-€ curve, which often

1
includes machine deflection. The dashed line refers to a 10% elongation often quoted in specifications. (b) Hardness as a function of S; 2, using rail
steel data due to Perez-Unzueta and Beynon [52]. (¢) Compilation of strength and elongation data on a variety of rail steels [65-74]. The data come
from individual tensile tests conducted on the head of the rail, rather than the minimum specified values that often are quoted in the literature.

lamx 11

Fig. 7. Schematic illustration of the evolution of the rail-section during hot-rolling. Only a few of the 15 or so steps are illustrated. The final figure
on the right shows schematically, the longitudinal residual-stress profile left within the rail following manufacture.

joint. The sound is tolerable but it is a manifestation of impact between the wheel and rail at the joint. Modern rails are mostly joined
using flash butt-welding, a process developed originally at the E. O. Paton Electric Welding Institute in the USSR. But in climates where
large temperature differences occur, thermal expansion and contraction can lead to long-range distortions in continuous, welded rails.
Therefore, the rails are laid such that they are in tension to counter the effects of thermal strains. For a temperature range —5 to 30°C,
the tensile stress within the rail laid at an intermediate temperature in this range, is of the order of 10-15MPa [85]. A 15MPa stress
would cause an elastic strain of ~ 7 x 1075, If the expansion coefficient is 12 x 10"°K~!, then a variation of 35/2°C would lead to a
thermal strain of +2.1 x 10%, which would not be compensated by the prestressing but might be tolerable.

During flash butt-welding, aligned segments of rails are heated locally by the passage of an electrical current (flash) across the gap
between the touching rail-segments, until melting occurs, when the segments are forced together (upset) in a direction parallel to the
rails. The contact surfaces therefore become intimately bonded, with sufficient displacement to ensure that some material is expelled
away from the joint. This helps ensure intimate contact between the rails and in reducing oxide entrapment. The expelled material is
then ground off in stages to produce a neat joint replicating the contours of the adjacent rails. The electrical pulses during welding can
be managed to deliver controlled bursts of energy. Pre-heating pulses can help raise the temperature of the segments before the main
flash is applied, in order to reduce the forces during upsetting or for controlling the cooling rate after the upsetting is completed so that
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Fig. 8. (a) Calculated temperature field of heavy rail following cooling for 800s after rolling. (b) Because the cooling is not uniform, the rails bend
as the temperature decreases. The rails on the right are relatively hot. (a,b) are adapted from Chen et al. [78] with permission of Springer Nature. (c)
State of residual stress when a rolled rail passes through a straightening machine consisting of six rollers, three at the bottom and three at the top.
The latter were set to impart vertical deformations on the rail by 10, 7 and 4mm. The measurements were made at a distance 1.6m from the entry
end of the rail. Adapted from [77].

the microstructures in the heat-affected zones can be optimised. With strong rails, it is found that a reduced heat input helps optimise
the integrity of the weld [85,40]. Even the implementation of the flash component can be pulsed [85]. Contoured induction heaters are
sometimes applied to provide a heat-treatment to the finished joint in order to improve properties and microstructures [86].

If the molten region, which will contain oxides, solidifies too quickly then it will not be removed completely by the mechanical
upsetting. Fig. 9 shows that the measured temperature reached as near to the abutting surfaces as experiments permit, may actually be
less than that at which the steel becomes completely liquid [87] (Table 2). There is in fact a small gap between the “abutting” surfaces
which are, during flashing, put in contact and again slightly separated, while the electrical potential between the rail segments is
maintained constant. During these repeated short detachment phases, multiple electrical arcs form between the surfaces. Localised
events occur where steel in the immediate proximity is rapidly heated to temperatures well above melting - this largely is expelled
from the weld gap because of the explosion-like local events [88]. The flash stage continuously generates sufficient heat in the steel
close to the fusion surface, raising the temperature close to melting. This sets the scene for the abutting surfaces to be forged together in
the upsetting stage.

Surface preparation prior to welding is not required because the flashing and displacement can in combination remove contam-
inants, although the contact surfaces should be clean enough to apply the electrical current. The equipment used on-site is illustrated in
Fig. 10a with some example process-parameters listed in Table 3. The preheating pulses before the flash help raise the peak tem-
perature achieved prior to the displacement.

Flash butt-welding now accounts for some 80% of rail welds in the world [90] and is recognised as a process that generates welds of
high quality [40].

One goal is to avoid a large change in hardness across the weld junction, but metallurgical changes are inevitable in the heat-
affected zones [91]. Fig. 11a illustrates both microstructural and hardness variations across the flash butt weld on a pearlitic rail
steel. It is interesting that the coarsest austenite grains generated towards the central region of the joint result in the finest interlamellar
spacing, similar to that of the base plate, on cooling, because the large grain size enhances hardenability so the transformation during
cooling is suppressed to lower temperatures. The partially-austenitised region cools to a relatively soft mixture of pearlite and
spheroidised cementite, the latter in regions that did not become austenitic at the peak temperature. The microstructures illustrated in
Fig. 11b-c represent the web region of a similar flash butt weld; the degree of spheroidisation in the intercritically annealed region
(262HV) is remarkable [92].

There is, therefore, an undesirable hardness dip in that region which may during service lead to localised plasticity; the softened
region is estimated to lead to a reduced rolling-contact fatigue life. What is not clear is how to avoid the softened zone given that there
always will be temperature gradients created that leave some regions an a partially austenitised condition during the heating stage.

10



W. Solano-Alvarez and H.K.D.H. Bhadeshia Progress in Materials Science 146 (2024) 101313

1500 4 flash duration :
O ] :
~ ] '
@ 1000 ] :
2 ] E
o 1 ]
g 500 - :
S ] E
& ] ;
0 T T + T T 1
0 0.2 0.4 0.6 0.8 1
Time /s

Fig. 9. Measured temperature in the closed proximity of welding face of rail during the flash component of the electrical butt-welding process.
Selected data from Weingrill et al. [87].

Table 2
Phase diagram calculations [89] of the melting temperature at which the steel is completely liquid (Ty) and the mass fraction of liquid at
1400°C.
Composition / wt% Tw/°C Fraction liquid, 1400°C
R260 Fe-0.71C-0.35i-0.95Mn 1473 0.15
R350 Fe-0.76C-0.3Si-0.95Mn 1468 0.20
R400 Fe-0.97C-0.3Si-1.15Mn 1454 0.39

Fig. 10. The joining of rails during installation or repair, using (a) flash butt welding, and (b) thermit welding. Images courtesy of Howard Smith.

Table 3

Example of flash butt welding parameters, data from Porcaro et al. [91].
Parameters Values
Intensity and duration of initial flash 77.4kA 20s
Number of preheat current pulses and pulse duration 10 3.8s
Intensity of preheat pulses 45-70kA
Force during preheating pulses 106 kN
Intensity and duration of final flash 38.3kA 14.4s
Final force 477kN
Total displacement 37-45mm
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Fig. 11. (a) Changes in microstructure and hardness across a flash butt weld on a rail of composition Fe-0.72C-0.84Mn-0.24Si-0.08Crwt%. The
upper micrographs are thermally etched. The metallographic observations were made on the rail head, about 10mm below the surface.
Figure reproduced from Porcaro et al. [91] with permission of Elsevier. (b-d) Changes in microstructure in the web of Fe-0.79C-1.01Mn-0.22Si-
0.24Crwt% rail due to flash butt welding. (b) Weld centreline. (c) At a position where the Ac3 temperature is reached. (d) At a position where the
material is intercritically annealed. Images courtesy of Henrique Boschetti Pereira, described in detail in [92].

One solution would be to explore methods of making the softened zones narrow, with the width being specific to the expected axle-
load; the constraint from the harder adjacent regions might then prevent the localised plasticity. Another speculative suggestion is to
surface harden the softened zone using techniques such as laser hardening, shot peening or cladding.

Modern flash butt welding machines can operate in either the continuous flashing or pulsed flashing mode, with the latter generally
associated with a narrower softened zone; in one study the width of this zone was reduced by a factor of two form 80 to 40 mm with the
application of pulsed flashing [93]. The flash butt welding process provides the flexibility to adjust the preheating conditions to ensure
that the ends of the two rails that are upset and forged are heated to the required temperature as rapidly as possible, while minimising
the heat transfer into adjacent regions of the rail.

12



W. Solano-Alvarez and H.K.D.H. Bhadeshia Progress in Materials Science 146 (2024) 101313

m additional steel

molten after pouring
steel

mould

Fig. 12. A ceramic mould is assembled around the rail segments to be joined. The aluminothermic reaction at the top then creates the molten steel
covered by a layer of slag, which then is released into the mould. The gap between the rail segments becomes filled with steel (some melting also
occurs of the rail segments), thus creating the weld on solidification. The welded region is then contoured by grinding to the required rail profile.

2.3. Thermite welding

This igneous process of welding rails essentially creates a cast weld with heat generated by a reaction of aluminium and iron oxide;
the reaction is intense so molten steel is created, which then fills the pre-assembled mould surrounding the rail segments. There will
also be some localised melting of the surfaces of the rails within the mould. Solidification results in a weld, with some preparation
afterwards to maintain a correct profile at the joint. This is a long-established process which is mobile so amenable to all locations, and
has served well for more than a century, with the first rail welded in Essen, Germany in 1899 [94-96] (see Fig. 12).

During thermit welding, aluminium powder reacts with iron oxide to generate molten iron in an exothermic process, Fig. 10b, via
the reaction

F6203 + 2Al—2Fe + A1203.

with an enthalpy change of —16.5kJem™ at 298K, which is roughly twice the volumetric energy density of the explosive trinitro-
toluene [97]. A pre-formed refractory mould is assembled over the gap between adjacent rails so that the molten metal fills the gap.
There are additions to the mixture that result in an alloy of the desired chemical composition on melting, resembling that of the rail
itself. The reaction proceeds following induced ignition of the powder mixture to achieve temperatures of the order of 2500°C. After
solidification, the mould and excess steel are removed from the tops of the rail with a hydraulic trimmer, and the cold joint is then
ground to generate the rail profile. There will be inevitable peak-temperature gradients from the centre of the weld, leading once again
to a softened zones where the pearlite has been partially austenitised [98], as in flash butt welds. The softened zones are generally
wider than in flash butt welds, but shortening the preheat period during thermit welding helps mitigate the problem. Sometimes,
alloying additions are made to the thermite mixture to optimise the properties of the weld metal.

The consequences of a soft zone in welded rails must be assessed in terms of service requirements. At the running surface, the
softened zone in flash butt welds generally does not present any concerns with excessive deformation or dipping provided the hardness
in the reaustenitised zone is equivalent or slightly above that of the parent rail. However, at the gauge corner, particularly under
curved track conditions, where the conditions are more severe (higher contact stresses and surface creepage forces), increasing the risk
of surface damage [99].

2.4. Linear friction-welding

With the aim of achieving a weld strength close to that of the rail and minimising any softened region in the heat-affected zone, a
friction welding process has been developed for the joining of full-size rail segments [100]. During linear friction-welding, two flat
surfaces of the segments to be joined are forced into contact by applying a load in the direction normal to the surfaces. One of the
segments is held stationary while the other is rubbed repeatedly via a reciprocating motion parallel to the abutting surfaces. This
generates frictional heat that plasticises the steel in its vicinity, with material expulsion due to the load-induced forging, and part
movement creating a clean joint from the resulting fresh surfaces [101]. The heat generation is given by

q/ = ﬂfPVr (2)

where q is the heat flow (Wm’z), P is the contact pressure, v, (ms 1) is the relative velocity and g is the friction coefficient which may
depend on temperature, velocity and pressure [102]. The process is sometimes known as vibrational welding because it can join non-
axisymmetric workpieces [103], which makes it suitable for the joining of rails. It is important, of course, that when the process is
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Fig. 13. (a) Schematic representation of the linear friction-welding process. (b) An actual joint between rail segments, produced using linear
friction-welding, with the flash resulting from the expulsion of material from the joint still in place. (c) A macroscopic section from weld. (d)
Hardness profile; the dashed curve is from a flash butt-weld [106], for comparison with the friction method. The commercial designation of the rail
is 136RE. Images and selected data from US Department of Transportation report [100] that has no copyright restrictions.

completed, the rails are accurately aligned, so the machine is computer controlled.

The process is illustrated schematically in Fig. 13 together with an actual weld of cross-sectional area 85.8 cm?. The reciprocating
motion frequency was 45Hz, amplitude 11.5mm, initial pressure ~ 26 MPa, and a forging pressure of ~ 70 MPa. The rails were
preheated to 260°C prior to welding, presumably to avoid as far as is possible, the formation of martensite. All stages of the welding
operation could be completed in about 2min.

Rail alignment at the head was shown to result in a vertical offset of 0.76 mm, a horizontal offset of 1.3 mm and the rail base was
offset by 3.2mm, all assessed to be satisfactory. Macroscopic metallographic examination of joint sections showed that the segments
were fully fused with the joint continuing a small distance into the flash, which is good because the integrity is preserved after grinding
off the flash. The microstructure of the weld was found to be predominantly fine-pearlite and small amounts of martensite. The
hardness variation still shows a significant softening within the heat-affected zone of the weld. The width of the softened zoned seems
comparable to that obtained in flash butt-welding [91] so linear friction-welding does not seem to offer an advantage in that respect; a
comparison is presented in Fig. 13d.

An experimental investigation of small rail steel (=Fe-0.7C-0.25Si-1.25Mn wt%) samples joined using linear friction-welding found
predominantly martensite with hardness reaching ~ 800HV and no softened region in the heat-affected zone [104]. However, such
levels of hardness and large amounts of martensite make the weld brittle with a recorded elongation of < 1 % and premature failure in
tension at ~ 640 MPa. To ameliorate this, the joints were reheated to 900°C for 3min followed by air cooling, to generate a
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microstructure of pearlite and Widmanstatten ferrite with a uniform hardness across the joint of about 300HV. Such a treatment is
impractical in practice when joining rails.

To avoid martensite in the linear friction-weld, it has been recommended to preheat a steel such as R260 rail up to 350°C and
possibly even increase the welding time [105].

2.5. Orbital friction-welding

In this solid-state process, both of the rail segments are held stationary but the joint is made by using an eccentrically rotating steel
disc in between the segments, to generate the heat and form the joint [107]. The goal again is to reduce the extent of heat-affected zone
softening. In modelling the process for a particular rail profile (“UIC 60), the disc is set with a diameter of 0.3m and a thickness of
0.03m, and presumably would be of a comparable chemical composition to the rail (Fig. 14).

It does not appear that there have been any full-scale trials of the process, though it is clear that preheating would be required in
order to reduce the cooling rate sufficiently to avoid the formation of martensite [102].

2.6. Friction Stir Welding

Friction stir welding is a solid-state, hot-shear joining process [108-111], [chapter 3, 112] in which a rotating tool with a shoulder
and terminating in a threaded pin, moves along the butting surfaces of two rigidly clamped plates placed on a backing plate as shown in
Fig. 15a. The shoulder makes firm contact with the top surface of the work—piece. Heat generated by friction at the shoulder and to a
lesser extent at the pin surface, softens the material being welded. Severe plastic deformation and flow of this plasticised metal occurs
as the tool is translated along the welding direction. Material is transported from the front of the tool to the trailing edge where it is
forged into a joint.

The astounding success of the process in the context of aluminium alloys [114] has naturally stimulated exploration of its appli-
cability to other materials such as steel, titanium, magnesium, nickel and copper alloys. There is a “conceptual” study of the friction stir
welding of rails [113] that reaches the perhaps surprising conclusion that the process is viable and with a reduction in cost when
compared with flash butt-welding, thermit and other less common methods. The work, however, appears to be simplistic in its
interpretation of the capabilities of the process. There does not seem to be an accounting for the cross-sectional geometry of rails that
have to be welded, with translation of the tool on the top surface only, so it might assume that the whole rail can be joined without
making the tool follow the detailed profile. There is no indication of the depth of the weld expected, which cannot conceivably
penetrate the whole cross-section section. The costing is flawed, with no account taken of the cost of the tool, which is a major omission
given the hot-strength of steel which wears expensive tools quickly [115,116]. The process has not been particularly successful when
applied to ordinary steels, for these very reasons.

2.7. Alloy design

The steel used in the manufacture of rails must, above all, be able to resist rolling-contact fatigue and wear; it should also be
weldable. Naturally, it must be capable of mass production in long dimensions at a reasonable cost.

Pearlite has a complicated three-dimensional shape. It does not consist of parallel, flat, alternating plates of ferrite and cementite,
but has convoluted three-dimensional form with features such as branching, twisting and the passage of ferrite through the cementite
[117]. Each 6-lamella has curvature and contains holes through which ferrite permeates, so it can appear to terminate in two-
dimensional sections while others sharing the growth front continue unabated [118-120]. Therefore, any spacing that is measured
is an imperfect representation of the real structure. It is likely, nonetheless, that the spacing S; between adjacent lamellae observed on
two-dimensional sections will correlate well with macroscopic properties, given that such measurements represent the collective
behaviour of a polyphase, polycrystalline sample.

In this context, the strength of pearlitic rails, whether expressed in terms of macroscopic tension-tests or hardness values, is
dependent mostly on the interlamellar-spacing achieved in the final state of the rail. Solid-solution strengthening, for example by
silicon additions, can make a small contribution to the strength of ferrite [121-124]. The rail steel R260Mn has S; = 0.15pm and

contains 1.4Mn-0.29Siwt% [125]. The yield strength from just the pure iron and interlamellar spacing is given by oy =
_1
174S,; 2 1128 MPa [124] where the units of the spacing are expressed in micrometres; therefore, the contribution due to S; alone comes

to 450 MPa. Using carefully determined solution-strengthening data for ferrite from [126], the contributions of manganese and silicon
amount to just 1.14 x 37 +0.29 x 106 = 83 MPa.” The solubility of silicon in cementite is close to zero but manganese can dissolve in
large concentrations [127]; however, information on its contribution to the strength of cementite is absent.

A fine interlamellar spacing can be achieved by suppressing the transformation temperature. Alloying with substitutional solutes
can be effective if as a result, greater undercoolings can be achieved before pearlite forms [128,129]. However, a fine spacing is best
achieved by nurturing the transformation of austenite during accelerated cooling. This works because a greater amount of free energy
is available to cope with the creation of a larger density of ferrite-cementite («-0) interfaces at enhanced undercoolings below the

2 There are many empirical expressions claiming to represent the solution strengthening terms, but are not well-founded because they neglect
structure or the strength contribution from the iron itself.
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Fig. 15. (a) Schematic illustration of the friction stir welding process. (b) Schematic of machine proposed for friction stir welding of rails, a much
simplified version of the detailed diagrams available in [113].

eutectoid temperature. Alloying additions that increase the free energy change for the reaction y—a +0 at a given temperature, will
have the same effect [119,130,131].

It is worth noting that rails have large cross-sections with a profile that cannot guarantee uniform cooling; the cooling rate can also
vary along the length of the rail when placed on the cooling platform after hot rolling [132]. As a result, both the structure and
properties will vary with position [133,56,71]. This applies also to heat-treated rails [134]. From the point of view of service con-
ditions, it is the head of the rail that determines service life. It has even been argued that a heat treatment process needs to be developed
that allows hardness gradients to develop on the rail-head, such that lateral wear can be reduced [135].

The alloy composition must permit the formation of a fully pearlitic microstructure in a eutectoid steel that is air-cooled at
reasonable rates after hot-rolling. A typical rail steel will contain about 0.8 wt% of Mn and not much of any other hardenability
enhancing alloying element. Depending also on the austenite grain size, this can lead to a fully pearlitic microstructure if the cooling
rate is maintained <4 °C st [136]; this is confirmed by the continuous cooling transformation (CCT) diagram in Fig. 16a. In eutectoid
rail steels containing 0.8-1.2Mnwt%, the bainite-start temperature during isothermal transformation is found to be about 520°C
[137]. This means that the cooling cycle for the rail should be such that pearlite formation is complete above this temperature in order
to avoid bainite; in Fig. 16a, the cooling rate 1°Cs ™! clearly leads to the completion of the pearlite transformation at a temperature well
above 520°C, whereas 5°Cs ™! does not. Small concentrations of alloying elements such as chromium can greatly reduce the cooling
rate required. The cooling rate is not constant, so the best approach is to generate a continuous cooling transformation diagram.

Fig. 16b is an interesting study on how hot plastic-deformation of the austenite affects the phase transformations in rail steels.
Although the austenite in rail steels is in a recrystallised state after hot-rolling or after reheating, such deformation may be relevant in
flash butt-welded segments which will transform after the upsetting operation. From a fundamental point of view, reconstructive
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Fig. 16. Continuous cooling transformation diagrams for some rail steels, the exact compositions are not available, nor the austenite grain sizes, in
the original publications. In all cases, dashed cooling curves lead to ultimate microstructures that are not fully pearlitic, whereas the other such
curves lead only to pearlite. (a) For “R350LHT”. Adapted using selected data from Yuryev et al. [138]. (b) The CCT curves for the undeformed
austenite and when deformed (in grey colour) in compression so that the maximum diameter in the barrelled region is increased by 36%. Adapted
using selected data from [139]. (c) Hypereutectoid “R400HT” steel. Adapted using selected data from Chen et al. [140]. (d) The shaded region

between the two extrapolated boundaries represents the domain into which hypo- or hyper-eutectoid steels must be supercooled in order to obtain a
fully pearlitic microstructure.

transformations including pearlite are accelerated when the austenite is a deformed state, because transformation destroys any defect
structures, thus providing an additional driving force. Displacive transformation are retarded when the austenite is in a severely
deformed condition, because the defects get in way of the glissile y/a interfaces, a process known as mechanical stabilisation
[141-144], [p.314, 131]. Consistent with this Fig. 16b shows that both the bainite and martensite transformations from deformed
austenite are markedly retarded, whereas pearlite is less affected.

When dealing with hyper- or hypo-eutectoid steels, it is necessary to undercool the steel below its eutectoid temperature in order to
generate a fully pearlitic microstructure, without any proeutectoid o or 0. Fig. 16c shows the range of cooling rates available to avoid
anything but pearlite is reduced in the hypereutectoid rail steel. Slow cooling rates can induce the precipitation of proeutectoid
cementite. For pearlite to form it is necessary to be able to simultaneously precipitate both of its constituent phases; this only is possible
if the alloy is supercooled into the region between the extrapolated y/a+y and y/0 +y phase boundaries [145,146], Fig. 16. Pro-
eutectoid cementite at the austenite grain boundaries is known to be detrimental to the mechanical properties in rail steels — it
contributes to the development of rolling contact fatigue in rails [147]. An increase in the silicon concentration to about 1 wt%, and
cooling at a sufficiently large rate through the temperature range where precipitation at the austenite grain boundaries occurs prior to
the onset of pearlite, is effective in suppressing the precipitation of proeutectoid cementite in hypereutectoid steels [148,149].

The eutectoid temperature can be estimated using an empirical equation by Andrews, here presented for the alloying elements
common in rail steels [150]:

Tz /°C~ 723 — 10.7Wyp, + 16.9wc, + 29.1ws; + 12°C 3)
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and each wt% (w) of molybdenum is assumed here to contribute the equivalent of 1.5Crwt%, as associated with welding [151]. It is
emphasised that the eutectoid temperature is defined uniquely only for a binary Fe-C steel; in substitutionally-alloyed steels there will
exist a temperature range within which o +y +6 can coexist in equilibrium. The best way to deal with this is to use routinely available
computer software and thermodynamics databases to calculate the phase diagrams for multicomponent steels.

Takahashi [152] derived the following empirical equation from published experimental data on interlamellar spacings, to cover a
range of substitutionally alloyed steels as a function of temperature (°C):

log{S;/um} = —2.21358 +0.09863wy,  — 0.05427 wc,
~~0-18 ~~0-9
(C))]
Tg—T
+0.03367 wy;  — log{ £ }
~~0-3 E

with temperature in the range 600-790°C. It becomes possible using these two equations to estimate the expected interlamellar
spacing of pearlite, assuming that Tg —T = 27 °C for rails that are air-cooled after hot-rolling, and Tz —T = 52 °C for those that are
reaustenitised and cooled rapidly using compressed air, the so-called heat-treated rails, Fig. 17a.

Fig. 17 shows that the hardness can be represented reasonably well in terms of the Hall-Petch function of interlamellar spacing,
yielding the following relationship:

1
HV = 21525, 2 + 150 ©)

which explains about 86% of the variation in observed hardness. There has, over the years, been some discussion about the rela-
tionship between the interlamellar spacing of pearlite and its strength [155-157]; however, a detailed analysis of data has shown that
the Hall-Petch relationship is the best and most physically meaningful representation of the strength of pearlite [124]. The constant in
Eq. 1f has contributions from the strength of pure iron which is ~ 100 HV at ambient temperature [158] together with solid solution
strengthening terms. It follows that much of the hardness of a typical rail comes from the structure of pearlite, the interlamellar
spacing.

2.8. Varieties of rail steels

2.8.1. As-rolled rails

Nine types of rails steels have become firmly established for conventional and high-speed tracks [159]. The actual designations vary
by country but the essential features described below do not differ much; and many have equivalents in the variety of standards. For
example, the grade “R200” in European and US standards is similar to the Chinese designation 50Mn. Rails can be categorised ac-
cording to their carbon content or by their heat treatment, i.e., whether naturally-cooled after rolling or accelerated-cooled, Table 4.

The softest variety, R200 (as-rolled 0.4-0.6 wt%C), although used much in the past, is now rarely installed. Some applications
remain in tram networks due to the ease with which it can be restored by in situ weld deposition, or in sections of track where wear
abrades away any surface-initiated fatigue cracks [160]. Due to its low carbon-concentration and hardness (200-252HV), it has good
machinability and weldability, with a reduced tendency for foot-failure, attributed to low residual stresses and relatively high fracture
toughness [161]. The microstructure contains significant quantities of soft allotriomorphic ferrite in addition to pearlite. Fig. 18a.

R220 has slightly higher carbon content (0.5-0.6 wt%C) and tensile strength. It is now substituted with R260 (0.62-0.8 wt%C),
accounting for 90% of metros and mainline tracks. It has a predominantly pearlitic microstructure, Fig. 18b. There is much accu-
mulated experience in the application and maintenance of R260 rails, but increased traffic density and reduced maintenance budgets
have driven the use of harder varieties in curved sections of track that have a radius less than 3000m. R260Mn has on average a
reduced carbon concentration but a greater manganese level (0.55-0.75wt%C,1.3-1.7wt%Mn) to improve toughness without
compromising the hardness by maintaining the fine interlamellar spacing of R260; some countries specify a Charpy toughness of 40J
minimum, measured at 20 °C. This alloy is considered suitable for high-speed traffic.® R260Mn has a fully pearlitic structure obtained
during cooling at <2 °Cs ™!, with the pearlite generated over the temperature range 624-547°C [162]. Practical rail cross-sections that
are 15.6 cm in height and 6.7 cm head-width, will cool slower (0.14-0.24°Cs™ 1), with the head region cooling fastest [163], in which
case the transformation temperature range is likely to be in the range Tz —25— T —50.

R320Cr (0.6-0.8C, 0.8-1.2Cr wt%) is harder (~ 320 HV) and more wear resistant but increases the wear of wheels [164], but this
adversely affects weldability and weld-repair, for example requiring a minimum time to cool between 800 and 500°C of 18 min, and
therefore, a post-heating treatment [165]. All this makes it less competitive against heat-treated grades [166]. The harder a rail is, the
greater is the reduction in hardness AHV of the rail hardness HV ,; and that of the the softest region (HVSOft) of a flash butt weld, as
illustrated in Fig. 19. This might be expected because the further the microstructure deviates from equilibrium in a harder rail, such as
by possessing a finer pearlite, the greater is the driving force for recovery during tempering.

3 Where the speed exceeds 250kmh ™. The rail steel used depends on the detailed characteristics of the route, the type of damage expected and
the desired inspection and repair cycles [e.g., 54]
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Fig. 17. (a) The interlamellar spacing of pearlite, with measured values plotted against those calculated using Eqgs. 1d and le. Data from
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[19,153,154]. (b) Hardness as a function of S; 2, using rail steel data due to Perez-Unzueta and Beynon [52].
2.9. Heat treatment of rails

The primary aim of heat treatment is to condition the properties of the rail head by refining the pearlite interlamellar spacing. The
details vary and are mostly proprietary, but typical conditions include heating the rolled rail to about 900°C for 50 min and passing it
through a chamber containing a series of symmetrically placed air jets, Fig. 20, which also shows the hardness distribution in the rail-
head following cooling [170]. The air pressure used was 0.26 MPa with the jets of air at 28°C located 15mm from each surface. The
final microstructure was fully pearlitic. The ordinary hardness of U75V rail is 350 HV [171] with values reaching 376 HV following the
heat-treatment. This is an illustrative case and details of the heat treatment and hardness improvement achieved will vary with steel
composition and the technology implemented for cooling. In the case of R260 which normally is not heat-treated, the hardness
increment is larger, from 285—-342HV [172].

Induction heating followed by cooling using jets of air-water mixtures is used in some cases to surface harden the rails [173,174].
Water-polymer mixtures can be used and in some cases, whole rails might be immersed into a cooling bath (p. 18). However, all heat
treatments which require separate heating after the rail has cooled, or induction heating as an off-line process, reduce productivity. So,
energy-efficient modern practice is to conduct any accelerated cooling as the hot rail emerges from the rolling process [174], with any
straightening applied after this in-line heat treatment.

2.9.1. Heat-treated rails

The heat treatment of rails almost always is designed to refine the pearlitic microstructure, taking care to avoid undesirable
constituents such as martensite. This usually is achieved by controlled accelerated-cooling using jets of air, the details of which are
proprietary.

R350HT (heat-treated 0.72-0.8Cwt%) has a similar chemical composition as R260 but is cooled more rapidly to refine the
interlamellar spacing of pearlite, resulting in an increase in hardness from ~ 310 HV for heat-treated R260 [175] to a minimum of
360HV for R350HT, leading to a threefold increase in wear resistance and better rolling-contact fatigue resistance [45]°. It is therefore
the most common premium grade in European tracks [166].

R350LHT (heat-treated 0.72-0.8C-0.3Crwt%) is essentially R350HT with added chromium to refine further the interlamellar
spacing. It has limited application outside of the Swiss network, because it does not show a significant improvement in gauge-corner
wear resistance, nor on rolling-contact fatigue crack development [31]; there also are difficulties during wear repairing and a tendency
associated with its greater hardenability, to generate non-pearlitic microstructures in the heat-affected zone. R370CrHT (heat-treated
0.7-0.82C, 0.4-1.0Si, 0.4-0.6Cr wt%) is similar to R350LHT but with added silicon and more chromium to achieve an even finer
interlamellar spacing with increased hardenability. Despite needing careful cooling control as well as special welding procedures,
thermit and flash butt welding can be performed satisfactorily, but weld repairs are very challenging for this grade. The high wear and
RCF resistance of this alloy are targeted towards heavy-haul tracks or heavily trafficked tight radii curves.

R400HT (heat-treated 0.9-1.05C,1.0-1.3Mn,wt%) is a hypereutectoid variant of R350LHT with enhanced manganese, meant for
the most severe loads and curve radii due to its high resistance to wear and rolling contact fatigue [177,178]. Its hardness in the hot-
rolled condition is about 350 HV but increases to ~ 410 following heat treatment that ensures a cooling rate of 3—+3.5°Cs ™!, leaving it
with a refined, fully pearlitic microstructure [179]. It is prone to form proeutectoid cementite at the austenite grain boundaries, which
is known to be deleterious to RCF (Section 6.7) having to rely on careful cooling to avoid this phase.

4 On tracks with a curve radius less than 1000m, R350HT has been reported to be more susceptible to the penetration of grinding-initiated cracks
into the body of the rail when compared with softer varieties of rails [176].
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Table 4

Chemical composition in wt% of the most common rail steels. STD stands for standard, HH for head hardened, HT for heat treated (cf. as-rolled), EPMS for experimental pearlitic or martensitic steel, and

EBS for experimental bainitic steel. Hardness values quoted in Rockwell C have been converted to Vickers hardness (HV).

Alloy C Mn Si Cr Ni Mo P S Others HV Ref.

R200 0.4-0.6 0.7-1.2 0.15-0.58 <0.15 - - - - - 200-252 [191,192,161]
R220 0.5-0.6 1.00-1.25 0.2-0.6 <0.15 - - - - - 220-260 [191,192]
R260 0.62-0.80 0.7-1.2 0.15-0.58 <0.15 - - - - - 260-300 [191,192,161]
R260Mn 0.75 0.90 0.20 - - - 0.02 0.03 - 260-320 [193,162,192]
R320Cr 0.6-0.8 0.8-1.2 0.5-1.1 0.8-1.2 - - - - 320-360 [191,192]
R350HT 0.72-0.80 0.7-1.2 0.15-0.58 <0.15 - - - - - 360-410 [191,192]
R350LHT 0.72-0.80 0.7-1.2 0.15-0.58 <0.30 - - - - - 360-410 [191,192]
R370CrHT 0.70-0.82 0.7-1.1 0.4-1.0 0.4-0.7 - - - - - 376-424 [191,192]
R400HT 0.90-1.05 1.0-1.3 0.2-0.6 <0.30 - - - - - 410-460 [191,192]
R450HT 0.80 0.89 0.65 0.95 - - 0.03 0.03 0.04Ti 474-494 [194]

ML330 0.75 1.25 0.80 - - - - - 01V 330 [191,192]
HP335 0.95 0.9 0.9 - - - - - 0.1V 350 [191,192]
BS11 0.53 1.07 0.26 0.01 0.02 0.01 0.021 0.024 - 227 [195]

STD 0.73 0.93 0.28 0.17 - - 0.01 0.03 0.001B 262 [196]

HH 0.79 0.91 0.66 0.47 - - 0.02 0.01 - 351 [196]

GOSTr 0.71-0.82 0.75-1.05 0.18-0.4 - - - <0.035 <0.045 <0.07 V 351-406 [197]

GOSTw 0.55-0.65 0.5-0.9 0.22-0.45 <0.25 <0.25 - <0.04 <0.04 <0.25Cu 255 [197]

EPMS-1 0.77 0.88 0.24 - - - 0.008 0.013 - 271-361 [198]

EBS-1 0.52 0.35 0.23 1.71 1.43 0.26 0.01 0.01 <0.01B 361 [10]

EBS-2 0.10 0.59 0.27 1.71 4.09 0.58 0.008 0.02 <0.01B 332 [10]

EBS-3 0.04 0.73 0.21 2.76 1.91 0.26 0.01 0.08 <0.01B 277 [10]

EBS-4 0.18 2.01 1.13 1.94 - 0.48 0.01 0.01 0.003B,0.03Ti 388 [196]

EBS-5 0.12 3.97 0.027 0.02 - 0.47 0.01 0.01 0.003B,0.04Ti 355 [196]

EBS-6 0.02 2.02 0.027 1.96 1.93 0.48 0.01 0.01 0.003B,0.02Ti 271 [196]

B320 0.15-0.25 1.4-1.7 1.0-1.5 0.3-0.7 - - - - 0.1-0.2V 335-354 [166]

B360 0.25-0.35 1.4-1.7 1.0-1.5 0.3-0.7 - - - - <0.03V 370-400 [166]
DOBAIN340 0.76-0.84 0.8-0.9 0.2-0.35 0.4-0.55 - - - - - 360-400 [191]
DOBAIN380 0.76-0.84 0.8-0.9 0.2-0.35 0.4-0.55 - - - - - 400-440 [191]
DOBAIN430 0.76-0.84 0.8-0.9 0.2-0.35 0.4-0.55 - - - - - 450 [191]
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Fig. 18. Optical images of the rail microstructure. (a) R200. (b) R260. Micrographs adapted from Lu et al. [161] with permission of Elsevier.
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Fig. 19. Maximum change in hardness in the heat-affected zone of a flash butt welded rail, versus the hardness of the rail in the unaffected region.
Data compiled from [167,91,168,169].

2.9.2. Other alloys

Additional steels (Table 4) have been approved for use on particular networks. The hypereutectoid HP335 has a composition
0.87-0.97C, 0.75-1.00Si and Mn, 0.09-0.13 V, <0.006 N wt%, tailored to prevent the precipitation of proeutectoid cementite while
increasing the fraction of cementite within the pearlite; the silicon also contributes moderately to solution strengthening of the ferrite,
with vanadium and nitrogen precipitation additionally hardening the steel though direct observations of this are lacking [180-182]. It
has a hardness of about 350HV [182]. An advantage is that this rail variety does not require heat-treatment following rolling and
straightening; tests indicate that HP335 outperforms harder rails in pure sliding test [182] and in dry twin-disc tests (1% slip,
1500MPa contact pressure), it has been shown to be better than the heat-treated R350HT, Fig. 21 [183]. The difference in strength
between the head and foot is just 6% for HP335, whereas it is about 15% for R350HT [184].

Non-pearlitic alternatives include the carbide-free B320 (0.15-0.25C, 1.0-1.5Si wt%), which is a weldable low carbon carbide-free
bainitic steel containing Si, Mn, Cr, V, and Mo with similar wear resistance as R260, but much improved RCF resistance; B360
(0.25-0.35C,1.0-1.5Siwt%) is similar but its greater carbon concentration enhances wear resistance as demonstrated on several track
sites across France, Switzerland, and Germany [166]. Carbide-free bainitic rail installed in the Channel Tunnel connecting the U.K.
with France has served reliably for more than ten years, after being subjected to > 1billion gross tonnes of traffic by April 2020,
without the need for grinding [185] because of the extraordinary rolling-contact fatigue resistance of these steels. The carbide-free
bainitic rail is mostly used on fairly straight tracks; it may not perform as well as the best pearlitic rails on curves, transition
curves, or tangents [177,178]. DOBAIN 380 and 430 are high carbon (as-rolled 0.76-0.84C, 0.20-0.35Si wt%) lower-bainitic steels of
hardness levels comparable to the pearlitic R400HT; the evidence is that the DOBAIN rails tested on heavy haul tracks revealed no head
checks due to their high rolling contact fatigue resistance [54].
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roller bed

(@) (b)

Fig. 20. (a) How the rail-head might be heat treated after austenitisation, with relatively rapid cooling implemented using air jets as the hot rail
passes through an enclosed cooling chamber. (b) Distribution of Rockwell C hardness in rail-head. The composition of the rail is Fe-0.75C-0.85Mn-
0.6Si-0.084 Vwt%, with the commercial designation U75V. A Rockwell C hardness of 39 is equivalent to 376HV. Selected data from Hao
etal. [170].

o 20 1 R3SOHT I

~ Laas T

o 15 A P

o

)

s 10 o HP335

Qo

8 351 e

= /

(1]

2 0 T T T 1
0 20000 40000 60000 80000

Contact cycles

Fig. 21. Wear loss in dry twin-disc tests. Selected data from Wilby et al. [183].

The carbide-free bainite has now been mandated for all new French TGV high-speed movable points® and repair-replacements
[186] because of the total suppression of head-checks which are a form of rolling-contact fatigue (p. 79). Apart from initial
grinding, no other grinding is necessary during the life of the crossing. The bainitic steel drastically reduced rolling contact fatigue
[187]. In contrast, R260 used in these applications requires annual grinding in order to remove the fatigue cracks. The use of the
carbide-free bainitic steel saves about 100k€ per crossing on the life cycle cost, due to life-extension, reduced maintenance and track
availability [188]. Crossings like these can be subjected to greater rolling contact fatigue deterioration than the rail itself, due to wheel-
rail impacts during the transition [189,190].

In the case of light-weight traffic, such as tramways, it is wear that determines the life of the grooved rails, because of the density of
traffic, curved tracks, and the frequent acceleration and deceleration. The wear resistance can be enhanced by precipitation hardening
with small concentrations of vanadium. The R290V rail steel has the approximate composition Fe-0.5C-1.1Mn-0.3Si-0.14 Vwt%; the
low carbon concentration helps weldability. Alternatively, the grooved rails can be hardened by heat treatment, for example, using the
Voestalpine method of immersing the whole rail into the cooling bath (p. 18).

3. Rail-wheel contact mechanics

Localised plasticity that extends over many micrometres (Fig. 22)a,c is induced if the cyclic traction® forces operating on rails
exceed the elastic limit defined by Hertzian contact stress-fields. The plasticity at large depth is sometimes qualified with the adjective
global whereas that nearer the contact surface is designated tribological because it is associated with wear [201]. These do not of course
behave independently but the global component has shear deformation that influences rolling-contact fatigue-crack initiation and
propagation. This seems to be important in the modelling of rolling contact, where it is often assumed that the bulk material at depth

5 Moveable points allow the train to be continuously guided in one of two directions.
® Traction refers to the tangential force across an interface between two bodies through some sort of friction [199]. The coefficient of traction is
the traction force divided by the weight on the tracks [200].
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(b)

Fig. 22. Plasticity at the contact surface, caused by rolling-sliding. (a) Hypereutectoid pearlitic rail steel. The rolling surface is on the right with the
rolling direction vertical. Reproduced and adapted from Chen et al. [203] with permission of Elsevier. (b) Rolling contact fatigue cracks following
the directional shear deformation. Image reproduced from Trummer et al. [204] with the permission of Elsevier. (c) Carbide-free bainitic rail steel,
showing the shear deformation, image courtesy of L. C. Chang.

below the contact surface responds in an elastic manner; in other words, shear stresses of significance are limited to the locality of the
wheel-rail contact.

The amount of plastic deformation is influenced by the normal and tangential stresses within the contact patch, which through
constraint influences the properties, including the yield strength, of the asperities [202]. The directional plasticity clearly makes the
affected structure anisotropic, which is then replicated by the fatigue cracks that grow along the shear bands, Fig. 22b. Flake formation
leading to wear is one consequence, which also influences surface roughness and hence contact behaviour.

In the case of rails, most plastic deformation is accumulated at the surface through a process referred to as ratcheting involving the
accumulation of small increments of plastic strain over the many cycles as the wheels traverse a specific region of track, Fig. 23. This
process is a non-linear function of both the operating/shakedown loads and the number of cycles, but also of the friction coefficient,
material hardening response, residual stress state, change in contact conditions, and shear yield strength of the material
[205-208,202].” This ratcheting strain behaviour can be described mainly through two variables: the initial shear strain increment, y,,

7 The shakedown limit is the maximum contact pressure at which the material does not suffer permanent deformation.
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(a) (b)

Fig. 23. Schematic representation of ratcheting due to the passage of a wheel on a rail. (a) Early stages. (b) Later stages with considerable
accumulation of plastic strain, leading to the laps forming on the surface. Cracks may develop along the deformation lines illustrated and in general
spreading underneath depending on vulnerable microstructural features.

and strain accumulation rate, dy/dN [208].% Incremental plastic deformation can be avoided even for applied loads above the elastic
limit if there exist protective residual stresses created by the first over-elastic load application, if the material strain hardens, or the
geometry of contact changes throughout the deformation [205,207].

Plastic flow can create voids and microscopic cracks that are associated with degradation mechanisms such as the flaking that leads
to wear in the tribological layer at the surface, fatigue when those cracks propagate deeper by low cycle fatigue, or rupture caused by
brittle fracture or ductile shear through progressive deformation of the surface [209]. The mechanism in each is discussed further in
relevant sections.

The normal and tangential traction forces can be modelled in different ways to facilitate analysis [202], for example longitudinal or
lateral contact applied either to a line or point on the surface of the rail (Fig. 24). In the case of longitudinal traction the stresses felt are
a sequence of tension, shear and compression [205]. The contact mechanism can be mixed rolling and sliding or each on its own. A slip
ratio is defined as some function of the distance slid to that rolled [198,206,75,210]. The term creepage is often used to describe the
ratio of the relative velocity of two rolling bodies, normalised by the rolling velocity; it has nothing to do with creep that is thermally
activated deformation at stresses well below the yield strength.

The effective friction coefficient®  is affected by the creepage, normal stresses, speed, surface roughness, lubrication type, and rate
of supply according to [211] —rails are not generally lubricated unless weather affected or with the application of “top-of-rail” products
[212] or debris at the contact surface [213]. Three stages can be identified in the context of lubrication, when y; is plotted against
creepage and number of revolutions [197,205,206]:

e at first, the surface of the rail is coated uniformly by a protective film of lubricant (u; ~ 0.1),
e an acceleration stage in which the layer degenerates and y; increases,
e the steady state condition in which y; can reach values of up to 0.6.

In this last steady state condition, y; can become independent of creepage in the 2-100% range according to [197] or above 1%
according to [50]. It is recognised that unless there is a standardised test and control system for the friction coefficient, results using
different equipment will not be identical. Such steady state behaviour will not apply to conditions of full lubrication in which case the
friction coefficient can decrease to values of 0.1-0.2 if slippage is below 30% [197]. Instead, y; is dependent on slippage if it is between
1-2% and it will maintain a value close to 0.2 [214]. Such values of 0.2-0.25 can be achieved with slippage ratios of up to 10%
although they can vary as the number of cycles accumulates, by approximately 10% due to the degeneration of protective films
[197,196]. There are circumstances in which dry rolling whence cracks form, followed intermittently by friction modifiers, can
exacerbate wear because the modifier enters the cracks under pressure [215]. Fluid penetration into cracks can, by modifying friction
at the crack-faces, accelerate the shear mode of growth [216].

As mentioned earlier, friction coefficients below 0.25'° locate the maximum orthogonal shear stress below the surface whereas
higher coefficients shift its position to the surface. This is why wet service that lowers friction has been recognised to reduce wear but
enhance RCF [219,220,50]. The depth of such subsurface stresses can be of around 0.2mm for twin-disc tests or 2mm for actual rails
due to the fact that the contact patch is elliptical for rail/wheel contact, but just a strip in the case of twin disc tests (see Section 6 and

8 The following equations are for a pearlitic rail with a hardness of about 270HV [208], to illustrate the ratcheting:

Vo= 8.3275x 10’8exp{0.024867/4fp0}

and % = y,bN"! =1.1023 — 0.00127644up,,
where y, is the initial shear strain increment, N is the number of cycles, y, the friction coefficient, yp, is the maximum shear stress, py is the contact
pressure, and b =~ 0.5 is a fitting parameter. The numerical coefficients are derived by Su et al. [208] using experimental data.
° Defined as the usable force for traction divided by the weight on the running gear or alternatively, the shear force over the normal load
[207,206]. It sometimes is referred to as a traction coefficient but has the same meaning.
10 This threshold does not have a fundamental basis - indeed, others set it at x4=0.3 [75] 0.36 [217] or 0.4 [218].
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Az

(a)

Fig. 24. Schematic of (a) line and (b) point contact. py corresponds to the applied pressure, y; is the friction coefficient and ¢ and 7 correspond to
normal and shear stresses along the described directions. Redrawn based on [205].

Fig. 25) [221].

At first, dry partial-slip generates only subsurface non-accumulative strain, until the shakedown limit is reached and the friction
coefficient rises above = 0.25, which occurs after just ~ 100-200 cycles for py=1200 MPa or 200-500 cycles for po=1500MPa after
which, deformation occurs at the surface [206]. Instead, if the number of dry cycles is low or lubrication is introduced, the friction
coefficient will remain below 0.25, leading to hardening and eventual damage occurring below the surface. Since the friction coef-
ficient will normally have lower values under conditions of full slip than in dry partial slip, the latter type of contact can cause more
surface damage when the traction reaches a steady state [205]. If the cycles and contact pressure are maintained constant and only the
circumferential/rolling speed is increased, the effective friction coefficient, without lubrication, has been shown to slightly decrease
and therefore, the driven roller (rail) in twin disc tests shows lower wear due to higher deformation speeds at the subsurface [222,223].
With respect to its relation to contact stress, several authors have observed a decrease in the friction/traction/adhesion coefficient with
increasing contact force, but no relation was found between this coefficient and crack size or fatigue life [223,50].

The coefficient can be altered by the presence of non-intentional third-body layers that either cause a loss of adhesion between the
rail and the wheel such as oil, water, dew, or frost, and fallen leaves, whilst other contaminants such as sand enhance traction and can
remove the build-up of leaves but damage the surface by indentation. Fig. 26a shows how a variety of contaminants can affect the
traction coefficient for a range of slip values, confirming that leaves, either dry or wet, are a good lubricant as they form layers of
14-58 HV0.001, which can take from 200-600 cycles to be removed [224,225]. Safe train-braking or acceleration can be compromised
by the reduced adhesion due to leaf cover [e.g., 226]. The subject has been reviewed [1] but generic conclusions are difficult because
of the variety of leaves and their moisture content, whether that is due to dew or rain. Leaves from maple trees reduce traction less than
those from the oil-rich ginkgo trees [227].

The influence of water temperature or surface roughness in twin disc wheel-rail contact tests are illustrated in Fig. 26b,c, con-
firming that an increase in both of these parameters increases the adhesion [228]. The orientation of the rail roughness also influenced
the adhesion such that roughness perpendicular to the rolling direction decreased adhesion to its minimum, whilst parallel roughness
increased it to its greatest value; nevertheless, it is not clear why these results entirely contradict their earlier simulations on surface
roughness orientation [229].

In the spectrum of loading contact, from the perfectly elastic one where the maximum stress does not exceed the yield stress to
incremental collapse or ratcheting where every steady state cycle accumulates unidirectional plastic strain, there exists a deformation
mode known as shakedown that can be either elastic or plastic [207]. Elastic shakedown occurs when there is a load that exceeds the
yield stress thus creating plastic deformation and making subsequent cycles to lie once again in the elastic region. The maximum
contact pressure which can be carried purely elastically in the steady state is known as the shakedown limit, and it can be approxi-
mated as four times the shear yield stress in the case of frictionless rolling/sliding [230,207]. Instead, plastic shakedown refers to the
steady state cyclic loading that leads to no net accumulation of uni-directional strain. The maximum load possible in the plastic
shakedown region is referred to as the ratcheting threshold, as above it, ratcheting will start to occur (Fig. 27).

The boundaries of each of these loading behaviours with respect to the traction coefficient can be represented in a shakedown map
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Fig. 25. Maximum orthogonal shear stress as a function of depth below the contact surface. (a) Twin disc line-contact over a half width of 0.31 mm.
(b) For wheel/rail line contact over a half width of 6.6mm. Note the similarity in curve shape but the huge difference in depth. Adapted using

selected data from Fletcher [219].
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Fig. 26. Relationship between the traction coefficient and slip ratio, while varying other parameters. (a) slip, showing how the coefficient increases
with slip, but is reduced by the presence of water, oil, or entrapped leaves. (b) As a function of the water temperature with a rolling speed of
100kmh ™. (c) As a function of surface roughness expressed as the root mean square (rms) value, with a rolling speed of 100kmh~*. Reproduced

with the permission from Elsevier [224,228].
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Fig. 27. Stress strain curves for the four different types of cyclic loading. (a) Perfectly elastic. (b) Elastic shakedown. (c) Cyclic plasticity, plastic
shakedown. (d) Incremental collapse, ratcheting. Reproduced with the permission of SAGE [231].
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Fig. 28. General shakedown map obtained for a steady state circular region loaded with different normal and tangential loads, where k is the shear
yield strength and A accounts for the shape of the contact area. (A) Upper bound to elastic shakedown limit against alternating plasticity. (B) Upper
bound to plastic shakedown limit against incremental growth. (C) Upper bound to elastic shakedown limit against incremental growth of surface
strain. (D) Elastic limit. The dashed line represents the lower bound to elastic limit. Reproduced with the permission of Elsevier from [234] adapted
by [235].

(Fig. 28), which plots the material response and position of greatest fatigue damage for a specific load, friction, material ductility, and
contact geometry. The defining boundaries are variable since the real contact conditions may include friction and surface asperities,
which can create peak pressures up to eight times greater than the calculated by a smooth Hertzian contact and whose dimensions
dictate the depth of the deformed layers, allowing loads well below the elastic shakedown limit to induce significant plastic flow at the
subsurface of rails [230,232]. An example of this is the Shinkansen (Fig. 29) where plastically deformed sub-surface layers of 15-20 pm
have been observed on a rail whose shakedown limit is 2077 MPa but operates at loads imposing only 900-1180 MPa and a traction
coefficient of 0.01 [233].

The shakedown limits for line contact and other scenarios have been estimated by Johnson and co-workers [207,205]. The relevant
notation is illustrated in Fig. 24, the stress components are given by:'!

1 ¢ < |x| < a, where a is the semi-contact width.
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Fig. 29. Pressure distribution map of a wheel pressed against a Shinkansen rail where the idealised smooth Hertzian solution would be of 1 GPa.
Reproduced with the permission of Elsevier from [230].
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where 7 is the principal shear stress inside the contact area, in the plane of deformation. And the shakedown limit is given by:

p_1
Po _ = (6)
ke He

where pj is the peak Hertzian pressure at shakedown and k. the stress corresponding to the radius of the Tresca yield locus circle.
In the case of a longitudinal point contact (of length a) under full slip the tangential traction q is given by [207]

_3uP, 5 _ 1/2
4=5.5@ %) @)

where P is the contact load per unit length.

The shakedown limit in such a scenario, calculated by the von Mises criterion, is significantly smaller than in line contact.

A scenario that considers instead longitudinal line contact under partial slip is useful as it replicates the most standard work
condition of rails (dry and straight track or soft curves). This scenario, according to Fletcher, is a reasonable assumption since the major
axis of the real contact elliptical patch where the maximum stresses are located, is similar to a line contact (Fig. 25) [219]. The traction
in this case is given by

C2
q= .“fp(l - E) @)
For point contact, but keeping the longitudinal traction and partial slip, the equation is
3
q= pr(l - E) ©)

Lateral line contact under full slip can be represented through the following equations [205]:

X2\ /2 X2\ /2
Oxx = —Po (1 - a_2> Ozz = —Po (1 - F)
2\ /2 1
Oyy = U(0xx + 027) Ty, = —HgPo <1 — —) 10

X .
Tyy = —ﬂfpoa with Ty =0

For the lateral line full slip contact the shakedown is the same as that given by Eq. 1g. However, for the case of lateral point contact and
full slip, shakedown is [205]:
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where a=(1-2v)/3 and p=n(1-v/2)/4 and v is Poisson’s ratio with a value of 0.5 for incompressible materials or 0.3 for compressible
ones.

During longitudinal contact, the surface accumulates shear strain along the length of the rail. In contrast, lateral traction will
displace material towards the edges of the rail head. Under normal running conditions, lateral motion tends to be random so no change
of geometry is perceived, so the equations of lateral partial slip for line or point contact are not presented here [205].

An alternative to models for the estimation of contact stresses and the size and shape of contact patches during wheel-rail com-
binations is an experimental method that utilises the coefficient of reflection of ultrasonic waves [236,237]. It can be applied to the real
contact areas as a function of pressure [238]. The technique is calibrated against a known contact pressure distribution using a finite
element model for given values of surface roughness, wave frequency, and type of material [239,240]. The points of microscopic
contact and those of incomplete contact are averaged to generate maps of the size of the contact area with an error of 0.1-0.4 mm. The
method agrees with Hertzian theory, is easier to run and calibrate than for example, photoelastic frozen stress techniques [241], and
offers the option of performing dynamic measurements in order to investigate other phenomena such as corrugation or loss of
adhesion.?

A review on the experimental determination of contact geometry of rough surfaces by Woo and Thomas concluded that: “the real
area of contact increases with the load and this increase is due mainly to an increase in the number of micro-contacts, their mean size
remaining approximately constant; the separation of the contacting surfaces is approximately inversely proportional to the logarithm
of the load; the distribution of contact spot sizes is approximately log normal”. However, it appears that the density and average size of
micro-contacts can vary over several orders of magnitude for different surfaces at the same load. Contrary to established belief, the real
area of contact does not vary linearly with the load but increases as its 0.8th power [242], although the mechanism for this dependence
was not obvious. In fact, it is now considered that a linear relationship between the contact area and load is justified for random, rough-
surfaces [243,244].

When rough surfaces touch, fractal theory indicates that the contact area must depend on the resolution with which it is measured
[245]. Whether this matters when considering engineering scales is not established.

4. Wear

Wear can be defined as the displacement or removal of material as a result of tribological processes, which can be measured either
as a wear rate, i.e., material removed over the sliding distance or cycle, for example 1 pgcycle™! for R220 [50,75,219], or through the
dimensionless Archard wear coefficient k [246],

_V.H

k Fd,

12)

where V,, is the wear volume in m® ,H is the hardness in Nm’z7 F is the normal force in Newtons, and d; is the sliding distance in metres
[247,248]. The coefficient k should be equal to unity if every asperity contact at the rubbing surfaces contributes to the worn volume,
but in fact is much smaller because they apparently must be rubbed many times before damage, possibly because many are elastically
deflected during the rubbing [246]. The coefficient depends on the location on the rail profile; it typically is, 10~ to 7 x 10~8 on the
rail head and can reach 2 x 107 on rail gauge corners [249].

The variation of mechanical parameters such as load, rolling/sliding speed, temperature, lubrication, and number of cycles during
wear testing or actual tribological scenarios produces a variety of material responses, mostly irrespective of the microstructure. The
regimes have been categorised based on the intensity of the wear volume, wear rate, and wear particles [250]. There are three main
qualitative categories according to Bolton and Clayton: mild (type I), severe (type II), and catastrophic (type III) [195], although some
others authors claim the existence of a heavy mode in between the severe and catastrophic modes [251] and others have simulated a
severe catastrophic mode where wear rates are still in the severe regime [252].

Each of these modes can be associated with a specific wear mechanism such as plasticity-dominated, delamination, oxidation,
melting, and seizure [253]. Maps of these modes and mechanisms during unidirectional dry-wear have been constructed by Lim,
Ashby, and Brunton as a function of normalised velocity or sliding velocity over seven orders of magnitude against normalised pressure
over six orders of magnitude, based on many experimental data from various types of steels, Fig. 30 [254,255]. A less comprehensive
map for lubricated wear was compiled by Akagaki et al. [256]. However, these maps should be regarded only as a first approximation
due to the inconsistencies in surface temperature estimation using either experiments or heat-flow calculations [254,250,257]. For
example, Fischer et al. investigated how surface flash temperatures change significantly from the ideal smooth contact if roughness is
considered due to friction and pressure intensification at individual asperities [258].

Another way of mapping the wear modes without involving surface temperatures is to plot the wear rate expressed as weight loss
per metre of rolling per unit of Hertzian contact area [mgm ! mm~?] against Ty/A where T is the tractive force (normal force times the

12 Corrugation occurs when the rail profile does not strictly conform to that of the wheel, especially on curves. It can be mitigated by using rails
that are more resistant to plastic deformation, and regular maintenance of rail and wheel profiles.
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Fig. 30. Empirical maps by Lim, Ashby, and Brunton plotted for sliding velocity against pressure obtained using an unlubricated pin on disc setup
for: (a) wear mode with constant normalised wear-rate contours. Each labelled field identifies the dominant wear mechanism. (b) Wear mechanisms,
where the grey regions represent transitions between modes and the solid lines the boundaries between mechanisms. Reproduced with the
permission of Elsevier [254,255].
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Fig. 31. (a) Typical map of wear modes using the Fiy,/A method of BS11 grade in twin disc testing and (b) wear coefficient map by Lewis and
Olofsson for BS11 grade. Reproduced with the permission of Elsevier [252].

friction coefficient), y the slide/roll ratio or slip, and A the Hertzian contact area [195]. Although these maps allow transitions to be
easily identified and comparison between different materials; plotting the wear coefficient against contact pressure and sliding speed
allows a more precise understanding of the contribution of these last two variables, Fig. 31 [252].

Wear modes occur sequentially as a result of increasing contact pressure, slide/roll ratio and greater wear volumes [195]. Type I
wear occurs at low slide-roll ratios (1 ms™?) or contact forces (20N) and refers to the process of material removal by the progressive
growth and mechanical breakdown of an oxide layer. For example, Wang et al. observed smooth surfaces with little ploughing, signs of
minimal plastic deformation, and the presence of thin flakes generated from the shear of asperities and oxidative particles removed
from the thin oxide layer or simply metallic particles that were removed and became oxidised [250]. This mode is often used to model
wear at the rail head or wheel thread [6,252]. The wear rates (see Table 5) are classified as mild and correspond to < 10-® mm rev Lif
derived using a twin disc setup (Amsler type) [197] or <1 —2x 10 8 mm®*N"'mm™! for pin-on-ring rigs and bearing steels [250]
although most authors agree that the dividing line between wear modes is not strict and depends mostly on the morphology of the worn
surfaces and the number and size of wear particles. In another context, 52100 bearing steel, the boundary has been explained in terms
of frictional heating temperatures with the boundary occurring at about 200°C [257]. Others attribute this boundary to the change
from partial slip to full slip contact [259]. Some of the most important degradation mechanisms associated with this mode are mild to
severe oxidation or delamination.

In type II wear there is extensive plastic deformation sometimes ripples on the surfaces and metallic debris particles which can
adhere to the deepened wear grooves and lead to deformation and fracture without necessarily having fatigue cracks. Such a mode of
wear is common at the wheel flange/rail gauge-corner contact [252]. For this mechanism, the wear rate follows a linear relationship
against Fy,/A where F, is the tractive force (normal force x uy), y, is the slip (% difference in surface speeds between the rail and
wheel) and A is the contact area. It is the wear mode for which small-scale twin disc test results have been found to better replicate full-
scale tests, presumably due to a more accurate estimation of friction values [6,260]. The wear rates of type II are normally severe
ranging from 107°to 10 *mmrev ! in twin disc setups [197]. It is possible within this mode to observe severe delamination, mild to
severe oxidation, or local melting. Delamination refers to the increased plastic shear strain below the contact surface, that nucleates
cracks, which then propagate parallel to the surface and eventually grow to the surface resulting in wear flakes [209] (Section 6).
Rosenfield [261] suggests that the energy required to create a new surface by wear is much higher than that for tensile cracking.
Contact temperatures can range from 200-300°C, resulting in a reduction in the strength of the locally heated region [259].

Type III involves a break-in period or shakedown that leads to the production of large debris particles (spalls) that cause gouging
abrasive wear at the surfaces in contact; such a mode is used to simulate unlubricated curved track with gauge face wear, and is
associated with catastrophic wear rates in excess of 10 *mmrev ™! [6,262,197]. The number of running-in cycles during this regime is
inversely proportional to the slippage but directly proportional to the thickness of the contamination film on the rail [197]. According
to Welsh, the upper limit of this mode represents the minimum load at which frictional heating is maintained at a high enough level to
cause hardening,'® [263,264]. In Type III wear, it is possible that in some circumstances, the surface can be induced into localised
melting, with surface temperatures ranging from 1340-1580°C [265,266]. The energy required to create a new surface during severe
grooving deformation is negligible compared to the deformation energy, at least during single-pass abrasion tests [267].

Micrographs of the surface and profile of rails under the different wear regimes are presented in Fig. 32. It is worth noting that the

13 The hardening presumably occurs because the steel is locally austenitised and then cooled rapidly by the underlying material, resulting in
transformation products such as martensite.
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Table 5

Range of wear rates on Russian, American, British and German railways for different contact conditions. Wear rates are given as the change in
roller radius (in units of mm) per revolution W = Ar/n [197].

Wear rates Longitudinal contact Lateral contact Wheel skidding
Lubricated 10 8t0 1077 107t0o 107 S10-4
Not lubricated 10 7t010°° 10 ®to10° z

Fig. 32. Wear modes at the surface of a rail-steel Fe-0.53C-1.07Mn-0.26Siwt%. (a) Type I, 1% creepage, P = 1050 MPa |, where the arrow indicates
the direction of the creepage force. (b) Type II, 7% creepage, 1050 MPa |. (c) Type III, 34% creepage, 1150MPa —. (d-e) represent longitudinal
sections. (d) Type I, 2% creepage, 1075MPa —. (e) Type II, 10% creepage, 1250MPa —. (f) Type III, 30% creepage, 1250MPa —. Creepage is
defined as 2(1.104D, —D;)/(D1+1.104D), where D, and D, are the top and bottom rollers diameters. The 1.104 is the ratio of the rotation speed of
the bottom shaft to the top shaft. Reproduced with the permission of Elsevier [195].
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stresses and work-hardening behaviour during twin disc wear tests may not be representative of actual rail-wheel wear [222].

Due to the myriad of metallurgical and engineering parameters that are involved in the contact between wheels and rails such as
wheel load, track curvature'®, track support system, track elevation, train suspension system, slip forces, friction, lubrication, oper-
ating temperature, humiditylS, surface contamination, and material properties amongst other, a general empirical model can be very
complicated to produce [6]. Instead, Clayton advocates experiments that relate the wear rate to metallurgical factors, and investigation
of the strain accumulation per cycle during wear to outline the boundaries of the different regimes. However, it is worth considering
that most of those parameters, especially, surface roughness, hardness, and other microstructural parameters like volume fractions of
phases, strain hardening, and the scale of microstructure, will change throughout the life of the component making wear a dynamic
process that cannot be modelled based only on the initial values. The information can nevertheless be useful as the basis for alloy
design.

One option to simulate and predict wear in order to develop an optimal maintenance schedule that encompasses lubrication,
grinding, and wheel turning, was carried out by Jin et al. who combined twin disc experiments using the contact geometry and loads
used in service, three dimensional elasto-plastic finite element modelling to compute the contact stresses and locations, and
computation of a modified version of the Archard coefficient'® in an iterative process that recalculates the loads and mean slip ratio as
the profiles wear down, Fig. 33 [249]. The only parameters that required recalibration in the twin disc tests were the longitudinal slip
due to sizing effects and work hardening, which is 1.5-2 times greater in the laboratory than in real rail tracks.

Another dynamic ratcheting model for studying wear rate was developed by Kapoor and Franlkin by dividing the material in layers
across the depth and allowing each layer to accumulate plastic shear until the ductility is exhausted and is removed as wear debris
[268]. Later improvements allowed also the variation of properties through the plane represented by each layer in order to examine the
role of the microstructure in ratcheting wear.

4.1. Hardness

It is a common belief that for a given microstructure, an increase in hardness reduces the wear rate. However, parameters such as
the type of contact, slippage, load, and difference between rail, wheel, and total wear rates, indicate that there is no singular
dependence of wear rate on hardness [269,197,270]. Using a well-known Amsler-type machine, Markov proved that during longitu-
dinal contact, the slippages of the top and bottom rollers are different so their wear rates are not identical even at constant hardness; the
total wear rate decreased as the hardness of the wheel increased. However, when the friction coefficient was kept constant, as during
steady state contact, the wear rate of a roller was inversely proportional to its hardness, but proportional to the hardness of the counter-
roller. During lateral contact, the slippages of top and bottom rollers are the same, so at equal hardness (370HV), their wear rates were
the same.

Therefore, increasing the hardness of one roller decreases its wear rate but at the same time increases that of the counter-roller;
increasing the hardness of both does reduce the total wear rate. Experiments by Jin et al. confirmed this during the early stages of
wear, but concluded that increased rail hardness can at the later stages reduce the wear on the wheel since the rail-gauge corner is
maintained longer [249]. Others support this but also point out that size of the contact patch is minimally changed if the hardness is
increased (Fig. 34a) [271,272], although variables such as the hardening response, friction coefficient, and residual stresses can also
influence the patch size. During skidding or pure sliding, increasing the hardness of one or both rollers causes reduction of the rail and
total wear rates. Also, the wear rate of the driving roller is inversely related to its own hardness and independent of the hardness of the
driven roller [197].

Rail tracks are in general harder than the wheels because the latter usually have a hypoeutectoid chemical composition. Therefore,
Fig. 34a would indicate that wheels wear at a greater rate than rails. However, this general conclusion fails if the microstructure is
engineered so that the rail becomes relatively innocuous in its contact with the wheel. In particular, carbide-free bainitic rails fare well
in this respect (Fig. 34b). In independent tests, it has been shown that the carbide-free bainitic steel has a wear rate ten times smaller
than a head-hardened pearlitic rail-steel [273]. The origin of the good properties of carbide-free bainite in the context of rail steels lies
in the absence of brittle cementite, the ability of the microstructure to undergo large surface-deformations without the creation of
excessive debris and the mechanically induced transformation of retained austenite into hard martensite [274],[p.436, 275].

Two regimes of hardness dependence are found as a function of slippage. Below 5% (mild wear), the total wear rate is independent
of the hardness due to the larger fatigue component that redistributes plastic deformation at the surface of the rollers. When slippage is
5-100% (severe wear) increasing the hardness of any of the rollers or both will decrease the total abrasive wear at the surfaces. These
observations lead the author to conclude that when working below 5% slippage, increasing the hardness of the wheel or rail has no
effect on wear, but at larger values of slippage, a higher hardness of rails is much encouraged [197]. Although the hardness of rollers
was varied, the compositions of the wheel (GOSTw, Table 4) and rail (GOSTr) were different and the microstructure was not indicated,

14 As angle of attack, used in twin disc tests to simulate curved tracks, increases or thrust load (lateral) is induced, the wear rate of the wheel flange
and rail gauge corner increase, whilst those of the wheel thread and rail head slightly decrease due to an larger slippage on the contact surface of the
rail gauge corner [249].

15 For example, humidity is responsible for varying the average wear rate from 1.26 x 10~ mmrev ™ during winter down to 0.73x10~7 in summer
[197]. Water lubrication can reduce the wear rate at the wheel flange by a factor of 65-80, but only by a factor of 7 at the rail gauge corner [249].

16 wear=k;c;5:L /Hi, where i is the distance from the gauge corner, k the wear coefficient, ¢ the contact stress, § the mean value of the longitudinal
and lateral slip ratios, L the rolling distance, and H the hardness
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Fig. 33. Rail wear prediction procedure. Reproduced with the permission from Elsevier [249].
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Fig. 34. (a) Map of the wheel and rail hardness ratio against wear of each component and the whole system. After [271] in [272], with permission
of Elsevier. (b) Wear data on a number of rail steels against the same wheel composition [21]. The yield strengths of the pearlitic, martensitic and
bainitic rails are 850, 950 and 800 MPa respectively, with the ultimate tensile strengths 1250, 1350 and 1350 MPa respectively.
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so its influence and that of other metallurgical parameters is not clear.

At constant hardness, the wear rate is proportional to the load and independent of the apparent area of contact [247]. At small loads
(20-50N), the influence of the original hardness on wear volumes is found to be small over a range of microstructures in a eutectoid
and a bearing type hypereutectoid steel containing 1.0 wt%C. If the load is increased (80N) but kept constant, a decrease in hardness
actually leads to a slight decrease in wear volumes [270]. High-carbon specimens austenitised at the lowest possible temperature in the
y +0 field and transformed to either to bainite (345-366 HV) or martensite (772HV) with carbides and retained austenite, showed no
wear volume increase as hardness almost halved. This led to the suggestion that the thermal stability of the microstructure at the
operating temperature, is more important for wear resistance than the original hardness [270].

Pointner pointed out that newly installed rails develop a conformal profile with the passage of wheels, that increases the contact
area and hence diminishes the contact stresses [272]. Softer rails develop a conformal profile faster than the harder versions, thus
showing a smaller initial wear rate, but the advantage obviously diminishes with the progress of service. Therefore, comparisons
between different rails should be at the same stage of profile evolution. This is Rotthauser’s explanation of why some decarburised
rails, with a softer and more easily worn ferritic surface, exhibit smaller fatigue crack growth rates [276]. However, it has been
suggested that decarburisation has a negligible effect on rail performance and that the Rotthauger observations were attributable to the
faster removal of asperities from the soft ferrite, leading to a shorter duration of non-conformal contact stresses, and therefore a longer
time to ductility exhaustion needed to nucleate fatigue cracks [277,75]. In twin disc water-lubricated tests [75], greater decarbur-
isation was associated with much increased total and rail wear-rate. Some images of decarburisation and the microstructural change on
testing are illustrated in Fig. 35."” This result is confirmed in wear studies of mixed ferritic-pearlitic steel as will be discussed in the next
section [154,279]. It seems nevertheless that the effects of decarburisation in real rails are likely to be minimal since its maximum
allowed depth, as regulated by the British Standards Institute, is 0.5mm [277,280], necessitating only 25Mt (~1 year of service) for
the decarburised layer to wear away and for the ferrite remaining to work harden to a level consistent with the rest of the micro-
structure [281,75].

4.2. Microstructure

By varying the microstructure at constant composition, it has been shown that wear rates can be similar but the mechanisms
different [282,283]. During dry abrasive wear, hard, untempered martensite wore rapidly due to a higher degree of fragmentation or
flaking associated with a low fracture ductility [284], whereas nanostructured carbide-free bainite had the highest abrasion resistance
attributed to stress-induced martensite hardening at the surface, which also led to minimal pitting; fine pearlite showed extensive
pitting due to the stand-out of effect of cementite that halts the sliding motion of abrasive particles [283]. Although dry-abrasion
occurs only at the unlubricated gauge face of curved track or after any protective layer of rails has been removed due to high slip-
page, this study is effective at pointing out that wear depends not only on bulk hardness, but also on other microstructural parameters
which are phase dependent [285].

Consistent with these studies, Wang et al. compared the sliding wear behaviour of five different microstructures in a eutectoid
(1080) and hypereutectoid steel (52100), to reach the conclusion that during mild wear (P<20N) there is no significant difference in
wear volumes and the degradation mechanism is oxidational wear for all samples. However, for severe wear (P>50N), adhesion and
delamination were the dominant mechanisms so harder microstructures did not give better resistance to wear: lamellar pearlite was
the most resistant followed by ordinary-bainite,'® martensite, spheroidised cementite, and tempered martensite with retained
austenite [270]. Ductility at a microscopic level matters. Others have found the dry wear-rate of pearlite to be less than that of
ordinary-bainite or tempered-martensite, when all three microstructures were generated with the same hardness, in the same rail steel
[287]. Pearlite performed the best because of pronounced work hardening at the contact surface. It is interesting that the transition
between mild to severe wear modes depends more on testing conditions than microstructure, a conclusion that is difficult to reconcile
with notions of microstructural ductility or toughness [250]. Nevertheless, a change in the carbon concentration of steels does lead to a
change in the transition conditions between wear modes [263,264].

4.2.1. Pearlite

Cementite-ferrite interfaces in pearlite have a modicum of coherency, which is why the stress—strain curve does not show a Liiders
extension even after strain ageing [288,156,289]. The interfaces act as dislocation sources which under stress leads to dislocation pile-
ups against cementite lamellae, causing slip band formation. The smaller the slip distance, the more localised the plastic strain, making
crack initiation more difficult. This is why lamellar pearlite, which offers a smaller slip distance within the interlamellar ferrite, has a
greater sliding wear-resistance than spheroidised pearlite [290,291,270].

Microscopy suggest that cementite can sometimes be sheared at the intersection with the slip bands within the ferrite, Fig. 36 [288].

17 The depth of decarburisation is defined here as 98% of the bulk carbon content. In this study the carbon profile was estimated through a smart
metallographic approach. However, sequential X-ray diffraction measurements using electropolishing are routinely used in the bearing industry and
can provide a more precise determination of the carbon content as a function of depth [278].

18 The adjective ordinary is to distinguish cementite-containing bainite from the carbide-free version [286].
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(b)

Fig. 35. Decarburisation in: (a) R220 twin disc sample heat-treated in air at 1000°C for variable times and then ground to the black line. (b)
Deformed surface after twin disc testing at 1500 MPa. Reproduced with the permission of Elsevier [75].

Since dislocations pile up at the ferrite-cementite interface, the key to achieving a higher wear resistance in fully pearlitic steel is the
reduction of the mean free path of dislocation motion in ferrite, 4, which is achieved by reducing the interlamellar spacing'®, §;
[10,279]. Reducing S; can be accomplished through chemical composition so that a greater undercooling can be achieved without
interference from other transformation products, by the addition of solutes such as chromium or manganese [293], or by employing
accelerated cooling from the austenitic state using compressed air or water mist >°[166].Heat-treated grades therefore refer to rails
subjected to accelerated cooling in which the hardness is a consequence of the heat treatment itself and therefore, a function of depth.
Fine interlamellar spacings of around 70nm at the railhead surface have also been achieved through thermo-mechanical controlled
processing leading to high wear and RCF resistance [294,295].

A reduced interlamellar spacing has been shown to decrease the wear rate almost logarithmically [154], increase the flow stress
and work hardening rate [156,288] as well as the hardness (Fig. 37) and and yield strength, oy, according to the Hall-Petch rela-
tionship [296-298,52,299,300,124]

Oy = 0j JrkaS;UZ (13)

where o; is the friction stress in the ferrite and kyp is the Hall-Petch parameter, a measure of stress intensity needed at the tip of an
arrested slip band to stimulate slip in the adjacent grain [153,301]. The value of 6; depends slightly on solid solution strengthening but
should be about 128 MPa given the small carbon concentration expected within the ferrite and relatively small concentrations of
substitutional solutes; kup ~ 174 MPa ,/pim [1 24].%

The role of cementite here is neglected other than in providing barriers to plasticity, since it is assumed that yielding must first
occur in the softer phase ferrite. Therefore, it is no surprise that an increased pearlite hardness, due to interlamellar refinement,
decreases the wear rate in a linear fashion with the slope reflecting the contact load and the slip [6,52]. Nevertheless, Perez-Unzueta
et al. emphasise that such a relationship is not necessarily linear anymore in the plastically deformed pearlite after wear testing [52].

Decreasing S; reduces the wear rate during dry rolling wear tests as shown by Das Bakshi et al. who produced nanostructured
pearlite (85nm of interlamellar spacing) with a steel grade meant to form carbide-free nanostructured bainite, and it achieved less
wear roughly at the same hardness than some nanostructured bainite alloys [302] or similar wear than other nanobainitic grades but at
a lower hardness [303]. Despite a lower specific wear rate, the nanostructured pearlite showed three times as much surface roughness
after testing than the nanostructured bainite under the same loading conditions, which according to the authors can exaggerate
stresses, induce plastic deformation and hardening up to a depth of 50pum, increase friction leading to deeper shearing inside the
material, and trigger some carbide dissolution as confirmed by X-ray analysis.

Another study performed on an actual nanostructured pearlitic grade with similar bulk hardness but with a much higher slip (20%

19 Since pearlite is a 3D microstructure of intervening layers of cementite surrounded by ferrite, often visualised as a lettuce (cementite) submerged
in water (ferrite), the measurement of distance in two-dimensional sections requires a stereographically correct method such as the mean true
interlamellar spacing defined by Underwood [292].

20 The implications in residual stress generation for each cooling method are discussed in more detail in Section 6.

21 The units of S; are assumed to be in micrometres.
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(a) (b)

(d)

Fig. 36. Transmission electron micrographs of pearlite: (a) undeformed, (b) after deformation with lamellae aligned parallel to tensile axis, (c) after
deformation with lamellae aligned perpendicular to tensile axis, and (d) deformation of cementite plates by shear bands. Reproduced with the
permission of Elsevier [156].

cf. 5%) in order to simulate extreme wear showed no cementite dissolution, but a large reduction in interlamellar spacing (10-fold),
which doubled the hardness at the surface compared to the undeformed matrix [304]. The absence of cementite dissolution may be
inconsistent with the measured dissolution in another study [303] which used a fourth of the slip, half the load, a third of the cycles,
higher Si content, and the same temperature control during testing. In any case, the observations suggest that moderate wear first
realigns the ferrite and cementite lamellae towards the direction of strain and once this has happened, the cementite lamellae thin
down, which increases their ductility, permitting them to cope with intense plastic deformation before fracture [305,306]. MnS in-
clusions also deform and flatten, aiding the generation of flake-like wear particles [52,307,23]. Manganese sulphide is relatively soft,
and certainly influences rail performance, but harder inclusions such as alumina, are more harmful in initiating cracks [308], pre-
sumably because they do not deform in compliance with the surround steel.

In the context of abrasive wear, the resistance of the pearlite can be expressed as the base wear resistance of ferrite plus a
contribution from the cementite particles that is proportional to their volume fraction and inversely proportional to the inter-particle
distance [284]. Likewise, for a ferritic/hypoeutectoid steel, its abrasion wear resistance will no longer be related to the pearlitic
interlamellar spacing, but will be proportional to the abrasion resistance of the ferrite plus a contribution from the pearlite that is
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Fig. 37. Wear rate as volume loss per distance slid against initial bulk hardness and interlamellar spacing for different contact pressures and
creepage. Redrawn based on data from [52].

proportional to its volume fraction [309,284,299]. In a study of decarburised rails which consisted of ferrite and pearlite at the surface,
it was found that wear rates were very similar when the carbon content was above 0.5wt% (with lower carbon meaning greater ferrite
content) making the authors conclude that above this limit, lower amounts of pro-eutectoid ferrite at the surface are unlikely to have a
better wear performance [75,50].

Other parameters such as the fracture stress of and ultimate tensile stress oyrs have been found to increase with decreasing
interlamellar spacing, whereas the fracture toughness, K., appears to decrease with decreasing interlamellar spacing down to around
170nm, below which it increases for even finer pearlite [153]. The tensile strength increases with prior austenite grain size if the value
of interlamellar spacing is kept constant [293]. The dependence of ductility on interlamellar spacing is less certain or moderate
[10,293,153].

As mentioned earlier, the thermal stability of microstructures and their thermal conductivity (= 40Wm’1K’1, [310]) can be
important at large loads or slip when frictional heating becomes prominent, since properties such as hardness depend on temperature.
Data recorded using a thermal camera permitted the modelling of the frictional temperature field, which indicated that for high load/
slippage during pin-on-disc testing, pearlite can heat up to 620°C, martensite to 745°C and carbide containing tempered martensite
with retained austenite to 1340°C [257]. It is, however, unlikely that those temperatures are reached in normal rail contact??, but the
results are consistent with the thermal conductivity trends, with pearlite 51.9Wm 'K}, martensite 29.3Wm 'K}, and cementite
4.2Wm K}, respectively. Knowing also that pearlite would only anneal if heated above 700°C compared to high-carbon martensite,
which begins tempering at ~200°C, it makes sense that pearlite had the lowest wear volumes in that study. All the same, such theory is
questionable since a spheroidised structure displayed higher wear volumes than martensite despite having higher thermal conductivity
and thermal stability than the latter, which suggests that the existence of large and hard incoherent particles such as carbides that can
favour the formation of voids and cracks at their interfaces due to plastic flow [314] is a predominant factor for wear resistance than
thermal stability.

Niobium, an element commonly added to structural steels to control the austenite grain size and provide precipitation hardening
has been shown to increase the tensile strength of pearlite for a given interlamellar spacing, but for reasons that are not clear, it slightly
coarsens the interlamellar spacing for a given prior austenite grain size, effectively reducing the wear resistance [293]. However,
contradictory results have been reported in [315] where the niobium addition led to a refinement of S; and of the pearlite colony size.
The microalloying technology has been tested for heavy-haul rails in Brazil [316,317] where it is found that the microalloyed steel has
better properties than the one without niobium, and has good flash-butt and thermit welding capabilities. There are other in-
vestigations which show enhancements in rail properties and even full-scale rails produced on the normal production lines [318-320].
Unfortunately, there are no report of in service performance of microalloyed rails.

However, microalloying high-carbon rail-steels with niobium can be difficult because it is necessary to ensure that the niobium
does not segregate during solidification and form large (~ 10 pm), primary carbides by precipitation from solute-enriched liquid [321].
The amount of niobium must be limited so that even the coarser particles can be taken into solution in austenite during a reasonable
reheating treatment. Indeed, adding in excess of 0.05Nbwt% has been proven to lead to a large deterioration in the toughness of
pearlitic rail-steel due to the precipitation of coarse NbC at high temperatures [320]. The concentration in rail steels should therefore
be limited to 0.01-0.02 wt% so that precipitation occurs at temperatures where hot-rolling into the rail profile is implemented. Using
this design philosophy, it has been possible to produce pancaked austenite grain structures in rails, with a significant improvement in

22 For normal rail contact, contact temperatures have been predicted theoretically to be between 204°C [311] and 230°C [312] and determined
experimentally to be 300°C [311,312], although other authors claim it to be up to 1300°C [313].
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wear resistance [321].

4.2.2. Bainite

The ability of ordinary-bainite to resist wear is attributed to its high strain hardening rate and ductility, with the surface hardening
but not necessarily detaching which can create abrasive debris [10]. If retained austenite is mixed with the bainitic ferrite in the
carbide-free version, the work hardening derives from the strain-induced transformation of the austenite into untempered but very
refined martensite [3]. The role of dislocation accumulation at the surface layer during wear that can occasionally produce a cell-like
structure has been studied [322]; the cell size depends on factors such as the stacking fault energy, applied stress, and temperature. It
can influence the severity of wear and the size of wear particles or to the extent to which cementite dissolves in preference to carbon
locating at dislocations [323]. The cell structure is relevant to the discussion of white-etching layers, Section 6.10.

Initial studies concluded that the wear rate of bainitic rail-steels is higher that of the pearlitic counterparts despite their superior
strength [324,325]. Others have shown that mixed bainitic-pearlitic microstructures underperform against fully pearlitic steels,
presumably because of the greater work hardening capacity of the latter [326,287,327]. Since then, it has been shown that high-carbon
lower bainite can surpass the wear resistance of upper bainite [328], and that low carbon bainite can have comparable or even better
wear resistance than pearlite whilst exhibiting better ductility and toughness, making them useful for crossings that are subject to
impact erosion and fatigue [329,330]. In the automotive industry, spheroidal graphite cast iron gears transformed to bainite have even
shown a similar mass loss during lubricated wear to that of carburised steel during the steady state mode [331] in [282].

Many of the early studies on bainite neglected to consider experimental parameters such as the sliding/rolling ratio, and whether
specimens are the upper or lower ones in cylindrical roller testing. In a study that did include these parameters®®, it was seen that a low
carbon (0.04 wt%) as-rolled carbide-free bainitic microstructure exhibited a greater wear resistance than pearlite, whereas the higher
carbon variants that had banded microstructures of bainite and martensite due to solidification-induced segregation, underperformed.
Failure occurred due to a concentration of iron borocarbides at the prior austenite grain boundaries where cracks nucleated and
propagated along the bands [10]. However, the low-carbon bainite has a worse wear resistance than pearlite under less severe contact
[332,3,6].

A different study that compared wear and rolling contact fatigue of pearlite against bainite at the same hardness, but without
mentioning any other experimental parameters, concluded that despite bainite (DOBAIN380 and 430) having approximately 2-3 times
less wear resistance than pearlite (R260)*, its RCF resistance was almost four times higher than pearlite, making bainite it a strong
candidate for low slip, medium radius curves (1200-1500m) where RCF damage is enhanced [272].

Other examples exist that compare different types of bainite against each other or against martensite. For example, the wear of a
carbide-free bainite was shown to be 50% less than a lower bainite one at similar hardness using a dry 5% rolling/slide ratio,
attributable to its advantageous hardness-toughness combination [333]. When comparing it against martensite, bainite had a higher
wear resistance due to its higher toughness, work-hardening ability, and smaller hardness differences within the microstructure [270].

4.2.3. Martensite

When pearlite and tempered martensite of identical hardness are generated in the same rail steel, the pearlite is superior in wear,
presumably through the role of the cementite lamellae. In fact, for a hardness less than 350 HV, pearlite has a lower specific wear rate
than martensite at any given hardness, the difference vanishing for harder martensite [334]. On the other hand, the martensite is less
prone to cracking given the fine state of the carbide precipitates within the tempered microstructure [198,270,287]. The martensitic
steel always has a low carbon concentration to avoid the brittleness associated with carbon in solid solution, and the hardenability of
the steel may not be sufficient to achieve a uniform microstructure in large sections.

In fact, carbides, if they are detached from the martensite during sliding wear, can not only act as abrasives but also cause voids to
develop during plastic deformation because of the incompatibility in deformation rates between hard carbides and the softer matrix
[314,335]. This is particularly the case at large sliding speeds; in fact, at low speeds the wear resistance seems to be insensitive to the
carbide content [336,337]. For these reasons, martensitic steels destined for crossings and switches are based on fully austenitised
grades without primary or residual carbides [338].

4.3. Substitutional alloying

Some of the most common alloying elements of rail steel are silicon, manganese and chromium, whilst avoiding impurities such as
phosphorus, sulphur, hydrogen, and nitrogen. Silicon is added to carbide-free bainitic steel because it is most effective in suppressing
the precipitation of cementite from austenite but has a relatively limited effect during the tempering of supersaturated ferrite. These
effects are attributable to the negligible solubility of silicon in cementite; the driving force for precipitation from austenite is much
smaller than from ferrite, which is why the influence is much greater in the former case [339-341]. These observations are only
relevant when precipitation occurs at temperatures where substitutional solute diffusion is limited so the cementite is force to accept
silicon. At higher temperatures, such as during the formation of pearlite, the effect of silicon on transformation kinetics is very small.

Manganese, on the other hand, under equilibrium distributes preferentially to cementite and lowers the temperature at which it
forms, and it enhances hardenability so can reduce the amount of pro-eutectoid ferrite that might precipitate in hypoeutectoid steels,

2 35% slide/roll ratio
24 Although the wear rates of these bainitic grades were very similar to harder pearlites such as R350HT and R370CrHT[191].
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thereby increasing the hardness [342]. Chromium works in a similar way. Cobalt has been shown to help refine the interlamellar
spacing of pearlite by increasing the driving force for pearlite formation from austenite [343]. However, it is probably too expensive in
the context of rail steels.

Molybdenum is used for two reasons, it enhances hardenability, but more importantly, it mitigates austenite grain boundary
embrittlement due to the segregation of impurities such as phosphorus. This kind of embrittlement is particularly important for
transformations that are displacive because bainite and martensite are limited to the grains in which they nucleate and hence leave
vestiges of the austenite grain boundaries, where impurities can continue to segregate [344,345]. Other solutes such as vanadium and
niobium have been added to experimental pearlitic rail-steels, primarily to attempt a refinement of the austenite grain size [346].

5. Rail breakage - human factors

Breakages develop from cracks that nucleate at weak spots for example at welds or at the foot of the rail when defects are present,
although such incidents should be rare due to inspection procedures, commonly using ultrasonics [347]. One of the major rail disasters
in the U.K. was the Hatfield crash where apart of the rail fragmented into some 300 pieces as the train passed, probably due to cracks
originating in rolling-contact fatigue. Such fatigue is well-known in the rail industry, but the official investigation found that the
maintenance contractor at the time failed to manage effectively the inspection and maintenance of the rail at the site of the accident,
and that the infrastructure controller at the time, failed to manage effectively the work [348,349].

If detection, for example at the foot, is difficult, cracks can grow unnoticed leading to breakages, assisted perhaps by residual
stresses created during heat treatment or track layout. As will be discussed in Section 6, off-line heat treatments and slab track offer
lower levels of tensile residual stress at the rail foot than in-line heat treated rails or ballasted track [166]. In the case of manual metal
arc weld deposition repairs, the welder’s competence and onsite conditions can lead to porosity or slag inclusions that initiate sub-
surface cracks that can merge with RCF surface initiated cracks leading to breakage [166].

6. Rolling contact fatigue

Bearing steels, which usually are hard and brittle, suffer from rolling contact fatigue with the cracks originating at surface ir-
regularities or from inclusions or microstructural damage below the contact surface [37,350-352]. The rolling elements of the bearing
usually are well lubricated and smooth. In contrast, although rolling contact is clearly a feature of rail traffic, deliberate lubrication is
absent, and the process involves some sliding; an interesting consequence of the sliding is that the location of the maximum shear stress
caused by the contact moves towards the surface. Fig. 38 shows calculations to illustrate how the location of the maximum shear stress
moves towards the surface with increasing sliding component.

Rails also have a much lower hardness than bearing elements. The fatigue cracks in rails nucleate at surface irregularities or as-
perities that create contact pressure peaks [355,230], sub-surface inclusions/defects [356,357], or at microstructural damage iden-
tified as “white-etching” [313]; initiation can also occur in an initially defect-free region when the plasticity in the vicinity of rail
surface becomes exhausted (Fig. 39) [198,205,358,206].

Other types of damage due to RCF include pits, squats or head-checks, which are closely spaced cracks, appearing mainly on the
rail’s running edge. Spalling can occur at the advanced stages of fatigue when bits of the rail fall off as the cracks become sufficiently
continuous to lead to detachment. Once “visible” on the rail surface, the cracks are found to penetrate at least 5mm below the railhead
[359]. Therefore, the surface crack length can be used as an indication of crack depth by assuming a penetration crack angle [166].
However, caution needs to be exercised in the interpretation of such data because the direction of crack propagation can change with
depth; even ultrasonic measurements of crack depth have been shown to be unreliable when compared with measurements made by
sectioning the rail [360].

The life of a fatigue crack can be categorised into two periods: stage I, driven by shear stress, with initiation at the surface, and stage
II driven by shear decohesion at its tip in a plane normal to the maximum principal strain with crack growth parallel to the direction of
minimum principal strain [362]. This applies to rails as well, where most cracks initiate at the surface by mode II loading fracture
(Fig. 40) at an acute angle to the surface due to irregularities or Hertzian contact when elastic shakedown is exceeded, i.e. accumu-
lation of shear deformation due to repeated rolling contact loading. A high surface roughness will increase the stresses and deformation
at the surface [230], but a lubricated contact will reduce the friction coefficient locating the peak contact stresses below the surface, at
a depth of around 0.2mm for twin-disc tests and 2mm in the case of actual rails [221,363,364]. Therefore, cracks nucleated at the
surface need to propagate through a region of relatively low stress””, where the microstructure matters in controlling crack propa-
gation, before reaching the deeper peak stress regions. Depending on factors such as shakedown level, material thresholds, and wear
rate, newly formed cracks may not propagate if their size is between 10-20 pm. The observation of a low damage subsurface region in
gears and bearings under fatigue corresponds to a threshold stress intensity factor AKy, which is microstructure sensitive [362]. AKg
has been observed to be linearly inverse to the tensile yield strength, proportional to the cyclic yield stress, and independent of the

25 This region has been defined before as a quiescent zone or a relatively low shear stress region between the near surface asperity induced field and
the subsurface maximum stresses [365].
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Fig. 38. Calculation according to [207,353] of shear stress 7, at depth z during rolling contact of two cylinders (each of radius 22.5mm) pressing
together at a load of 200N. The vertical scales for (a) and (b) are identical, as is the colour scheme. (a) Assuming perfect rolling, (b) roll-slide
parameter ¢ = 0.95, which means that there is 5% sliding, i.e., marginal slip. Note that the vertical depth (2) and colour scales on (a,b) are
identical. (c) Assuming perfect sliding of rolling/sliding cylinders. After [354].

fracture toughness [366,367]. Therefore, crack-growth resistance can be improved by cyclic softening,?° coarsening the prior austenite
grain size (Section 6.7), and limiting impurity segregation at grain boundaries [368]. If cracks manage to propagate through the
quiescent zone, they can grow in mode I fracture, sometimes with the help of near-surface inclusions, in either a co-planar or branching
mode (normally at 70° to the initial orientation) [217].

In a pure dry-rolling scenario, RCF cracks have been observed to originate at the surface with a 30° orientation with the surface,
penetrate approximately 400um, branch or propagate parallel to the surface, and rise up again towards the surface creating a
macroscopic pit or flake [217]. This behaviour is also referred to as delamination in wear studies [268,209]. If lubrication is added,
wear is reduced and macroscopic pits appear after longer duration, but they may grow relatively rapidly [217,356]. Kaneta et al. link
the traction coefficient or friction to a particular crack propagation mode such that dry rolling promotes shear mode fatigue growth
into the core of the material, whereas lubricated rolling can lead to fluid entrapment at cracks, which decreases friction between the
crack faces and gives rise to a tensile growth mode that generates pits [369].

Others conclude that the selection of either of these mechanisms depends on the anisotropic accumulation of shear strain, such that
narrow regions of exhausted ductility surrounded by others which are less strained will be preferential sites for crack propagation into
the core of the material; uniformly strained regions simply produce wear debris [370]. The microstructural parameter responsible for
the anisotropic accumulation of strain is not clear since the modelling uses rectangular elements with assumed local properties. Su and
Clayton find that for lubricated rolling/sliding, the cracking behaviour during RCF depends more on the contact pressure and shear
yield stress than on the friction coefficient or microstructure [196]. This result is supported by the findings of Beynon et al. [50] who
found a critical contact stress of around 1500-1800 MPa for lubricated rail discs below which cracks formed networks and above which
they grew isolated and deep into the material (Fig. 41).

A factor often neglected in the analysis of fatigue cracks in the context of rails, is the influence of residual stresses due to heat

26 Cyclic softening can be induced by the rearrangement of the dislocation substructure and a reduction in dislocation density with alternating
load. The softening occurs because some of the plastic strain becomes reversible, similar to phenomena during the Bauschinger effect. It has a
noticeable beneficial effect on the threshold fatigue crack growth resistance.
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Fig. 39. Damage due to rolling-contact fatigue on rails. (a) Family of surface cracks at the gauge corner aligned normal to the resultant of the axial,
spin, and transverse creepage directions. (b) Matrix strain below the contact surface, illustrating a crack growing in the direction of plastic flow. (c)
Branched crack visible in a longitudinal section of a rail in a high-speed curve, also referred to as a squat defect. Reproduced with the permission of
Elsevier [361,50].

treatment and track layout. A ballast-less slab track, Fig. 42, where the rails are fastened onto rigid concrete slabs with some sort of
elasticity engineered into the system, exhibits a smaller subsurface crack growth rate, due the increased and continuous support that
reduces rail bending, when compared to the traditional ballasted track [166]. Data suggest that the ratio of sub-surface crack depth to
surface crack length is much lower for slab track than for the ballast equivalent, although it is noted that many of the slab track in-
stallations are located in tunnelled sections that are sheltered from the possible effects of fluid pressurisation in helping crack advance.

It is also argued [166] that an off-line heat treatment mitigates residual tensile stresses at the rail foot, leading to an increased
fatigue life. This is caused by the fact that off-line heat treated rails do not undergo roller straightening after their controlled forced air
cooling as opposed to in-line heat treated rails, which are cooled using water, air-mist or polymers after rolling. In-line heat treatment
would also give rise to a larger prior austenite grain size whereas the off-line process requires a shorter and lower temperature re-
austenitisation stage resulting in finer prior austenite grains, which can reduce hardenability, but increase the toughness.

There are two main approaches to the modelling of crack initiation:

1. a defect tolerant one in which the material is assumed to be inherently full of small cracks and it is the number of cycles to
propagation to a critical size that is calculated based on material parameters and crack growth data.

2. A total life one where the cycles to crack initiation in a defect-free material are considered either in a stress or strain based model
[235].

The material properties are then considered using a constitutive model, for example the Armstrong and Frederick nonlinear ki-
nematic hardening law for steady state ratcheting [371], the Lemaitre and Chaboche model for a more accurate description of low
cycle ratcheting [372], or the Jiang and Sehitoglu model for long term constant or decaying ratcheting rate and transient loading
[373,374]. Aloading contact model, normally done using a finite element method, then needs to be added. Different fatigue prediction
approaches, reviewed carefully by Ringsberg [235] and compared by Ekh et al. [375], can be incorporated using concepts such as
equivalent strain, critical plane, energy and energy—density, combined energy-density and critical plane (recommended for rolling
contact fatigue), or empirical models. These theories can then help predict the most critical point and orientation for a crack to
nucleate due to ratcheting or low-cycle fatigue, grow according to fatigue damage calculations, and be compared against experimental
tests that calibrate the output. Since ratcheting leads to a change in the material parameters, plasticity models need to account for this
anisotropy evolution, which has been attempted before by splitting up the bulk of the material into elements designated “bricks”. Each
brick is assigned different properties such as initial shear yield stress and critical shear strain depending on depth, so each accumulates
plastic shear strain at varying rates and can fail individually when the threshold is reached and form wear debris or cracks [376,221].

RCF cracks can be partially or entirely eliminated by the wearing away of surface material, since rails are systems where wear and
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Fig. 40. Three modes of crack loading. Redrawn based on [362].
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Fig. 41. Optical image of eutectoid grade showing: (a) isolated crack while tested at po = 1800 MPa and (b) fine crack network while tested at po =
1500 MPa. Reproduced with the permission of Elsevier [50].

rolling contact fatigue take part concurrently [377,221,378]. The competitive role between these two mechanisms has been simulated
[217] by calculating the depth of the wear per cycle and the Paris law propagation rate of fatigue cracks as shown in Fig. 43 such that
the higher curve dictates the prevalent mechanism. They also developed a ratcheting model based on Lemaitre and Chaboche [372]
that estimates RCF shear band crack formation in competition with wear, calibrated experimentally by extracting the hardness and
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Fig. 42. A ballast-less track between rail tunnels under a river in the Netherlands. Reproduced under CC BY-SA 3.0, https://creativecommons.org/
licenses/by-sa/3.0/deed.en, courtesy of Hullie.
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Fig. 43. Qualitative graph showing a scenario where a) wear is predominant so no surface crack failure can be expected and b) RCF is predominant
so wear does not manage to remove surface cracks that can ultimately lead to failure. Adapted and reproduced with the permission of Elsevier [217].

forward displacements along the depth of twin-disc samples and the thickness of the layer removed by wear [379]. The wear stabilises
the strain field at high cycles and during the steady state, crack length is almost constant due to wear removing the same thickness of
material as the distance advanced by the crack tip’.

Another model to simulate the competition between fatigue and wear is based on a graphical representation of a brick model, with a
black or white pixel for a failed or un-failed brick, respectively; cracks are then identified as a chain of black pixels, or wear debris if a
whole layer of bricks is black [370]. Although this does not predict cycles to wear initiation or rates observed experimentally [380] due
to the lack of microstructure and roughness simulation, the depth of RCF cracks was similar to experiments after 15,000 cycles but the
crack length was under-predicted, probably due to the neglect of stress concentrators at the tips of the cracks.

The wear rate of rails has decreased by over an order of magnitude over the past two decades due to a better understanding of
damage mechanisms and of microstructural tailoring, but with consequent increase in the occurrence of fatigue damage [252]. RCF
cracks can be removed by wear, but there is currently no quantitative description of what magnitudes of speed, load, creepage, and
cycles should be for wear to grind only the necessary amount of cracked rail surface (magic wear rate [378]), although Olofsson

27 The constant crack length was established to be 40 ym by Fletcher and Beynon in unlubricated tests [220].
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Fig. 44. High-speed lines made with grades R220 (as-rolled), R260 (as-rolled), and R350HT (head hardened through heat treatment) showing: a)
density, size, and spacing of head checks using magnetic particle inspection of the head surface near the gauge corner after 90 MGt (million gross
tonnes, 3years) of service and b) angle (25°) and depth of head checks in longitudinal micrographs after 85 MGt (2.5years). Adapted and repro-
duced with the permission of Elsevier [54].

concluded that if the steel grade is too wear resistant >, lubricants with friction modifiers (lithium-based grease with graphite) can
slow RCF crack propagation rates so they match removal by wear [381]. Recent efforts to model the process of RCF crack nucleation
and growth taking into account steel composition and wear by the UK’s Rail Safety and Standards Board, have been validated against
historical site data, allowing the optimisation of grinding schedules [382].

6.1. Hardness

It is well documented that a refined interlamellar spacing in pearlite increases its hardness and consequently, decreases its wear
rate [6,52,293,154]. Such dependence with hardness has not been studied as much in the case of RCF, but the most data certainly
originates from a large set of over 1200 laboratory twin disc tests performed at TATA Steel since 1976 covering a wide range of steel
grades that showed a linear dependence of hardness with RCF resistance measured as cycles to crack initiation despite the uncertainty
of accurately detecting crack initiation [166]. Since hardness is commonly achieved through a combination of adequate alloying and
accelerated cooling, it should be taken into account when assessing RCF resistance that hardness can vary along the length and depth,
and therefore with material loss through wear or maintenance grinding activities.

Fracture toughness has been observed to decrease with increasing hardness for the as-rolled rails, from ~ 35 MPam™ /2 for R200
(220HV) to 26 MPam ™~ 2 for R320Cr (340 HV). However, for the heat-treated grades (370-420HV) the minimum mean values were
similar to those of R260 (280HV), which is around 29MPam /2 [166], suggesting an independent effect of interlamellar spacing
[166], perhaps because the cementite lamellae becomes thinner.

Fatigue crack growth rates are greater for harder steels, increasing from of ~21mGcycle! for a hardness of 230HV to
~35chycle’1 for 370HV [166]. Another study that compared as-rolled (240-280 HV) and heat treated rail steels (370HV) in actual
wheel-rail conditions found that head the hardened rail showed not only the shortest head check cracks with the smallest distance
between cracks, but also a crack depth 3-6 times lower than the as-rolled rails (Fig. 44), meaning that harder rails do offer more RCF
resistance together with reduced wear [54]; this should not surprise because in ordinary push-pull tests, the fatigue limit correlates
well with hardness over a wide variety of steels and microstructures [383-385]; after all, the resistance to plastic deformation as
measured by hardness indentations, determines also the resistance to the plasticity required to initiate and propagate fatigue [386].

It follows that head-hardened rails require less maintenance by grinding, offering an improvement of 2-3 times in operating ef-
ficiency with respect to R260 [54]. Nevertheless, it is worth pointing out that the larger linear density of cracks in the hard heat-treated
rails and the short distance between cracks can increase the propensity of spalling or shelling as a result of cracks merging together

28 New pearlitic rail with a composition of 0.7C-1.0Mn-1.0Cr wt% and a UTS>1080 MPa installed in a 346m curve which experienced speeds of
75kmh~! and an average traffic of 6 Mtyear .
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Fig. 45. Depth of RCF cracks as a function of track curve radii. The hardness values are 240 HV for R220, 280 HV for R260, 370 HV for R350HT, and
390HYV for R370CrHT. Adapted using data from [272] based on [387].

under the surface [166]. A similar dependence with hardness was found by Beynon et al. who varied the contact pressure and creepage
in a twin disc machine concluding that a head hardened eutectoid pearlite (0.76 wt% C) had the best resistance to RCF followed by an
as-rolled eutectoid grade (0.78 wt% C) with a similar composition to STD, and last came a low strength BS11 grade with only 0.55wt%
C [50].

When including also the track curve radius in the analysis, it was found not only that harder rails form shallower head check cracks
irrespective of curve radii, but also that the maximum condition of RCF damage in terms of deeper cracks occurs in curves of
1200-1500m in radius (Fig. 45) [272,387].

6.2. Single empirical parameters

Rolling contact fatigue is a function many parameters including surface roughness, load, rolling speed, steel cleanliness, heat
treatment, chemical composition, and response to thermomechanical deformation. The influence of each of these can be quantified by
direct measurement [194]. Using such data, attempts have been made to rationalise clusters of variables into a single empirical
parameter, e.g., the shelling index that in some respects accounts for inclusions and hardness, to allow comparison of RCF performance
between alloys [388]:

(14)

shell index — In {ox1de volume fraction x stringer length}

2
hardness

A shell is a bit that falls off a rail because of a fatigue-initiated crack, often referred to as a spall; Eq. 10 clearly does not have a physical
basis, but is consistent with the discussion in the previous section that in general, a greater hardness offers better fatigue resistance,
since the tendency for shelling has been shown to be smallest when the shell index is smallest [388]. The shell index is probably less
relevant for modern rail steels which have a high cleanliness level due to, for example, vacuum degassing and continuous casting [389]
or calcium treatment [390], Fig. 46.

Some have tried to include other variables, such as the volume fraction and size of alumina particles, the austenite grain size, degree
of structural homogeneity, intensity of thermomechanical deformation, and carbide volume fraction [194]. However, the degree of
empiricism increases and it may then be better to use neural network analysis [392].

Other attempts to use a single parameter for rolling contact fatigue analysis, such as the Smith-Watson-Topper method [393],
designed originally to help estimate the fatigue life during uniaxial loading in push—pull tests, involves a damage parameter SV =
Omax€a that is the product of the maximum tensile stress and the strain amplitude. The idea is that fatigue failure under different mean
stresses and range all can be rationalised as a monotonic function of the parameter; the original work [393] demonstrated this vividly
for a wide range of data. In the context of rails, finite element analysis is used to estimate the location of crack nucleation and the
direction of its growth under multiaxial cyclic loading based on a phenomenological approach considering the maximum normal stress
component o,y in a specified direction, and Ae is the difference of the maximum and minimum normal strain compoents in the same
direction:

Ae

SV = Gmax7~

SWT is therefore a function of position in space and is assumed to be constant for a given life. Using this in a scenario to estimate fatigue
life under three-dimensional cyclic loading requires the calculation to be performed over a whole structure and to find the location of
the maximum S\'> value that would correspond to the location of crack initiation making this method computationally intensive for
large sections of rail [394]. However, one of the strengths of this approach is that it can predict if crack initiation occurs in the
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Fig. 46. A comparison of the volume fractions of oxides in rail steels used to derive equation 1o [388] and a large number of modern rail-steels
sourced from Russia, Japan, France, Austria and Poland [391].

subsurface of the rail head. Nevertheless, still the most common way of assessing rolling contact fatigue resistance is to test samples
under standardised conditions such as load and speed until the first signs of damage are evident and the test is stopped for
characterisation.

6.3. Contact pressure and creepage

In general, RCF life increases with decreasing contact pressure but the exact relationship these two variables follow was initially
thought to be linear using standard pearlitic steels in twin-disc laboratory tests [395,396,50]. Instead, increasing creepage up to 3%
was found to increase the RCF life in hypoeutectoid and as-rolled eutectoid pearlites [50].

When using a broader range of lubricated contact pressures from 850-2300 MPa, it was observed by Su et al. that a more accurate
description would be a power law (RCF life=Ap}), where A and b are empirical constants. Nonetheless, microstructural characteri-
sation in that study revealed two different failure modes: low RCF lives and shear band cracks in loading cases above the theoretical
shakedown limit or branched cracks that originate from an apparently undeformed material when loaded below the shakedown limit
allowing a longer RCF life. These modes suggests a bimodal distribution based on the normalised values of contact pressure po/k where
k, the shear yield stress, is 692/+v/3 [196]. In either case, the initial failure mechanism is shear flow at the surface that leads to work
hardening, exhaustion of ductility, and eventual crack formation and orientation along the flow lines. However, a shear band cracking
mode would require different aspects to be addressed such as the ratcheting strain rate to avoid crack nucleation, whereas the branch
cracking mode could be mitigated via austenite grain size refinement or by increasing wear resistance if these branched cracks are the
early stages of delamination flakes.

The contact pressure at the tip of RCF cracks can be exacerbated by the presence of lubricant inside the cracks. Under constant
lubrication, the traction coefficient decreases giving a slower build-up of ratcheting damage so the time to crack initiation is longer
[221]. However, normal rail-wheel contact is not constantly lubricated but is a combination of dry and wet contact depending on the
weather. If cracks have been formed during a dry stage and lubrication is then applied, it is believed that liquid can enter the crack
mouth cavity creating mode I crack propagation, reducing the friction between faces, and accelerating the crack growth rate; this
known as the hydraulic pressure penetration effect [356,217,397,369]. Upon loading, the liquid can also escape the crack mouth and
lubricate the crack faces causing mode II propagation [398,206]. By using such model and measuring the effective dry cycles N that a
sample sees once the shakedown limit is reached and the friction coefficient raises above 0.25, but before lubrication is applied, and
then calculating the load above the ratcheting limit P,, it is possible to calculate the decrease in RCF life according to [206]:

%drop in RCF = 2.74P,N°%2. 15s)

Its is worth mentioning that this hydraulic pressurisation effect is inversely related to the liquid viscosity and directly proportional to
the crack length [217]. Other models available to simulate such phenomenon include quasi-static two dimensional approaches where
lubrication seepage was found to be proportional to increasing surface traction and crack inclination with respect to movement [369],
3D models (used to determine relations to approximate 2D to 3D cracks such as a stiffening reduction factor and a growth rate
reduction factor)[399], and models that couple internal and external pressure applied by internal fluid flow and external contact load
[400].

Although many authors talk about fluid penetration at cracks and its essential role in RCF crack propagation [401], the actual
mechanism by which fluid enters those shallow angle 3D thin RCF cracks is not entirely understood. In order to corroborate a common
assumption that water gets sucked into newly formed RCF cracks during the first cycle due to a sub-atmospheric internal pressure,
Bogdanski coupled a Hertzian 2D FEM model of a surface-breaking shallow-angle crack and a one-dimensional Reynolds squeeze film
fluid model for pressure dependent viscosity liquids [400]. He showed that for the liquid to get sucked in, the liquid layer needs to be
continuous, but already train speeds above 0.9ms ™! will break it suggesting that other mechanisms may be more plausible expla-
nations for this phenomenon, such as slow capillary flow after the cracked faces have been eroded due to friction. Nevertheless, crack
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Fig. 47. Rolling contact fatigue dependance on (a) interphase surface of pearlite (lamellar vs spheroidised), (b) austenite grain size, (c) carbon
content and (d) hardness of a low carbon martensite vs a high carbon fine pearlite, The exact definition of the contact fatigue limiting stress is not
clear from [194] but may relate to the maximum contact stress during roller-roller tests necessary to achieve a determined number of cycles without
crack initiation, as described in [406]. Similarly, the definition of austenite grain diameter is not specified in the original work. Data from [194].

propagation due to entrapped fluid seems to be negligible knowing that the continuous passage of trains pushes the entrapped fluid out
due to the contact pressure ahead of the crack making refilling very difficult in busy routes [402].

6.4. Microstructure

6.4.1. Pearlite

By using grade R260Mn (Table 4) and and applying different cooling rates to achieve different grades of pearlite from lamellar to
globular, Shur et al. concluded that lamellar structures, as opposed to spheroidised ones have a higher RCF resistance, Fig. 47a, because
of the ability of such microstructure to strain harden to relatively large depths, thus spreading the deformation and reducing the
gradient of mechanical properties from the surface to the subsurface [194,403]. This ability comes from the ease of dislocation
generation at the carbide lamellae that can then create a fine ferritic cell substructure, a mechanism well-established in studies of
heavily drawn pearlitic wires [404,405].

The same conclusion that lamellar pearlite is more RCF resistant than a spheroidised one was also reached whilst simulating high
speed train conditions in wheel steel (500 kmh 1) despite the fact that the spheroidised structure had a 30% greater yield strength and
5% higher ultimate tensile strength at the same hardness than the lamellar pearlite [407]. It is important to point out that the
degradation mechanisms of each structure were quite different with the spheroidised pearlite showing a higher weight loss but a
smoother surface with some deep pits, whereas the lamellar one had shallower flake pits but a more fragmented surface due to cracks
propagating along the direction of plastic flow, formed presumably when plasticity is exhausted, as depicted in Fig. 39b.

In an evaluation of the effects of microstructural variations on the mechanical properties of eutectoid rail steels, it was concluded
that fatigue crack initiation was dependent on the interlamellar spacing, making coarse pearlite more susceptible to cracking, but with
little or no effect during the propagation stage [293]. Since most cracks in rails are not initiated by a process of fatigue but rolling
contact fatigue through plastic shakedown, ratcheting, or squats, it can be then said that refining the interlamellar spacing will not
necessarily improve its rolling contact fatigue properties, as it can its wear resistance [279,154,6,52,10].

6.4.2. Bainite

In a study that compared standard (STD) and head hardened (HH) pearlitic steels against three different bainitic steels: EBS-4,
carbide free with some granular bainite, EBS-5, lower bainite, and EBS-6, granular bainite (Table 4), it was seen that EBS-4 showed
the largest RCF resistance. This was attributed to its higher hardness, leading to the conclusion that RCF resistance increases with
strength irrespective of microstructure or work-hardening capacity [196]. The slip-roll ratio was not varied, which could highlight the
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role of microstructure on rolling contact fatigue. Other studies have shown conflicting results, where not only the hardness but the size
and morphology of the bainite were strongly related to RCF since coarse/granular bainite provided less resistance to crack initiation
than the acicular type due to its high angle boundaries [408].

In full scale tests using commercial pearlitic and bainitic grades at specific points of the German railway network, bainitic grades
(DOBAIN380 and 430) showed as few head-check cracking as heat treated pearlitic steels (R350HT or 370LHT) in a 1300-1500m
radius curve and the same wear rates, but in a heavy-haul track or at tight curves, the bainitic DOBAIN430 track showed no head-check
cracks, whereas R350HT exhibited such cracks even after 70 MGt, proving the superior resistance of the bainitic grades not only in RCF
but also by matching the wear properties of head-hardened pearlite [191].

6.5. Mixed microstructures

Mixed microstructures can be achieved either intentionally through heat treatment or accidentally due to chemical segregation,
stress-induced transformations, or localised temperature spikes due to friction that can induce tempering, recrystallisation, or even
partial reaustenitisation [313]. In most cases the unintentional creation of additional phases compromises the RCF resistance [194],
but the focus here is on intentional mixed microstructures.

In one study, grade 450HT (Table 4) was heat treated in different ways to achieve either a mixture of martensite and fine lamellar-
pearlite (the latter in amounts from 5-50%) or a fully martensitic state, adequately tempered to achieve the same hardness as the
mixed phase samples. The RCF resistance abruptly decreased as the amount of fine pearlite increased, inferring that mixed micro-
structures perform worse than those that are homogenous [194], presumably because deformation becomes focused in the softer
phase.

As a comparison, mixed microstructures have performed well as bearing steels, where fully nanobainitic structures are not hard
enough”’ to provide enough dimensional stability, but a mixed microstructure containing martensite, residual carbides, retained
austenite, and 0.21 volume fraction of nanobainite (average hardness 825HV) had a greater impact toughness (12J) than the fully
bainitic steel (3J), leading to a fivefold increase in the RCF life [411]. The reason for these differences between rail and bearing steels is
not clear, but the production scale in the former case is much larger, meaning that the heterogeneities are likely to be on larger length
scales, for example, as banding, rather than as a uniform mixture of phases.

6.6. Damage in wheels

Some of the most prevalent types of rolling contact fatigue damage in freight car wheels include spalling, shelling, and thread
cracking [218,412]. Spalling occurs when heavy braking/gross sliding raises the surface temperature above austenitisation giving rise
to martensite layers of 0.1-1.2 mm thick upon cooling, which can then fracture and spall. These spalls are normally caused by defective
brakes or due to inadequate lubricant use. Thread cracking refers to fine, angled surface cracks nucleated at the circumference of the
wheel thread as a result of ratcheting, which can develop into spalls (Fig. 48a).

Finally, thread shelling (Fig. 48b) resulting in craters ~ 5mm deep, with characteristic fatigue rings initiated at inclusions
[218,413]. By modelling the contact geometries of new and used wheels and rails, it was found that increasing the friction coefficient
proportionally increases the longitudinal and lateral maximum shear stresses and shifts the region of plastic flow from below the
surface (4mm deep) to the surface, whereas changing the creepage alters the size and position of the contact patch [218]. The
particular combination of parameters that gives rise to these defects is, however, not established.

In order to investigate the qualitative influence of different parameters such as wheel diameter, radius of rail, residual stresses, and
vertical and horizontal loads on the rolling contact fatigue damage of wheels without tread braking, Ekberg constructed an equivalent
stress criterion model that evaluates the magnitude of the local shear stress, compares this against the fatigue limit of the material in
pure shear to dictate if damage occurs, quantifies damage as the number of cycles to failure for the current magnitude of stress, and
applies it to a failure criterion [414]. Results confirmed an increased damage for increasing load, decreasing wheel diameter, and
decreasing rail radius, as well as confirmation of the well-known [415,416] beneficial influence of compressive residual stresses, the
detrimental role of tensile residual stress, and the displacement of subsurface shear stress damage towards the surface for increasing
horizontal load. These parameters indicate that faster/heavy-haul trains as well as rail grinding (if it increases rail radius) increase the
propensity of wheel fatigue failure over wear.

6.7. Austenite grain size and pro-eutectoid phases

Using rail grade R260Mn (Table 4) heat treated to fine and spheroidised pearlitic microstructures with different austenite grain
sizes, R350HT, and a variation of R450HT containing Zr, V, Nb, and Ce (detailed composition not specified) but similar tensile strength
and hardness, it has been shown that smaller austenite grain sizes lead to a higher contact fatigue limit, as long as large carbide clusters
are absent [417,194,418,419], as illustrated on Fig. 47b. The mechanism for this improvement of the RCF performance is not
explained.

Other studies in a different context indicate that the austenite grain size has a minimal or no effect on rolling contact fatigue or the

2% maximum of 670HV [409] compared to the minimum required 690HV [410]
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(a)

Fig. 48. Wheel damage in the form of (a) spalls caused by advanced thread cracking and (b) thread shell (no scale in original source). Reproduced
with permission of Elsevier [218].

Fig. 49. Intergranular rolling contact fatigue cracking along prior austenite grain boundaries due to the presence of pro-eutectoid cementite.
Reproduced from [342] with permission of Elsevier.

time for crack initiation if the wear rate is so low so that cracks are not worn away [408]. RCF cracks can begin at the prior austenite
grain boundaries and then propagate intergranularly to a depth greater than the plastically deformed layers, suggesting that the
toughness at grain boundariesis important. This study was performed using cast bainitic grades intended for back-up rolls in hot rolling
mills.

In a study that characterised the microstructure of thirteen different premium rails from a variety of manufacturers, over a period of
five years, and numerically modelled the influence of microstructural features on mechanical performance, it was found that a smaller
austenite grain size (L,) has a lesser effect in improving the yield strength and rolling contact fatigue resistance than solid solution
strengthening, pearlite colony size and interlamellar spacing [342]. In fact, it was not L, but the presence of pro-eutectoid cementite
(V?, ~ 0.05) along prior austenite grain boundaries, as seen in Fig. 49, that was most detrimental to RCF performance, fracture
toughness, elongation and wear resistance. Lowering the carbon concentration whilst keeping a slow cooling rate or increasing the
cooling rate from the hot-deformation temperature, as done for bearing steels [420], can suppress pro-eutectoid cementite with the
excess carbon leading to a greater fraction of cementite within the pearlite. If the pro-eutectoid cementite does form, one option is to
spheroidise the cementite at temperatures ranging from ~600-700°C, in the case of plain eutectoid steels. Such process can be
accelerated by applying concurrent deformation, since the vacancy generation that aids lamellar fragmentation, rounding off, and
coarsening was shown to be proportional to the applied strain rate [421] — but this may not in practice correspond to the
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Fig. 50. Micrographs of pro-eutectoid ferrite in: a) untested rail sample, b) sample tested with a twin disc machine at 1500MPa and 1% slippage
after 14013 cycles showing crack propagation along flattened pro-eutectoid ferrite regions, c) rail sample after 33 years of service exhibiting (1)
surface crack initiation at a pro-eutectoid ferrite band, (2) oxide filled RCF crack propagating along a ferrite band, (3) cracks propagating along
flattened MnS inclusions, and (4) cracks at fine angular brittle inclusions; and d) detail of surface crack initiation at pro-eutectoid containing prior
austenite grain boundaries and stifling when it reaches the pearlite front. Reproduced with the permission of Elsevier [361,423].

microstructure needed.

These studies suggest that it is not L, itself but embrittlement due to pro-eutectoid cementite formation that adversely affects rolling
contact fatigue life in rails. As an illustration, the negative influence of carbide networks at prior austenite grain boundaries that can
reduce the rolling contact fatigue life to half compared to spheroidised samples has been known for many years in the bearing steel
industry [422].

In the absence of pro-eutectoid cementite or severely flattened ductile MnS inclusions just below the surface, RCF cracks have been
observed to originate along strained prior austenite grain boundaries and not propagate beyond the length of a single grain (50 pm in
R220), at least until 55% of the ‘average RCF life’, based on numerous twin disc tests in which failure in the form of flake cracks was
monitored through an eddy current twin probe. The crack is stifled when it reaches a less favourably aligned grain boundary [423]. It
was concluded therefore, that the first half of the average RCF life is influenced by the microstructure, whereas the second half which is
driven by strain fields that propagate the crack to a length several times L, and can make neighbouring stifled cracks join up or jump’
across thinned pearlite zones in order to comply with the strain, sometimes with the help of bridging inclusions, Fig. 50b [423,424]. In
fact, the size and shape of surface flakes was related to the dimensions of favourably aligned prior austenite grains of the surface after a
series of compression and unidirectional tractive stresses, Fig. 51. A somewhat similar observation was made by authors studying
mixed ferrite-pearlite microstructures who concluded that crack growth is dominated by the applied stress system and only influenced
to a lesser extent by microstructural features since cracks not always propagated along the softer ferrite on the boundaries [75].
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Fig. 51. Optical image of the cross section and SEM image of the surface of R220 at 45% of its RCF life, displaying a relationship between the early
crack flake size and the prior austenite grain size. The X, Y and Z correspond to the circumferential/horizontal direction, the horizontal/track width
direction and the vertical direction normal to the surface, respectively. Reproduced from [423] with permission of Elsevier.

Crack propagation in pearlite can occur in a cleavage fracture mode defined in terms of the fracture stress o¢, which is that required
to initiate unstable fracture at a finite location, which was shown to be independent of Zy, but increase with smaller interlamellar
spacings [153,425]. With regards to the tensile strength of pearlite, it sometimes is claimed to be independent of ij [153] and at other
times proportional to L, for a given interlamellar spacing [293]. However, L, is a coarse microstructural feature when compared with
interlamellar spacing, so it may not have a determining influence on strength. Instead, the tensile ductility §, which is the strain
necessary to develop a critical-sized microcrack and to propagate it in an unstable cleavage mode, seems to decrease significantly with
increasing austenite grain size [153,293]. Nevertheless, such property is not precisely relevant in rolling contact fatigue but more in
the case of bending forming processes, for example, where the material initially is crack-free. In the case of the plane strain fracture
toughness®° Ki. is independent of L, since the fracture plastic zone is much smaller [153]. However, the Charpy impact toughness is
inversely related to L, since fracture occurs at regions of common crystallographic orientation called cleavage facets or nodules so
having more of them in a fine grained austenite would provide more resistance to crack propagation [426,300,427]. Another property
that seems to have an inverse relationship with L, is the fatigue crack growth rate [428]. During RCF it is likely that cracks propagate
along embrittled grain boundaries as shown in Fig. 49 than in a cleavage (pure tension) mode since longitudinal wheel-rail contact is
after all a sequence of tension, shear and compression.

Proeutectoid ferrite at the austenite grain boundaries can accelerate RCF failure, either by aiding crack initiation or providing an
easy path for propagation, Fig. 50 [361,221,423]. The ferrite is soft so plastic strain within it is exaggerated [429,430,423]. This allows
the nucleation of short surface cracks that propagate along the direction of plastic flow and the pro-eutectoid ferrite bands Fig. 39a.
These cracks grow until they hit a pearlitic front or if the pro-eutectoid ferrite extends along a path that is not the most favourable for
crack growth [423]. The amount of strain hardening of the ferrite depends on its size, shape, and orientation with respect to the
straining direction [221]. When the volume percentage of pro-eutectoid ferrite was reduced from 5.8 to 2wt% by cooling rapidly from
the austenitisation temperature, surface cracks instead originated at inclusions [431]. In no cases, either with high®! or low amounts of
pro-eutectoid ferrite®?, were cracks seen to nucleate at the subsurface, most likely due to the plastic deformation and compressive

30 Macroscopic criterion for the unstable propagation of a pre-existing crack in an elastically loaded sample [153]. According to Pointner, Ki.
cannot be used to estimage RCF crack growth rates, since it describes only high cyclic stress intensity factors valid for long cracks (>few mm) [272].
51 11 wt%; this content was maximised by cooling down slowly (4h) from the austenitisation temperature to 610°C. The amount of this phase was
quantified through image analysis.

32 Rapidly cooled from the austenitising temperature to room temperature in 0.5h
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residual stresses introduced during cyclic loading [361]. The modelling of weakening due to the ferrite indicates that the observation
of enhanced RCF when the ferrite thickness is reduced could be explained if the pearlite then constrains it from excess strain [221].

6.8. Inclusions

We have seen that pro-eutectoid ferrite can be responsible for the initiation of cracks at the surface, whilst pro-eutectoid cementite
networks can provide a path for the propagation of cracks deep into the rail. In the absence of proeutectoid phases, strain flattened MnS
and other inclusions sometimes become prominent initiators of RCF cracks [361]. Earlier work indicated that the role of MnS was
especially important at high contact stresses and creepages, and that hard oxide inclusions also contributed to crack initiation [50].
These experiments were stopped as soon as an eddy current probe detected a crack, so the possibility of MnS inclusions or primary
ferrite initiating cracks later in the process cannot be categorically excluded [432].

The manganese sulphides in particular can occur in clusters often described as strings of defects, which under loading during track
service can lead to the formation of highly affected regions between individual defects with large strain gradients. The effect is
magnified if there happen to be instances of overloads [433,434]. The overloads can arise, for example, from structural vibrations on
bridges [435], high train-speed leading to dynamic overloads [436], or compromised vertical stiffness due to ballasting [437].

Non-metallic inclusions can be detected and quantified through different methods depending on the scale and resolution such as
local X-ray spectrometry, metallography and automated image analysis, or fractional gas analysis that measures the evolution of
oxygen during linear heating of the samples. Regarding the nature of inclusions, observations show that alumina inclusions are more
detrimental to RCF than silica or calcium oxide [194]; the Mohs’ hardness of alumina, silica and calcium oxide are 9, 6-7 and 3
respectively.

The general perception is that inclusions will be most damaging in fatigue rather than wear. However, parameters such as volume
fraction, size, elongation, orientation, elastic modulus relative to the matrix, bonding strength etc. must be taken into account. It has
been shown that the fatigue limit® is only affected by the inclusion content when stringer inclusions (sulphides) are oriented parallel
to the stress axis, but not when they are aligned perpendicularly [438,439,406]. During bend tests on four different pearlitic steels, the
fatigue limit was particularly reduced by elongated or brittle inclusions rather than by their average size or the interlamellar spacing of
the pearlite [406]. In other words, the steel with longest, more brittle inclusions (spheroidal alumina silicates) had a lower fatigue limit
despite having a similar inclusion distribution and the finest interlamellar spacing of the samples studied (120nm) [433]. This is in
spite of the fact that interlamellar spacing is inversely proportional to yield strength and yield strength is linearly related to the fatigue
limit [298,440]. The three types of crack initiation mechanisms observed in that study, i.e., microcrack initiation, interfacial
debonding, or inclusion fracture, highlight the complexity of the problem [406,441].

6.9. Carbon concentration

The explanation for why the contact fatigue limit in general increases with the carbon concentration of the steel is simple, that the
steel becomes stronger, Fig. 47c. Interstitial solid solution strengthening of ferrite by carbon is more potent than precipitate hardening
through cementite. Low-carbon martensite performs worse than pearlite of similar hardnesses during rolling contact fatigue [442], as
illustrated in Fig. 47d. With a martensitic microstructure, it may be difficult to retain the carbon in solution over the service life [433],
an effect well established in bearing steel [37]. The pearlite structure is in this sense much more stable than that of untempered
martensite.

The loss of carbon from the surface regions during heat treatment (decarburisation) creates a layer of ferrite on the rails, which
causes an increase of the rate of shear strain accumulation below the surface (~225 pm deep), an increase of hardening rate, and almost
doubles the RCF crack growth rates due to the low hardness of ferrite [75]. The RCF cracks were initiated at the ferrite/pearlite
interface due to ductility exhaustion from the high contact stresses arising from asperity contact. However, since the depth of the
decarburised layer in real rails (0.5mm) does not coincide with that from the maximum subsurface shear stresses (2mm) [280,221]
and the ferrite strain hardens during rolling contact bringing down the crack growth rate to normal levels (55nmcycle ™) after the
initial cycles, it is likely that the contribution of decarburisation to RCF, at least on the wheel tread and railhead, is minimal and
unlikely to have a long-term effect [75].

6.10. White-etching layers

The description “white-etching layer” (WEL) comes from the fact that the structure within is so fine that it is attacked relatively
mildly by etchants when compared with the coarser, ordinary structure of rail, Fig. 52a. The very first high-resolution study of the
structure of WEL [443] revealed a highly deformed ferrite structure containing carbon in solution (e.g., Fig. 52b), with evidence that
the material in the layer was not a consequence of reaustenitisation followed by quenching by the bulk substrate to generate
martensite. Other results confirm this general conclusion. For example, the WEL is obtained after multiple traverses of the train to
accumulate the deformation, whereas the heating would be apparent after a single traverse [444].

However, not everyone agrees with this, largely because martensite-like structures have been observed in the WEL [445] or because

33 Fatigue limit defined in this case as the maximum possible stress so samples reach 107 cycles without crack initiation, as detected through
acoustic emission.
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Fig. 52. (a) White-etching layer on R260Mn rail that had been in service between 1989-2007 on straight track. Reproduced and adapted from
[448] under CC BY 4.0 license. (b) Nanostructured carbon-supersaturated ferrite in white-etching region of a eutectoid steel rail that served for two
years on a 5° curve with an accumulated tonnage of 271 MGt. The inset shows an electron diffraction ring-pattern showing a large range of grain
orientations typical of such structures. Reproduced from [444] with the permission of Elsevier.

simulations relying on dynamic friction coefficients indicate that a temperature might be reached to induce austenite formation
[313,446]. White-etching layers also form during rail-grinding operations where there is likely to be substantial localised heating
[447], where the thickness, distribution and length of the WEL’s has been shown to depend on the grade of the rail that is ground. The
thickness is found to decrease substantially in the order R260, R350HT and R400HT, from 15pm, 11pm and 7 pm respectively
although the hardness of the layer is similar in all cases, in excess of 1000 HV. The surface temperatures reached have been estimated to
be well into the austenite phase field for all three rails.

It is possible that both types of explanations of white-etching layers are reasonable, depending on the details of the loading on the
rails.

The relatively soft (650 HV) white-etching layer formed at the top of low carbon steels (0.45wt%) seems not to affect the rolling
contact fatigue properties but harder (1000 HV) layers that are associated with higher carbon steels can reduce the RCF life by 30%
[194]. The is because of the larger gradient of material properties that cause the layer to crack at its interface with the matrix; in some
cases the flaking is so ubiquitous that the WEL was completely eliminated.

The strengthening due to a higher carbon concentration will on the one hand increase the rolling contact fatigue resistance,
Fig. 47d, but on the other hand, increase the sensitivity of the steel to develop hard -and damaging- white-etching layers [194]. This
result matches what has been observed in bearing steels, where a quenched and tempered 1C-1.5Cr wt% steel (52100) readily
developed hard white-etching matter around cracks due of the rubbing action of their surfaces during cyclic loading that refines the
structure and enriches it with carbon via the dissolution of carbides [449]. No such structure was observed in a lower carbon (0.8 wt%)
carbide-free nanostructured bainitic steel tested under the same conditions of Hertzian pressure and cycles, mainly due to the lack of
carbides to go into solution [450]. If the white-etching matter forms in such a steel, then its hardness would be attributed to just the
refined size of the ferrite but not to carbon enrichment, suggesting that as in the case of the rail study presented above, this low
hardness of the white matter would have a lesser effect on the rolling contact fatigue life [451].

6.11. Environmental factors

One of the main interpretations of the effect of water on the RCF behaviour of rails is that it enter relatively benign cracks and under
the influence of rolling contact, act as an high-pressure wedge that dramatically raises the stress at the crack tip, causing it to advance
deeper than the deformation affected steel at the surface. The pressure pulses create tensile stresses at the crack front, or the reduction
of crack-face friction allows a shear mode crack growth [398]. A similar phenomenon can be observed in bearings where surface
breaking cracks fill up with lubricant, which transmits the contact load to the crack tip [278]. Full-scale rails that had been subjected to
traffic, were removed into a test facility where they were exposed to further traffic while covered with water-based marker fluid [216].
The experiments provided excellent evidence of fluid penetration into the cracks.

There is a review focusing on the role of moisture, on the development of cracks that are initiated on rails by rolling-contact fatigue
[452]; useful comparisons were made against rolling contact fatigue phenomena in bearings.

It is interesting that no signs of RCF were observed in rails tested dry or unlubricated, but occurred readily in the presence of
lubricants, such as water or grease, were later applied [453,198]. This is consistent with the appearance of pitting cracks appeared
after lubricant was added to a dry test on bearing steel [356]. There appear to be three further mechanisms by which water can affect
the development of fatigue damage on rails [452]:

1. if the water acts as a lubricant, there will be a reduction in the wear rate of the rail. This may in turn cause the persistence of surface-
initiated fatigue cracks which otherwise would be worn away. These cracks could then grow to sizes that are intolerable.

2. If water causes a decrease in adhesion, resulting in increased creepage, then the damage rate would increase.
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3. The water participates in electrochemical reactions that lead to crack branching akin to stress-corrosion cracks. The reactions
would also introduce nascent hydrogen in the steel, which is well known to cause embrittlement. In bearings, the formation of
white-etching matter is greatly accelerated if the steel is charged with hydrogen [37]. Minute traces of water in the lubricant used in
bearings [454,455], just 100ppmw of water dissolved in organic lubricant is detrimental. The water condenses from solution
within the oil, in surface microcracks and in this way becomes a potent supplier of corrosion-induced hydrogen at the crack tips
[456]. Water created through chemical reactions [457], or exposure to hydrogen sources through other corrosion reactions, can
lead to a reduction in bearing life. It has long been known that operating bearings in a hydrogen atmosphere leads to hydrogen
embrittlement and extensive surface pitting and flaking [458]. Indeed, hydrogen present in the atmosphere around a ball bearing
can be mechanically squeezed into the steel [459]. Hydrogen sulphide (H2S) has a similar effect to hydrogen because it inhibits the
recombination of hydrogen atoms at the metal surface [460].

It is emphasised that the hydrogen embrittlement of rails is not in general a feature that controls the life or fabrication of rail steels.
Academic studies in which the rail steels are electrolytically charged with hydrogen, not surprisingly, exhibit embrittlement as would
most steels [30]. But reports of hydrogen-induced failures of modern rails are difficult to find.

Experiments have been reported on the use of dry, solid lubricants applied by rubbing against the railway wheel [461]. The “’solid
friction-modifier” is made by compacting polytetrafluoroethylene, molybdenum disulphide, talcum powder, all three are well-known
lubricants, together with carbon fibre, presumably acting as a binder. However, this does not seem to be a practical solution if a train
has to move over differently inclined terrains, and because the retention of the lubricant on the wheel lasts for a limited time especially
when slippage occurs.

The effect of temperature on rolling-contact fatigue damage is defined with respect to a neutral temperature Ty, at which the rail is
neither in tension or compression. Deviations from this makes the stress within the rail go into compression when T < Ty and vice
versa. Therefore, damage intensifies at low temperatures but has no significant effect for T > Ty because any crack faces created are
then compressed together due to rail thermal-expansion [7].

7. Machine learning of rail steels

Machine learning is a powerful empirical method for the quantitative interpretation of complex data, with arbitrary non-linearity
[e.g., 462,392]. But in the context of rails steel metallurgy, which is the topic of this review, there are two important caveats:

o The method relies entirely on the availability of data that include all of the important variables.

e It requires a sufficient quantity of data, the sufficiency determined by the magnitude of the modelling uncertainty which will not be
constant in the data domain. The modelling uncertainty arises because many different models can be fitted adequately to sparse
data, each of which behaves differently when extrapolated or interpolated.

e A model needs to be assessed to see if it reveals new phenomena. It is not good to assess its utility by comparing against data used to
train it, because the networks are sufficiently flexible to model any dataset. It is the behaviour in extrapolation that matters.

A case in hand is a model based on limited inputs (hardness of rail and wheel, C, Mn, Si, Cr, V, pearlite interlamellar spacing) which
led to such great uncertainties when testing the effect of silicon concentration that it is impossible to extract useful information, Fig. 53
[463]. In another study, it is claimed that the machine learning on rail steel wear is validated against laboratory data but only on the
data used to create the model [464].

The conclusion has to be that a long-term data collection exercise that includes an array of assessed input variables and a variety of
outputs would reap benefits to machine learning models capable of creating new technologies.
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Fig. 53. Estimates of the rolling contact fatigue life as a function of the silicon concentration of a rail steel. The uncertainties come from a Bayesian
interpretation of modelling uncertainty, so a large uncertainty indicates a lack of adequate interpretable information [463].
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8. Summary

Steels in general offer a very wide range of mechanical properties and at the same time can be manufactured on a large scale at a
reasonable cost. Steels for rails are no exception - it has routinely been possible to manufacture rails with hardness in the range
260-400HYV to provide an optimum combination of wear and fatigue resistance that is appropriate for particular track configurations.
Rolling-contact fatigue and wear are the predominant factors in determining the maintenance-schedules and the useful life of rails.

The majority of rail steels have a fully-pearlitic microstructure, the interlamellar spacing of which can be manipulated to control
the final properties. This ‘manipulation’ relies on the cooling conditions from the austenitic state, with a secondary role played by the
substitutional solute content of the steel. The metallurgy of pearlite is well-understood and has been applied thoroughly to rail steels,
with some exceptions. For example, there have been no attempts to introduce pearlite that is strengthened by fine, interphase pre-
cipitation of both the cementite and ferritic phases [465,466]. Copper also can precipitate in pearlite [467], although the role of copper
in the context of possible problems during hot-processing would need to be looked at in detail. The use of thermomechanical control
processing has not been explored much as a tool to achieve fine microstructures with only one study focusing on getting the austenite
grain structure in a rail steel into a pancaked shape prior to its transformation into pearlite as a means to obtaining a finer ultimate
microstructure [321] and another using it to achieve very fine pearlite for high wear resistance, but neither the role of microalloying
additions nor the state of the austenite prior to the pearlite transformation are explained [294].

In contrast, bainitic steels, particularly the carbide-free bainitic steels, have had limited applications, presumably because those
based on pearlite serve the industry rather well. However, there is no doubt that they exhibit superior rolling contact fatigue resistance.
One problem, for which there is a dirth of published data, is that flash butt welding results in a region within the heat-affected zone
where the retained austenite may decompose, the consequences of which are not documented.

In terms of welding, both using the thermit process and friction butt welding, it is the production of a soft zone within the
microstructure in the heat-affected zone (whether that microstructure is pearlitic or bainitic) that seems to cause concern, especially if
the zone is wide. There are preliminary academic studies on the laser welding of rails, with the aim of reducing the total heat input and
hence inducing a narrow heat-affected zone; however, the cooling rates associated with the process can result in transformation into
martensite, so some form of preheating may be necessary [162].
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