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Abstract

Rail wear in track necessitates expensive and inconvenient maintenance. Efforts to
produce wear resistant rail steels have concentrated on the production of high carbon
fully pearlitic steels. Recently carbide-free bainites have shown great potential for wear
resistance, greatly improved toughness, and enhanced fatigue resistance. The aim of this
work was to study these steels in laboratory rolling-sliding wear tests and in real track
to discover the reason for their improved wear resistance. The bainitic steels have been
compared with conventional rail steels under identical conditions. The evolution of the
surfaces of rails in track was studied over a period of two years and these results were
compared with those from standard laboratory tests.

The bainitic steel is tough because of its fine microstructure and the presence of
thin films of high-carbon retained austenite between the laths of bainitic ferrite. These
can transform under strain to martensite, absorbing energy. The retained austenite was
found not to be sensitive to the strains involved in the straightening process applied to
all rails during manufacturing, although it would transform under higher strains.

The track test results were different from the laboratory tests. A greater variety of
wear patterns was found on the real rails; including signs of what appeared to be abrasive
wear. Wear in rails has been shown generally to take place by a process of material
transfer between the contacting surfaces, followed by breaking off of wear particles from
the weak transfer layer. The hardness of both rail and tyre is very important but this
does not explain all of the wear behaviour. The properties of the transfer layer are very
significant; it is found to be much softer in the more wear resistant bainitic steels than
in pearlite, while the bulk is harder. Since the surface layers have been shown to be a
mixture of both steels, the properties of the tyre steel are as important as those of the
rail; improvements in rail wear could therefore be made by using bainitic tyres. The
toughness of the steels is found to be a significant property for wear resistance; tougher
steels will be more resistant to fracture and hence the production of wear particles.
Surprisingly, the work-hardening properties of the bainitic steel were found to be the
same as those of conventional rail steels, so the improved wear resistance cannot be due

to these.
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Introduction

The use of railways is increasing and creating a demand for faster, more frequent and
heavier trains. This creates a requirement to improve the current infrastructure. Suitable
track must fulfill several requirements. The track must be strong enough to support
and guide the train. It must be smooth to give a comfortable ride and avoid placing
unnecessary restrictions on the vehicles travelling along it. It must not cause excessive
noise or vibration during the progress of trains. The cost of buying and maintaining
track components must be kept as low as possible [Srinivasan 1977, Stone 1982, Sperring
1986, Esveld 1989, Steele 1990).

Replacing worn rails is a very significant expenditure in maintaining railway track.
In the 1950s, the main cause of height loss in rails was corrosion, but as trains have
become longer, heavier, and faster, vertical head wear by deformation and fracture has
become the most significant life-limiting process. Side wear in curves is also a problem,
requiring the rails to be ground to keep the correct profile necessary to avoid derailments
[Srinivasan 1977, Sperring 1986, Clayton 1996].

Consequently, much effort has been devoted to finding methods of reducing wear;
however this has led to a rise in incidents of failure due to rolling contact fatigue on
many railway lines [Steele 1990, ORE 1990]. New wear resistant grades of rail steel must
therefore also have good fatigue resistance. Another important criterion is weldability.
Modern track uses continuous welded rail rather than bolted rail. This does not have

any gap between adjacent rails, thus providing a smooth ride and reducing stresses from
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CHAPTER 1— Introduction

the trains on the rail. It is also easier to maintain [Esveld 1989].

Until recently the majority of rail steels were pearlitic. The wear resistance of these
rails increased with the carbon content and reduction of free ferrite path, which is the
average distance travelled by a dislocation in ferrite before encountering cementite. In a
completely pearlitic microstructure this would be the interlammellar spacing; in a steel
containing allotriomorphic ferrite it is a function of the size of these regions and the
interlamellar spacing. This trend culminated in fully pearlitic steels which are heat-
treated to have a fine interlamellar spacing [Steele 1990, Jerath 1992, Clayton 1996].
However, the interlamellar spacing of pearlite cannot be reduced indefinitely, and the
high carbon contents needed to produce a totally pearlitic steel are associated with poor
weldability. Consequently researchers started to investigate other microstructures such
as martensite and bainite for the next generation of rail steels.

Some early work involved testing conventional rail steel compositions which were
heat-treated to produce bainitic microstructures, and these steels generally proved to
have inferior wear resistance to pearlitic steels, as did some alloys designed specifically
to produce bainitic rails. However, the microstructures were often not well-characterised
so it is hard to say what was actually tested [Ichinose et al. 1978, Ghonem et al. 1982,
Matsumoto et al. 1978, 1982, Heller and Schweitzer 1982].

More recently it has been found that some bainitic microstructures can have wear
resistance equal to or better than that of pearlitic steels, especially at high contact
pressures. These steels are carbide-free upper bainite or lower bainite (in which the
carbides are fine and hence do not initiate cracks). These bainites are much tougher
than pearlitic rail steels and more weldable and so are promising candidates for the next
generation of premium rail steels [Chang 1995, Clayton and Jin 1996, Jin and Clayton
1997).

Carbide-free bainitic rail steels are now being developed for commercial use by British
Steel but the reasons for their excellent wear resistance were still not well understood
when this project was inititated. Wear is a very complex problem and satisfactory

models relating the absolute wear rate to material properties have yet to be developed.
1.1 Aim of this work

The main aim of this work is to study experimentally the wear behaviour of carbide-free
bainitic rails and to compare them with conventional pearlitic rails. This is not only

necessary to understand the wear behaviour of this novel microstructure but also to gain
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CHAPTER 1— Introduction

confidence in the marketing of the steel in a safety-critical application.

A secondary aim was to compare the wear behaviour of rails in track with that of
the same steels in laboratory wear tests, as it is not clear how well the latter simulate
track conditions. For this it was necessary to develop a replica technique to enable rails
in track to be studied without destruction.

The toughness of bainitic rail steels is an important property. Some problems have
been experienced with chemical segregation in British Steel’s experimental bainitic rail
steels which have greatly affected the toughness. It was therefore intended to model
the degree of segregation to assist in designing alloys which lead to the most uniform

microstructures.



Review of the literature

Wear and rolling contact fatigue failure in rails are important economic issues [Clayton
1996]. It is necessary that better steels are developed to reduce the cost of replacing rails
and also to offset the increased wear and rolling contact fatigue problems which arise
with longer, heavier, and faster trains. Much effort in developing premium rail steels has
focussed on wear resistant pearlite, which has been the microstructure of choice for rails
for almost as long as railways have existed. Recently however, researchers have started
to consider other microstructures and to examine the problem of rolling contact fatigue
resistance which has become prominent with more wear resistant rails where the initial
fatigue cracks are not removed by wear.

This review will be in five main sections: rail terminology, the characteristics of wear
and rolling contact fatigue in real rails, a brief look at simple rail-wheel contact theory,
attempts to model the processes occurring in wear and rolling contact fatigue, and the
effects of microstructure on wear and rolling contact fatigue behaviour, including an

examination of the reliability of laboratory simulations.
2.1 Rail Terminology

Before examining wear and rolling contact fatigue in rails it is necessary to define the
terms used to describe the rail-wheel system, and to consider how the rails actually guide
the train.

The rail is divided into three main parts: the head, the web, and the foot. These are
illustrated in Figure 2.1. Many different rail profiles are available [British Steel Track
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CHAPTER 2— Review of the literature

Head

Web

Foot

Figure 2.1: The parts of a rail

Products 1992] but the majority are of a shape similar to that illustrated in Figure 2.1.
Rails are usually classified by weight per unit length: pounds per yard in Britain and
the USA, and kilograms per metre elsewhere. In Britain, the most common rail has a
weight of 1131byd~". In the USA the most common weight is 1361byd~". This is 56 and

67kgm=! in SI units. The heaviest rails, made to support cranes, go up to 167kgm™"

and the lightest are as little as 10 kgm™".

When rail is put into track it is inclined at a slight angle (Figure 2.2). This is in
order to keep the contact point of the conical wheel in the centre of the rail head. The
wheels are made conical so that, if the wheelset is displaced laterally, a centering force
is exerted upon it. Therefore, in straight track the flanges should not touch the rail at
all. Their purpose is to prevent derailment in tight curves when the lateral displacement
is much greater. Contact between the rail and the flange causes very high wear rates

on both wheel and rail. The side of the rail which comes into contact with the flange is

called the gauge side, and the other side is called the field side.
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Figure 2.2: Wheels on rail

In tight curves the track is tilted by an amount called the cant (Figure 2.3) to
compensate for the centrifugal acceleration which could cause the train to overturn, or
the wheels to mount the rail, leading to derailment. This arrangement also reduces
track distortion and noise nuisance. The ideal cant, where the lateral acceleration is
completely compensated, is a function of speed, and all trains cannot be made to go
round the curve at exactly the same speed. In particular, passenger and freight trains
often share the same track but run at very different speeds. If the ideal cant for the
fastest trains was used, the slower trains would cause excessive wear on the low rail. In

practice, the cant is set so that there is a cant deficiency for fast trains. This leads to
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gauge side field side

high rail

low rail

-

Figure 2.3: Rail in curves

flange contact and wear of the high rail but is cheaper in the long term than introducing

speed restrictions on curves.
2.2 Wear and Rails

Wear is a major problem on all railways [Stone 1982, Sperring 1986, Muster et al.
1996]. The strength of a rail in bending depends on its depth and therefore on the
amount of wear; every year many rails have to be replaced which have worn down to the
maximum permissible extent. The cost of replacing worn rails is much greater than that
of replacing any other damaged component of track. The vertical head wear is not the
only important form of wear; another important type is side or flange wear. As a train
goes round a curve the wheels exert lateral forces on the rails causing the side of the rail
head to wear away. Eventually the rail profile can become sufficiently worn to allow the
flange of the wheel to climb the rail, causing derailment [Sperring 1986, Esveld 1989)].
This is a much greater problem on railways with a high proportion of curved track.

Attempts to reduce the wear rate have been made either by lubricating the track
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or producing more wear resistant rails. Lubrication has been shown to increase the
incidence of rolling contact fatigue defects [Muster et al. 1996, Clayton and Hill 1987,
Johnson 1989] though it also reduces fuel costs. Wear resistant grades of rail steel, or
head hardened rails, are often used on stretches of track which are particularly prone to

wear.
2.3 Rolling contact fatigue and rails

Rolling contact fatigue is related closely to wear, and attempts to reduce wear often
lead to an increase in rolling contact fatigue failures [Muster et al. 1996, Dikshit et al.
1991]. In ordinary, unlubricated, track the rail head wears down fast enough to remove
initiating fatigue cracks from the surface whereas, if the track is lubricated, the wear
rate is reduced but fatigue cracks get an opportunity to grow. This is not just due
to the reduced wear rate; laboratory tests have shown that some form of lubrication
is necessary to make the initiated fatigue cracks grow [Clayton and Hill 1987]. There
are several possible reasons for this which will be explained in the section on models of
rolling contact fatigue.

There are a number of important types of rolling contact fatigue defect [Chipperfield
et al. 1981, Marich et al. 1978, Esveld 1989, Sperring 1986, Muster et al. 1996, Jerath
1996]. Table 2.1 provides a summary.

Name Description

Head Check Small cracks, appearing on the gauge corner. Rarely causes
failure.

Squat Small black circles appear on the centre of the rail head. Cracks

grow into the rail and may become transverse defects. Squats
are also known as “black spot” or “head shelling”.

Shell Internal cracks in the gauge corner region of the rail which break
out to cause spalling of metal on corner. May cause a transverse
defect to appear.

Transverse Defect Transverse break in the rail head caused by either a squat or a
shell. T.D.s caused by shells are sometimes called “shell detail
fractures”.

Tache ovale Kidney shaped internal crack in rail head. Caused by hydrogen

shatter cracks and now very rare.

Table 2.1: Summary of rolling contact fatigue defects

8



CHAPTER 2— Review of the literature
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Figure 2.4: Head checks
2.3.1 Surface initiated defects

These are seen mostly in high speed passenger lines where axle loads are relatively light.
They are not associated with specific microstructural features in the steel.

Head checks are small cracks which appear along the gauge corner of the rail, illus-
trated in Figure 2.4. They appear in groups, parallel to one another, with a spacing of
a few millimetres. This spacing can vary between different types of rail steel laid in the
same place in track. They may join up and cause spalling of the gauge corner, but head
checks are not usually a major cause of rail failure [Cannon and Pradier 1996].

Squats, illustrated in Figure 2.5, are the major cause of rolling contact fatigue failure
~ in Europe and Japan. This is probably because these countries have a high proportion of

high speed passenger lines. They are also known as “black spot” or “head shelling”. The
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Direction of traffic

~ ‘&_

Figure 2.5: A squat. Cracks have grown in both directions but the

one in the direction of travel is longer and has turned down.
surface appearance is one of black spots (hence the alternative name) along the centre of
the rail. A crack initiates from the surface of the rail and starts to grow downwards at
a shallow angle to the rail surface. When a rail is sectioned down the axis of symmetry
it is seen that cracks grow both forwards and backwards from the same initiation site
along the rail. If the rail only carries trains in one direction the crack in the direction of
travel is usually the longer. The metal above the crack is free to flow under the stress
caused by the passing of wheels, and this area sinks beneath the level of the uncracked
rail. The sunken section is no longer worn by the wheels passing over the rail and so
it corrodes, forming the characteristic black spot. Eventually the internal crack may

form a branch which turns downwards to form a transverse defect. This is particularly
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dangerous as the original horizontal crack may continue to grow and shield the vertical
crack from ultrasonic detection until fracture and derailment actually occurs.

Squats are sometimes found to be initiated from small surface indentations in the
rail which appear with a very regular spacing. It is thought that these defects are caused
by small pieces of hard material becoming embedded in a carriage wheel and producing
a dent at each revolution. Squats are also sometimes seen to initiate from cracks in the

brittle layer of white phase which forms on the surface of the rail [Dikshit et al. 1991].
2.3.2 Subsurface initiated defects

These are most prevalent in heavy haul lines, where axle loads are very high and traffic
speeds are lower. They are seen far more frequently in Australia and North America,
where this sort of railway is common, than in Europe. They are generally found to
initiate from inclusions or other defects in the steel.

Shells are the most important type of subsurface defect. Shelling usually inititates in
the gauge corner of the high rail of curves, where the steel has been heavily cold worked.
The cracks tend to initiate on alumina-type inclusions just beneath the plastically worked
layer. The crack at first grows in an oval shape, parallel to the surface of the rail, but
the end which is last loaded by the traffic may branch down at 70-80° to the surface of
the rail and grow transversely. This is called a shell detail fracture, or sometimes just
a transverse defect, and can cause a derailment. The original shell may also break out
and cause shelling of the gauge corner, Figure 2.6. It is thought that the reason shells
appear at the boundary between the plastic and elastic regions in the rail is because
the stress field around the inclusions helps initiation to occur. When the steel is cooled
from the melt the differential contraction between the inclusion and the matrix leaves
high residual stresses in the steel. These stresses will have been relieved in the plastic
region, so cracks will not initiate from inclusions there [Hellier et al. 1985].

Tache ovales or kidney defects are another sort of subsurface defect which initiate
from hydrogen shatter cracks. These have virtually been eliminated from modern rails

due to improved steel making practice.
2.4 Rail-Wheel Contact Mechanics

The rail-wheel system is extremely complex and it is thus difficult to calculate the
stresses in the rail. Finite element analysis or semi-analytical calculations have had to
be used to predict the position of the maximum shear stress in the rail head to analyse

problems such as shelling. Nevertheless, simple models are also useful. In laboratory
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Figure 2.6: Shell with transverse defect; after Laufer et al. (1982)

wear testing it is necessary to calculate the maximum contact stress between the rollers
which can be done using an equation derived from Hertzian contact theory, given below.
This cannot be used in the case of real rail-wheel contact because of the extremely non-
Hertzian nature of the contact conditions. The principal assumptions made in the model
are these:
1. Each body can be considered to be an elastic half-space, i.e.a semi-infinite linear
elastic solid.
2. The contact area is small compared to the dimensions of the bodies in contact and
the radii of curvature of the surfaces.
3. The contact is frictionless.
4. The strains are small.
The elasticity and friction assumptions are incorrect for laboratory wear testing but
this method gives an idea of the stresses involved. Consider the case of two cylinders,

each of length [, and radii R; and R respectively, in contact with their axes parallel to
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one another. The y-axis of the coordinate system is taken to be parallel to the cylinder
axes and the z-axis perpendicular to it in the plane of contact. The z-axis goes down
into the lower cylinder. The arrangement is illustrated in Figure 2.7. A load W is
applied to the cylinders so that the load per unit length P = W/I. The elastic moduli of
the cylinders are taken to be E; and F, and the Poisson’s ratios v; and v,. The contact
area will be a rectangle of length ! and width 2a. For the case of rails the equations can
be simplified because both rollers are made of the same material so E; = E, = E, and
NW=U=V

The derivation will not be written out here, but can be found in Johnson (1985) and

Timoshenko and Goodier (1984). The Hertz theory gives the following results:

4PR
2= 2.1
= (21)
where
.2 2 2
1 _1 u1+1 1/2=2(1 v?) (2.2)
E* E, E, E
and
i_1.1 (2.3)
R R, R,
The pressure distribution over the surface is
2P
= Vol — ¢ 2.4
po) = =V =3 (24
The symmetry of the problem means that there is no term in y in this equation.
The maximum pressure is given by
_ |PE*
Po = R
and the mean pressure
T
Pm = ZPO (2.5)

The pressure distribution under the surface along the z-axis is given in Johnson (1985):

O = —%0 ((a2 +22%)(a? + 2%) 72 - 2z) (2.6)
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Cylinder 1:
radius R1,

modulus F;

Z-axis
z-axis
Cylinder 2:
radius Ry,
modulus FE,
Figure 2.7: Coordinate system for Hertzian cylinders
0, = —poa(a? + )72 (2.7)

These are principal stresses so the principal shear stress can simply be found:

14
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T = %(z - 2(a* +2%)77?) (2.8)

from which it can be found that the maximum shear stress occurs at z = 0.78a with a
value of 0.30p,.

This is only valid for stationary rollers; when the wear test is actually in progress
the frictional forces alter the situation. For an elastic-perfectly plastic cylinder rolling
on a flat surface the location of the highest shear stress depends on the coefficient of
friction; if it is greater than 0.25 then the highest shear stress occurs at the surface of
the bodies [Bower and Johnson (1991)].

2.5 Models of Wear and Rolling Contact Fatigue

2.5.1 Wear

The wear of metals is a difficult process to model. Wear rates vary greatly depending
on the active mechanism. These are not well understood. It can be very difficult to
compare wear data under different experimental conditions because the mechanisms
differ so much. Some models have been developed to predict general trends in wear

behaviour but actual wear rates cannot yet be predicted from first principles.
2.5.1.1 Metals in contact

When two surfaces are touching, the apparent area of contact is usually much greater
than the true area of contact, because the surfaces are not perfectly smooth. They
therefore touch at the tips of the higher asperities on each surface. If it is assumed the
asperities spherical tips with radius r the results of Hertz for a sphere pressed into a flat
surface can be used to model the deformation of one asperity, which will support a load
of w where
w= %E*rl/z(z pRY (2.9)
E* is the effective Young’s modulus of the surfaces as defined above, z the height of the
asperity above some reference plane, and d the distance between the reference plane and
the surface the asperity is pressed into.
In a real surface the asperities are not all of the same height. It is assumed that
they are all of the same radius, r, and that the height distribution is Gaussian. If the
distribution of the heights of individual asperities s represented by ¢(z) then if there are

J asperities on the surface, the number j actually in contact is
(o0}
Jj= J/ p(z)dz (2.10)
d
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and the total load supported is hence
4 o0
W= 5JE*rl/2 / (z — d)*%p(z) dz (2.11)
d

This may be integrated numerically, and shows that, for a typical surface, the actual
contact area is proportional to the load [Moore 1975, Hutchings 1992).
This theory deals with elastic contact, but it can be used to find the proportion

of asperity contacts at which yield occurs. This depends on the value of the plasticity

* *\ 1/2
Y= % (a—) (2.12)

index, ¥ which is

r
where H is the indentation hardness of the material and o* is the standard deviation of

¢(2), the distribution of asperity heights. For most metals E*/H is large so the contact
will be plastic for all but the smoothest surfaces.

When one surface is slid over another, the movement is resisted by a frictional force.
Several different theories have been proposed to explain how the force is generated
(Moore 1975), but the widely accepted one is that of Bowden and Tabor: the frictional
force arises from two terms, one for the adhesion force at the junctions which form
between the surfaces, and one for the deformation force to plough the asperities on one
surface through those of the other. The two terms are usually treated as independent,
although strictly they are not. [Moore 1975, Hutchings 1992].

If the total true area of contact (i.e. the contact area of the asperities on the surfaces,
not the apparent area of contact) is A, and the shear strength of the average junction is

s, then the adhesion contribution to the frictional force is
Fad = As (213)

Since the true area of contact is proportional to the load and each asperity can support

a stress approximately equal to the indentation hardness, then it can be said:
W=~ HA (2.14)
and hence the coefficient of friction attributed to the adhesive force, p,q is
thoa = Fog W ~ s/H (2.15)

The shear yield stress s can be taken to be approximately twice the normal yield stress
(the exact value depends on the yield criterion used) and the indentation hardness, H

to be approximately three times the yield stress. Hence it is found

Mad ~ 0.2 (216)
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The friction coefficient due to deformation alone is usually insignificant [Moore 1975]
and so it can be said that y for metals should be around 0.2. This is clearly wrong.
The model has not taken into account two effects: junction growth and work-
hardening. Consider two surfaces in contact; the pressure at the asperity contacts rapidly
becomes some critical yield pressure, approximately the indentation hardness, H. We
will call it 5. Now add a small tangential force F' attempting to slide the surfaces over
one another. For the material to remain at just at the yield point, the normal stress

must decrease. Using the von Mises yield criterion, rearranged:

o?+3r% =o% (2.17)
The tangential stress is given by:
T=F/A (2.18)
and the normal stress
o=W/A (2.19)

Substituting these in equation 2.17 gives
W? 4+ 4F? = A%0% (2.20)

The normal load remains constant so as F' increases, equation 2.20 can only be satisfied
by increasing the area of contact A and so the value of u also increases. In theory this
process could go on until the true area of contact becomes as large as the apparent area
of contact, but in practice this does not happen because the surfaces are not infinitely
ductile and are contaminated by thin surface films [Hutchings 1992].

Work-hardening also tends to increase p because the asperities harden as they de-
form, and hence develop a higher shear yield stress s. However, this effect is less impor-

tant than the previously described junction growth.
2.5.1.2 Simple adhesion wear— the Archard model

Consider two surfaces sliding over each other. Assuming that a single asperity con-

tact is circular with a radius a, the normal load supported by this one contact is
w = Hra? (2.21)

where H is the indentation hardness. As the two asperities slide over each other, the
load carried by them gradually decreases and is borne by other contacts elsewhere on

the surfaces. If the junction between the asperities is stronger than the base materials
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(as it may well be due to work-hardening) then the contact may break inside one of the
materials instead of at the original plane of contact. Suppose a proportion x of contacts
produce a wear particle in this way and that the average wear particle produced is
hemispherical in shape. Logically its size would be proportional to that of the original

asperity contact, radius a, so the volume of one wear particle is
8V = =7d® (2.22)

The asperities have to slide a distance 2a to completely cross over each other and generate

the wear particle. The average wear volume produced per unit sliding distance is hence
0Q = kdV/2a (2.23)

which gives

6Q = kma®/3 (2.24)

Summing this over the whole area of contact gives the total wear “rate” @
Q=kA/3 (2.25)

and since W = HA (equation 2.14) it follows that

_K,W_KW

=E=g (2.26)

Q

where K is the wear coefficient.

This wear equation holds in many circumstances and K can be interpreted differently
depending on the wear mechanism; for example, when wear occurs by a fatigue-type
process, K may be a function of the number of cycles to rupture. An equation of the
same form can also be derived by considering abrasive wear [Zum Ghar 1987].

This simple model predicts that wear resistance { (usually defined as the reciprocal
wear rate) should be proportional to hardness. This has been shown to hold for pure
metals but not for work-hardened metals or most steels. Mutton and Watson’s graph
of ¢ vs. hardness for a wide variety of metals is reproduced in Figure 2.8. The surface
layer of materials undergoing sliding wear suffers so much plastic deformation and hence
work-hardening, that the initial dislocation density does not affect the wear rate. It is

the properties of the highly strained layer at the surface that are significant.
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Figure 2.8: Graph of wear resistance against hardness for some com-
mon metals; after Mutton and Watson (1978). Wear resistance is
measured as an inverse volume loss over a fixed sliding distance.

2.5.1.3 The Suh Delamination Theory
The delamination theory [Suh 1973, 1977] was put forward to try to explain particle

formation by adhesive wear. It aimed to improve on the Archard wear model by ex-
plaining the observed shapes of wear particles and providing a plausible mechanism for
their formation.

When two surfaces are slid over one another, normal and tangential loads are trans-
mitted through the asperity contact points. Surface traction exerted by hard asperities
on the opposing surface leads to the accumulation of plastic shear deformation. As this
process continues, cracks are nucleated below the surface. Suh states that cracks will not
nucleate at the surface because of the high compressive stresses there. The cracks then
grow beneath the surface, and finally shear out at weak points, producing sheet-shaped
wear particles.

The theory correctly predicts the types of wear particles observed but cannot be used
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to estimate wear rates. The rate of wear should depend on three things: the resistance
to plastic deformation (i.e. the hardness), the ease of crack nucleation and the ease of
crack propagation, which brings toughness into consideration.

It is, however, hard to explain how the cracks can grow beneath the surface at all.
Zum Ghar (1987) states that delamination of transfer layers, as opposed to the bulk
material, may be what is occurring, especially in systems where there is high adhesion
and a great deal of material transfer, such as rails. Material may be transferred back and
forth between the surfaces until the interface between the transferred material and the
substrate becomes weak enough for a wear particle, possibly consisting of many layers

of transferred material, to break off.
2.5.1.4 The energy approach

Some researchers have looked at an energy approach to predicting wear resistance [Moore
1979, Wang et al. 1991, Wang and Lei 1996]. In this theory, the microstructures which
absorb most energy would have the greatest wear resistance. Work may be expended
on temperature rises, the creation of new surfaces, plastic deformation and elastic defor-
mation. This may lead to phase transformations, recovery, and recrystallisation. Large
temperature rises leading to recrystallisation are unlikely in rails but plastic deforma-
tion is very important. It is suggested that the reason pearlitic microstructures are wear
resistant is due to the resistance to plastic deformation caused by the small mean free
path for dislocations in the ferrite component of pearlite. This will be considered in more
detail later. Wang also suggested that materials with a high work-hardening coefficient
should be very resistant to sliding wear.

McEwen and Harvey (1985) used the simple hypothesis that every unit of energy
expended through creepage between the rail and tyre removes a fixed amount of material.
Creepage is the ratio of distance slid to distance rolled for the rail (see Johnson 1985 for
a detailed explanation). This leads to a wear equation
KF¢
Agpp

Q= (2.27)

where @ is the wear rate, defined as the weight lost per unit area of contact per unit
sliding distance, K is a wear coefficient as before, ¢ is the creepage, F is the friction force,
i.e. uW, and A,y is the apparent contact area. Their results, for a complex laboratory
wear test rig which involved a full-sized tyre rolling against a 1.2m length of real rail,
showed that this equation worked well for the case of straight rails, though the constant

of proportionality depended on the steels involved.
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2.5.2 Rolling contact fatigue

2.5.2.1 The role of lubrication

It has always been found in laboratory tests that rolling contact fatigue type defects
will not form in the absence of lubrication. [Kalousek et al. 1985b, Clayton and Hill
1987, Cannon and Pradier 1996, Clayton 1996, Ishida and Abe 1996, Muster et al. 1996,
Tyfour et al. 1996]. The need for lubrication to make fatigue cracks grow explains why
cracks are seen only on the rail disc in laboratory twin-disc tests. On the rail disc the
mouth of the crack enters the roller gap first and is squeezed shut, trapping the ﬁuid
inside. On the tyre disc the root of the crack is compressed first, forcing the fluid out.
Cracks can initiate without lubricant, as demonstrated in the work of Tyfour et al
(1996), but the presence of fluid is needed to make them propagate. Several reasons
were put forwards to explain the need for the lubricant [Johnson 1989):
1. The lubricant reduces crack face friction enabling the crack to grow in Mode II.
2. The lubricant transmits pressure from the mouth of the crack to the tip.
3. The lubricant becomes trapped inside the crack and generates a Mode I stress in-
tensity at the crack tip when the crack mouth is forced shut.

These mechanisms have been investigated using fracture mechanics by calculating
stress intensity factors for each case to see in what direction the crack should grow. It
has been shown that the third mechanism is the only possibility which would produce
the type of defects seen in practice. This produces a staggered cycle of Mode I and
Mode II stress intensities as the wheel moves over the crack. When this loading cycle
has beeﬂ reproduced in the laboratory [Bold et al. 1991, Wong et al. 1996] cracks have
been grown successfully on the plane of maximum shear stress and have exhibited large

growth rates.
2.5.2.2 Modelling of shelling

Shells are usually considered to initiate from complex oxide inclusions in a small region
near to the gauge corner of the rail [Chipperfield et al. 1981, Steele et al. 1987] although
some work has shown that shells can form without the presence of oxides [Sugino et al.
1996]. Hellier et al. (1985) performed finite element modelling of the stresses in a rail
head to attempt to show why shelling appears in such a narrow area of the rail. When
a crack face friction term was added into their calculations, the shear stress range was
found to be much greater in the gauge corner than in the rail head. The maximum

shear stress range did not appear at the expected depth for shelling but higher up in
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the plastically worked layer. This was explained by the fact that shells initiate due to
the interaction of the shear stress with the stress field round an inclusion. This stress
field is relieved in the plastically worked layer, so reducing the chance of crack initiation.
This explains why cracks tend to start at the interface between the elastic and plastic
regions of the rail where the shear stresses are still high and the inclusion stress fields

are unaffected.
2.6 Laboratory testing of wear resistance

Large scale track trials of rail steels are expensive and time consuming. In order to
investigate the properties of rail steels and to develop new alloys cheaply, a small-scale
laboratory testing method is necessary. Pin-on-disc and pin-on-ring tests have been
used which produce only sliding wear. Sliding-rolling wear tests have also been carried
out using machines which run two discs against each other at a fixed velocity ratio.
Rolling contact fatigue can be investigated by performing tests of this type with added
lubrication. The creepage, &, which is the sliding distance to rolling distance ratio, can
be varied in some of these machines to simulate different conditions in track or to provide
accelerated testing. Kalousek et al. (1985a) used a complex method of simulating wheel-
rail contact in curves using a scaled-down wheelset and rail, and varying the yaw angle
between them (Figure 2.9) in a fixed pattern to produce contact conditions typical of
curving.

Bolton and Clayton (1984) carried out a study to characterise the wear regimes found
in laboratory testing of rail steels on an Amsler rolling-sliding wear machine, which is a
twin disc machine with a fixed angular velocity ratio. The creepage is varied by using
wheels of different diameter. These results were compared with the wear observed in
actual rails. They found three regimes of wear which they labelled types I, II, and
III. Type I was a mild wear regime where both oxide and metallic debris were formed,
considered to be roughly equivalent to ‘mild wear’. Types II and III produced entirely
metallic debris, but in type III the surface became much rougher, with prominent score
marks and gouges. Type II produced a rippled surface, though still much rougher than
type I, and this was considered to correspond to ‘severe wear’ as it is usually defined.
This was concluded to be the closest to the gauge face wear observed on rails removed
from track in Britain. However, another study [Clayton and Danks 1987], concluded
that type III wear was similar to wear observed on the gauge face of a rail which had

been removed from a test track.
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Figure 2.9: Yaw angle in curves

In that study Clayton and Danks carried out laboratory tests very similar to the
previous work on plain eutectoid rail steels in an Amsler machine and compared these
with pin-on-disc tests for the same steels, and worn Cr-Mo alloy rails removed from
the FAST (Facility for Accelerated Service Testing) track in Colorado. They concluded
that the Amsler tests provided the better simulation of rail wear, though the pin-on-disc
test was also useful. They were unable to reproduce the findings of Bolton and Clayton
on wear regimes; there was no large increase in wear rate between type I and type II
regimes, and type II wear did not appear consistently in any<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>