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INTERACTION BETWEEN WEAR AND ROLLING
. CONTACT FATIGUE IN PEARLITIC RAIL STEELS

Wa’il Radwan Ali Tyfour
ABSTRACT

The work presented in this thesis is aimed at investigating the interaction
between wear and rolling contact fatigue, which are two of the most serious
forms of deterioration caused by the wheel on rail contact stresses. Wheel-rail
contact conditions were simulated by a two disc contact using the LEROS
(LEicester university ROIlling-Sliding wear testing machine). Investigation of the
wear behaviour of BS11 pearlitic rail steel showed that steady state wear
behaviour is established after a certain number of rolling-sliding cycles. Contact
surface failure by ratchetting (accumulation of unidirectional plastic strain) was
found to be the dominant failure mechanism during the period leading to the
steady' state. This mechanism was confirmed by the drop in the wear rates when
the direction of rolling-sliding; i.e. strain in the surface layer, was reversed at
predetermined numbers of cycles. The effect of repeated rolling direction
reversals on crack morphology, propagation and rolling contact fatigue (RCF) life
of BS11 rail steel was also investigated. It was established that rolling direction
reversal has a beneficial effect on RCF life. A new mechanism, the "variable
crack face friction mechanism", was proposed to explain this effect.

Interaction between wear and RCF fatigue was investigated through
rolling-sliding experiments where specimens were run dry for certain number of
cycles, to induce different levels of w_ear damége, before the fatigue performance
was investigated. It was shown that initial dry cycles above a critical number
causes sudden and significant deterioration in RCF life. This deterioration has
been explained in terms of the role of the accumulation unidirectional plastic
strain (ratchetting) in initiating and propagating the early cracks during the dry
phase. A strong correlation was found between the total ratchetting strain
induced during the dry phase and the deterioration in RCF life. An empirical
relationship to estimate this deterioration was concluded.
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Chapter 1
INTRODUCTION

The cost of the attention paid to the different forms of rail deterioration caused by
wheel/rail contact forms a substantial proportion of the overall cost of track maintenance.
Wear is the main criterion for rail replacement. Efforts to minimise wear rates through
wheel and rail profile design, selection of material and improving the operating conditions
never stop. The use of lubricants has reduced rail wear rates significantly. However, this
reduction has not been achieved without a price. The introduction of fluid lubricants to the
wheel-rail contact area has given rise to another serious kind of rail deterioration, that due
to rolling contact fatigue. This phenomenon has been given considerable attention since its

potential to develop transverse rail fracture and cause derailments remains a real threat.

Since both wear and rolling contact fatigue are two forms of deterioration caused by
the same contact, it is thought that an interaction may exist between the two phenomena.
The work presented in this thesis is aimed at investigating the areas where wear and rolling
~ contact fatigue may interact, and has been focused on pearlitic rail steels, these being the

most widely used material for rail application.

The results obtained, which are directly focused at the wheel-rail contact in
particular, can also be beneficial for other counter-coﬁformal loaded contact applications,
where the contact conditions are akin to those of the wheel-rail system such as gears,
chains, overhead crane railing systems and wheel-sprocket systems. Certainly the
difference in loading and other operating conditions has to be taken into consideration in

this case.

Despite the results being obtained under laboratory conditions, where only a
selection of operating conditions, rather than the whole range, could be investigated duriﬁg
a particular test, these results have contributed in providing a clearer insight to the
mechanisms of rail deterioration due to wheel-rail contact. These contributions have been
the subject of four papers, three of which have already been published in TRIBOLOGY
INTERNATIONAL and WEAR while one is awaiting final review, APPENDICES 1 to 4.

The thesis chapters are arranged in such a way that each chapter forms an .
independent unit for those who are interested in a particular aspect. Each chapter contains

all the information needed including references, which are quoted in superscript
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parenthesis, and figures and tables, the identification of which are quoted in ordinary
parenthesis. However, different chapters are also inter-linked so that a logical and smooth
transition is felt between the consequent chapters. In total, the thesis consists of ten
chapters. Chapter 1, this chapter, is the introduction to the thesis, while chapter 2 is a
summary of the literature reviewed by the author and considered relevant to the thesis
, subject. Chapter 3 describes the experimental materials, procedure and equipment used
throughout the project. The five chapters following chapter 3, chapters 4 to 8, are the core
of the thesis in which the experimental results and their explanation have been discussed.
Chapter 4 describes the steady state wear behaviour of pearlitic rail steel, in which
ratchetting has been proposed as a wear mechanism. This mechanism has been confirmed
in chapter 5, where the effect of rolling direction reversal on the wear rate and wear
mechanism of pearlitic rail steel has been studied. The two chapters following chapter 5,
chapters 6 and 7, were then focusedT at studying the rolling contact fatigue behaviour of rail
steels under conditions identical to those used in chapters 4 and 5, except that the rolling
contact fatigue tests were water lubricated. Tn chapter 6; general performance of the steels
used have been invesﬁgated, while in chapter 7, the effect of rolling direction reversal on

rolling contact fatigue and cracking morphology have been studied.

After bdevoting four chapter to studying wear and rolling contact fatigue
independently, chapter 8 is an integrating chapter, focused at studying the interaction
between the two phenomena by studying the effect of initial wear (dry cycling) on the

subsequent rolling contact fatigue life of pearlitic rail steel.

Chapter 9 focuses on general discussion and conclusions, arising from the interaction
of results discussed in the different preceding chapters. Finally, chapter 10 has been
devoted to highlight some of the aréas where the author feels that further research is

needed.
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Chapter 2

LITERATURE REVIEW

2.1. TRIBOLOGY OF THE WHEEL RAIL SYSTEM
2.1.1. Contact mechaitics

The science of contact mechanics may be said to have started in 1882, after the
publication of Hertz's theory of contact, which he developed during experiments on the
effect of elastic deformation on the optical interference between glass lenses in contact™.
When two bodies are brought into contacf, and subjected to a normal load, they first touch
through an area known as the area of contact. If one or both of those bodies are curved,
the elastic deformation of their interface gives rise to the contact area. If this area is small,
in comparison with the bodies' surface radii of curvature, the contact is said to be non-

conformal,

The Hertzian contact geometry is always bounded by an ellipse, whose minor to
major axes ratio lies between zero (line contacts) and unity (circular contacts). This axis
ratio is a function of both body geometry and the orientation of the principal radii of
curvature, while the length of the semi-axis is a function of the material properties and the
applied load. The hypothesis that the area of contact is always of an elliptical shape was
first made by Hertz. He also simplified the conditions of the contact analysis by regarding

each body as a half space loaded over a small region of its surface.
2.1.2. Contact of elastic bodies

Figure (2.1) shows two bodies of general shape in contact. By taking the point of
first contact O as the origin of a rectangular co-ordinate system, in which the X-Y plane is
the common tangent to the surfaces, and the Z axis lies along the common normal with its
positive direction towards the lower body, the profile of each surface in the region near the

contact origin can be expressed by™:
Z=4X"+BY*+CXY 2.1

where A, B and C are constants whose values depend on the geometry of the surfaces, and
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higher orders in X and Y are neglected. By the choice of a suitable set of axes the term in

XY vanishes and for two bodies of revolution of R; and R, radii of curvature

1.1 1
A_B_E —+E 22

The contours of separation between the two bodies before loading are circles of origin O,

and the contact area is also circular.

To study the elastic deformation of the contact, consider two bodies of solids of
revolution, shown after deformation in figure (2.2). During compression, distant points in
the two bodies, T; and T2, move towards the contact origin O along the Z axis by
displacements 8, and &, respectively. Due to the contact. pressure the surface of each body

is displaced parallel to OZ by an amount U, 2, and U, 2, Telative to the distant points T, and

T,. The pressure which is exerted between two frictionless elastic solids of revolution in

contact is given by Hertz theory as;
r 2 V2
p=pil-()) 23

where pq is the maximum contact pressure, r is the distance from the contact centre and a
is the semi-contact width, From the theory of elasticity expressions for U, 4, and (7Z2 are

given as;

= 1-vi m

=1 "o 2,2 <
U, E  4a (Qa® - ), r<a 24
= 1-vi . ,
U,= . da (2a® -r?), r<a 2.5

The radius of the contact circle is given by,

ﬂpof{ 26
2F

a=

In this case E* is given by,




1 1-v; 1-v2

EE | E

v and 1 being Poisson's ratio of bodies 1 and 2, respectively.

R is given by;

L

1.1 1
R™R 'R

where R; and R, are the radii of curvature of bodies 1 and 2.

The approach of distant points in the two solids is given by

- Py

g 2E"

and the maximum contact pressure is given by

where ¥ is the contact load and p,, is the mean pressure.

Substituting for py, from equation 2.10 in equations 2.6 and 2.9

3I/m V3
”=(4E*)

and

9W2 173
ol
16RE

Do is then given by

W (6WE'“2 j“a

P~ o =\ R
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2.7

2.8

29

2.10

2.11

2.12

2.13
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2.1.3. Contact of cylindrical bodies (line contact)

In the case of two cylinders of radii R; and R, in contact, with their axes parallel to

the Y axis, 4 and B of equation 2.1 are given by
=—(=+—) ,B=0 2.14

If the two cylinders. are pressed by a load P per unit length, they make a contact over a
narrow strip of 'length / and width-2a. In this case the load P can be expressed by,

2.15

This expression is valid only within the contact area. From equation 2.15 an expression for

a can be written as;

4PR
EE’

a’ =

2.16

The maximum pressure py is equal to (2P / ma). Substituting for a from 2.16, we get;

PE. 12
po: —E 217

For two elastically similar steel cylinders, Tomeshinko and Goodier's® form of equation
2.17is:

p, =0418 —

R

PEY"?
) 2.18

where P is the contact load per unit contact length, £ is Young's modulus of steel and R is

given by equation 2.8. At the contact interface o, =0,= -p(x), and outside the contact

region all stress components at the surface are zero, and the principal stresses along the Z

axis are;

o, = —%{(az +2Z%) (@ + 222 - 22) 2.19
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o, =—%(a2+22)””2 2.20

r=-Pz- 2@ 22y 221
for which ;

Tow =03(p,), 8t Z=078a 222

The variation of these stresses below the surface is shown in figure (2.3)®.

Unlike most engineering components, such as beams and shafis, the stress state
beneath the contact is highly compressive in character, a§ seen in equations 2.19-2.21.
More precisely, the spherical stress component is usually very negative and the magnitude
of the deviatoric stress components is quite small by comparison. This character of the

contact stresses has the following effects®™:

a. The tendency of the contacting bodies’ material to yield is quite small. As a result,

a substantial pressure may be sustained before the onset of plasticity.

b. Deformation is very ductile and even normally brittle materials show considerable

ductility.

c. The likelihood of brittle fracture is small as all the three principal stresses are

negative (compressive).

It can be seen that Hertz theory of contact is based on a number of assumptions

and simplifications, which can be summarised by the following".

a. The two bodies are isotropic, which means that the theory is not applicable to

bodies with varying elastic properties across their dimensions.

b. The contacting bodies are linearly elastic. This implies that the theory is not
applicable in plastically loaded contacts, such as heavily loaded wheel-rail contacts where

the contact surface is plastically deformed®.

c. The dimensions of the contact area are small compared with the radii of

curvature of the undeformed bodies.




Chapter 2: Literature review

2-6

d. The geometry of the surfaces adjacent to the contact zone can be described

accurately by equation 2.1.
e. The two bodies in contact are frictionless.
f. The two surfaces are clean and unlubricated (despite e above).

After the publication of the Hertz theory, most of the research in the field of
contact mechanics was concentrated on extending the theory beyond these restrictions of
assumptions and simplifications. For example, the introduction of the effect of tractional

loading®, surface roughness™, strain hardening®, plastic loading® and lubrication® .
2.1.4. Rolling contact

In many applications, such as the railway wheel-rail system, the contacting bodies are
in continuous rolling motion and are required to transmit torque. A high coefficient of
friction in this case is vital for system efficiency. The tractional force between the two
contacting bodies results in changing the stress state propdsed by Hertz according to the
assumption of frictionless bodies. This may suggest that any rolling situation should be

analysed from three stand-points, where any of the following situations may take place®®:

a- Pure or free rolling: when the rolling occurs without sliding or spin, the motion
is often referred to as pﬁre rolling . However, this term is ambiguous, since the absence of
apparent sliding does not exclude the transmission of a tangential force of magnitude less
than the limiting friction. So, the term free rolling will be used to describe motions in which

the tangential force is zero.

b- Tractive rolling: this term is used to describe the situation where a tangential

force accompanies the rolling motion.

c- Rolling with regions of slip in the contact zone: this type of rolling is
necessitated by the geometry of the system, as in the case of a ball-groove system, where

the contact is conformal.

If the rolling bodies are loaded there will be tangential strains. If the two bodies
exhibit different strains a slip motion can take place, particularly when the two bodies are

designed to transmit tangential traction. This slip motion is commonly known as creep. The
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way in which creep arises may be better understood by the example of a deformable wheel
rolling on a relatively rigid pléne surface. If, due to the elastié defomxation; the tangential
strain in the wheel is tensile, the surface of tﬁe wheel is stretched' where it is in sticking
contact with the plane. The wheel then behaves as though it had an enlarged
circumference, and in one revolution it moves forward a distance greater than its
undeformed perimeter by a fraction known as the creep ratio. If the tangential strain in the

wheel is compressive, the effect is the reverse.

It is now clear that Hertz theory of contact is not applicable to most of the contact
problems. However, in the absence of a reliable elastic-plastic analysis the theory
represents a useful approximation. For plastically loaded contacts the shakedown analysis

has recently received more attention, as will be discussed later.
2.1.5. Wheel-rail contact

Figure (2.4) shows a typical wheel-rail system. The geometry of the wheel/rail
contact appears, at the first sight, to be that of a narrow disc on a cylinder, as illustrated in
figure (2.5). However, in reality the contact is much more complicated due to the

following:

a- The wheel tread is coned to prevent the wheel flange from making contact with

the rail head, and to create the forces needed for steering,

b- The rails are usually laid with the rail table inclined towards the centre of the

track.
¢- On curves the outer rail is higher than the inner rail.

d- Due to wear and occasional grinding, the cross-sectional profiles of the rail and

wheel change continuously.

f- On curves, the outer wheel has to travel a longer distance than the inner wheel,
and in case of worn wheel profile one of them has to slide to compensate for this

difference.

g- In addition to the flange forces, the wheel rail contact is subjected to three forms

of loading:
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1. Normal load due to the axle load.
a2 Tangential load parallel to the rail ‘length.
3. Tangential load parallel to the wheel axis.

From the above discussion, it can be seen that Hertz theory of contact is not readily
applicable to the wheel/rail contact. However, the problem can be simplified by considering
the contact geometry, as shown in figure (2.6), of a cone and a cylinder, where the relative
radii of curvature can be calculated. The Engineering Study Data Unit (ESDU 78035)"

gives a step by step procedure to calculate the wheel-rail contact stresses.

‘An important step in finding the stresses and strains associated with the contact is the
determination of the contact area. Researchers have suggested different methods to find

this area. Johnson?

used rubber balls and wheels in contact with a transparent plate to
view the contact area directly. Roberts and Johnson™® took optical interferograms of the
contact. A number of indirect methods have also been used to determine the contact area.
Halling"® applied grease, measured the track width of a ball rolling on a plate, and thus
calculated the contact area. Similar techniques were used to determine the shape and area

of wheel rail contact. Labrijn®">

used carbon paper between the wheel and the rail to
measure the contact area. variation with pressure. Kalousek® used aluminium foil to
measure the tread -and flange contact areas on a small scale wheel/rail wear apparatus.

Poole™”

used a low pressure air passing through 1 mm diameter holes drilled into a wear
test block, monitoring fhose holes being blocked by the wheel contact. The advantage of
this method was that it could be used under dynamic conditions. For a maximum contact
pressure of 1200 MPa, which represents a typical maximum pressure caused by the axle

|1® estimated the wheel-rail contact

load of a stationary locomotive in British Rail, Barwel
area to be 1.2 cm? Howevere, the maximum contact pressure and the contact area due to

the same axle load are also a function of the profiles used.
2.1.5.1. Operating conditions

a. Axle load: The effect of axle load on wheel-rail adhesion has been discussed in the
previous section. High locomotive axle load is necessary to obtain higher tractional force. -
If the weight of the locomotive is not enough to give the required axle load dummy

weights, sometimes in the form of heavy concrete blocks, are added to increase the axle
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load. On the other hand, higher axle load causes higher contact stresses and faster
deterioration of wheel and rail lives, as will be discussed later. Luden™ has shown that for
a static axle load of 22.5 tonnes this contact. pressure is 1475 MPa. The axle load of a
typical British Rail stationary locomotive results in a maximum contact pressure of about

1200 MPa®®. However, these values are also a subject of the rail and wheel profiles.

b. Wheel and rail profiles: The main aim of the wheel and rail profile design is to
provide a wheel guidance tool. However, these profiles play an important role in
determining the magnitude and distribution of the wheel-rail contact stresses. In service
both the profiles change continuously, due to wear, rail grinding and wheel reprofiling,
More conformal profiles, caused by wear, results in larger contact area, and as a result,
lower contact stresses. In the contrary rail grinding and wheel reprofiling results in a less
conformal contact and higher stresses. Recently, reduction of contact stresses started to
play an important role in the design of wheel and rail profiles. Marich et al®” suggested
different actions to extend the rail life among which is the introduction of new wheel
profiles. Garg and Singh®" studied the effect of wheel conicity on the flange force and
showed that this force increases with the conicity angle of the wheel. DiBrito et al®® have
studied the important role of wheel and rail profiles in creating contact geometries that

adversely affect wheelset steering.

¢. Rail contamination: the wheel-rail contact area can be contaminated either
artificially, by the application of lubricants to the wheel flange and rail gauge face to reduce
wear, or by the surrounding environmental conditions such as rain and tree leaves. Rail
surface contamination with such foreign materials can reduce wheel-rail adhesion by
reducing substa.nfially the coefficient of friction from a typical value of 0.4-0.6 to only 0.1
or less®. The coefficient of friction controls the location of the maximum orthogonal
shear stress. The effect of the presence of fluid lubricants on wear and RCF will be

discussed later.

d. Creepage: Creepage between wheel and rail arises mainly from the contact
geometry and lateral forces, as well as, the driving and braking forces between wheel and

rail. These conditions can cause three types of creepage:

i- Longitudinal creepage, in the direction of train movement.
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ii- Lateral creepage perpendicular to the rail long axis and caused by the lateral movement

of the wheel.

iii- Spin creepage caused by the rotation of the wheel about an axis perpendicular to the

rail surface.

The relationship between creepage and adhesion is shown in figure (2.7)®”. It can be

seen that the maximum adhesion is achieved when creepage is about 1%.

2.2. RAIL DETERIORATION DUE TO WHEEL-RAIL CONTACT
2.2.1. Introduction

The cost of the attention paid to the different forms of rail deterioration caused by
wheel/rail contact forms a substantial proportion of the overall cost of track maintenance.
Wear is the main criterion for rail replacement. It was estimated that the North American
Railroads was spending $ 600 million annually for the replacement of deteriorated rails in

the early eighties®

®. This figure does not include the cost of direct labour, maintenance
equipment or loss of revenue as a result of line closure for rail replacement. Two of the
most significant forms of damage caused by the wheel-rail contact are initiated within the
contact area. Friction that results from wheel flange contact with the rail gauge face during
negotiating curves has always been a cause for wear of rail as well as wheel®. The serious

(26)

problem of rolling contact fatigue cracks”, which are known in British Rail as squats are

of great concern due to their potential to develop fracture. Subsurface initiated defects -
similar to squats appear on wheel treads and rail heads are known as shellings®”2®.

Other forms of deterioration, such as corrugations®

, wheel burns, or wheel flats,
can aggravate wear and RCF. For example wheel burns caused by the failure to start a
train from rest become favoured locations for surface initiated RCF crack®*". Wheel flats
caused by wheel skid adds a dynamic augment to the contact stresses and accelerates other
forms of rail deterioration®>®. However, these forms of deterioration will not be

discussed here, attention being focused at wear and RCF.

2.2.2. Rail wear
2.2.2.1 Wear types in general

It seems specialists do not agree on a single definition of wear. Some define wear as
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the progressive loss of material when two sutfacesbundergo relative motion under load. A
committee of the Institution of Mechanical Engineers ‘decided' to define wear as: the
progressive loss of substance from the surfaée of a body, brought about by mechanical
action®. Neither definition is perfect, since the first appears to eliminate spark erosion,

and the second perhaps places too much emphasis on fatigue effects in wear.
Wear can be classified into four main types®®. Those are:
i. Adhesive wear

When two surfaces are in contact, they first touch through relatively few isolated
asperities, even with microscopically smooth surfaces. As the load is increased, the local
contact pressure at the asperities becomes extremely high. When the yield pressure is
exceeded, the asperities continue to deform plastically until the real contact area becomes
sufficiently large to support the load. In the absence of surface films, the two surfaces
adhere together. However, the presence of any amount of contaminant prevents this
adhesion. Relative tangential motion acts to disperse the contamination film, and to cause
cold welding of junction. Continued sliding shears these junctions and forms new ones.
According to this mechanism, the coefficient of friction is equal to the shear strength
divided by the yield strength of the material. The amount of wear in this case depends on
the position at which the junction is sheared. If shear takes place at the position of the
interface the wear is zero, whereas, if shear takes place away from the interface, the metal
is transferred from one surface to the other. With further rubbing, some of the transferred

material is detached to form a loose wear particle.
ii. Abrasive wear.

Abrasive wear is the kind of wear in which ploughing-out of the soft surface material
takes place. It is caused by either a hard rough surface sliding against a softer one, as in the
grinding process, or loose hard particles sliding between two rubbing surfaces, as in paste
polishing, This type of wear has been largely eliminated in modern equipment due to the

great awareness of the importance of surface finish"® and maintenance of clean lubricants.
iii. Fatigue wear

It has been shown that for abrasive and adhesive wear to take place there must be
direct contact between the two surfaces, as well as relative motion between coincident

points on the two surfaces. If the two surfaces can be separated by a clean lubricating film,
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the mechanism for adhesive and abrasive wear cannot operate. This is the case of rolling
bearings in which, although direct contact does not occur, the oppk)sing surfaces
experience large stresses transmitted through fhe lubricating film during the rolling motion.
The nature and magnitude of these stresses was discussed earlier, where it was shown that,

although the maximum compressive stress is at the surface, the maximum shear stress is
- below the surface, as in the example of rolling cylinders, equation 2.22 and figure (2.3). As
rolling proceeds, the direction of the shear stresses for any element changes to create a
state of cyclic stress, which can cause a fatigue failure, which is dependent on the
amplitude of the cyclic stress as well as the number of cycles. If in rolling contact, these are

above the endurance limit of the material, failure will occur.

Tractional rolling motion will have two effects; first, the location of the maximum
shear stress moves towards the surface. Second, the amplitude of the shear stress
component increases. Finally, tractional rolling means higher coefficient of friction and

lower shakedown limit®?,

Since fatigue wear is a fatigue failure, it is éhar'acterised, like other fatigue failures,
by a crack which initiates after a critical number of stress cycles. This crack may propagate
to form cbmparatively large wear fragments which detach from the surface to form a pit or
a spall. Prior to this stage, the amount of wear is negligible. However, it has transpired
from laboratory experiments that the surface fatigue cracks do not propagate to form a

deep fatigue pit or spall without the presence of a lubricating fluid®®.

Fatigue wear can also take place in sliding contact. When sliding bodies make
contact via asperities without adhering or abrading, they can pass each other leaving one or
both asperities plastically deformed. Afier a critical number of such passes, an asperity

would fail due to fatigue®”,

iv. Fretting wear

Fretting wear is a form of adhesion wear, but is often treated separately since it
occurs under specific conditions, that of two metal surfaces loaded against each other
under low amplitude vibratory motion. The normal load causes adhesion between:
asperities, and the vibratory motion causes the rupture of those asperities as described
earlier. Fretting is mostly combined with corrosion. The corrosion product in air is oxide,
and due to the close fit of the two surfaces, the hard oxide particles cannot readily escape."

Instead, they become trapped between the two surfaces and act as an abrasive agent.
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2.2.3. Rail wear classification

Rail head wear is usually classified into three types which are related to locations,
rather than wear mechanisms. Each of the three types, which are schematically illustrated
in figure (2.8)°®, may involve a number of wear mechanisms. They can be summarised as

follows®®:

a. Gauge corner (side cutting) wear of the inside edge of the higher rail on curved
frack. It is considered to be adhesive wear caused by the sliding motion between the wheel
~ flange and the rail gauge face. The loss of material due to this kind of wear is high such
that flange lubricators are used to lubricate the contact area between the wheel flange and

the rail gauge face®

% In addition to being the main reason for rail replacement, this kind of
wear can cause derailment due to the incipient danger of the wheel flange mounting the rail

‘head.

b. Plastic flow of rail edges of curved track: although material may not detach from
the rail head, plastic flow can be cohsidered a form of wear since the deformed material is
lost from the contact area, figure (2.8). Bower et al®” described this type of flow as
extrusion of slivers from the corners of the rail head, particularly from the ﬁeid side corner

of the low rail and the gauge corner of the high rail.

c. Spalling and shelling. which are also sometimes classified as fatigue failures since
they are caused by rolling contact fatigue (RCF). Shelling is caused by cracks initiate at the
surface of the gauge corner and propagate into the running surface of the rail head,
whereas shel]ing is the detachment of thick portions of the gauge corner by subsurface
initiated RCF cracks. The role of this type of failure in developing transverse rail fracture

will be discussed later.
2.2.4. Rolling contact fatigue

Rolling contact fatigue (RCF) of rails is a term used to describe fatigue failures
caused by the wheel/rail contact stresses. The initiation of RCF cracks, which can either be
surface or subsurface, appears to be similar to that of delamination wear®. In rails, these
cracks are characterised by a main crack propagating in the forward direction with respect
to traffic. They branch downwards at a depth of 3-4 mm below the surface to produce a
transverse defect®, figure (2.9) shows such a defect caused by a subsurface initiated RCF -

crack™?
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Like other fatigue failures, RCF occurs in two stages:

a. Crack initiation; which is less understood than crack propagation. Initiation sites
can be divided into surface and subsurface. Subsurface initiated cracks are thought to be
due to the presence of inclusions, while surface cracks could initiate from microscopic

flaps of metal forming over the surface irregularities®?.

b. Crack propagation: the initiated cracks propagate, generally, in the direction
parallel to the lines of plastic flow. One feature of RCF crack propagation is that it does
not take place without the presence of a fluid lubricant. The role of liquid lubricant in crack
propagation was first described by Way®. He explained this role in terms of hydraulic
pressurisation of the crack tip by the fluid which is forced to the crack cavity in the slower
moving roller during RCF laboratory tests. The mechanism will be discussed further in

chapter 4.
2.2.5. Effect of operating conditions on rail deterioration

The operating environment effect on wear and rolling contact fatigue of rail steels

can be classified into:

a. Track geometry: the geometrical parameters of the track plays an important role in
the deterioration caused by the wheel-rail contact. The main geometrical parameter in this
regard is the wheel and rail profiles and the position of the rail in relation to the curve in
curved tracks. Smallwood et al*® have shown that the maximum contact stress on the rail
is dictated by the lateral wheelset shift. Using a vehicle dynamic software package they
concluded that the maximum contact pressure on the outer (high) rail is more than that on
the inner rail. The situation is more aggravated by the direction of the creepage force,
caused by steering forces” which has been found to oppose the load movement direction
on the outer rail and match it on the inner rail. This may explain the reason behind the
outer rail being more prone to rolling contact fatigue failure which favours a traction
opposite to the load movement. Figure (2.10) shows an example of a curving diagram
obtained by Smallwood et al“?, who suggested a more conformal rail profile to reduce
contact stresses. The arrows on the diagram indicate the direction and magnitude of the
contact forces. Figure (2.11) is a prediction of the maximum contact stress due to leading

wheelset of figure (2.10).
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"b. Mechanical environment
b.1. Axle load and creepage

It has been shown in equations 2.18-2.22 that the normal load is one of the main
factors which governs the level of contact stresses; mainly the maximum contact pressure
Po . Dikshit and Clayton™® showed that, for eutectoid steels, the relationship between the
maximum contact pressure po and RCF life L is a power function of the form L = 4 (pg)®,
where 4 and B vary with material properties, creepage and type of lubricant . Different
researchers have attached different values to the constants 4 and B. Ollerton and Morey“®
have shown that, for a water lubricated test with zero creepage Loipo)” , whereas Akoka

and Hirasawa®”

used a mineral oil lubricant and a creepage of 11% and suggested a(p)”.
More recently, Beynon et al“® have studied the effect of loading on the RCF life of
different rail steels, under rolling-sliding water lubricated line contact, and suggested a set
of formulae to relate RCF life to creepage under different contact pressures. Those
formulae are of the form L=A4 (g)®, where g is the,percentagé creepage and 4 and B are
constants whose values are dependent on contact pressure and material properties. It was
also shown in this study that it is unreasonable to suggest a single formula to relate RCF to
creepage and load for the different rail steels.

As far as the effect of the load and creepage on the wear rate of rail steels is

n“? studied the effect of the maximum contact pressure

concerned, Devanethan and Clayto:
on the steady state wear rates of different rail steels and found that the wear rate increases
with increasing po. Bolton et al®” showed similar results. Garzham and Beynon®" have
studied the dry rolling-sliding wear behaviour of different rail steels and have shown that
the steady state wear rate increases in a non-linear fashion with the product of contact

pressure and creepage po.g. Eyre®?

also showed similar results.
b.2. Cyclic loading

In wheel-rail contact, the loading takes the form of repeated cycles. The response of
material to cyclic loading, in this case, can take four different forms, as listed below and
illustrated in figure (2.12)®:

- Perfectly elastic behaviour if the load does not exceed the elastic limit during any

load cycle, figure (2.12a).

- Elastic shakedown, where plastic deformation takes place during the early cycles
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but, due to the development of residual stresses and the strain hardening of some materials,
such as steel, the steady state behaviour is perfectly elastic, see ﬁgure (2.12b). The load
‘below which this is possible is referred to as the elastic shakedown limit.

- Plastic shakedown, in which the steady state is a closed elastic-plastic loop but with
. no net éccumulatién of plastic deformation. This behaviour is sometimes referred to as
cyclic plasticity, figure (2.12c), and the corresponding load limit is called the plastic
shakedown limit or the ratchetting threshold.

- Above the ratchetting threshold, the steady state consists of an open elastic-plastic
loops and the material accumulates a net unidirectional strain during each cycle, a process
known as ratchetting; shown in figure (2.12d). Ratchetting is sometimes referred to as

incremental collapse.

Recently, this type of analysis has received great attention and has been employed to
explain the wear behaviour of different materials®**®. Figure (2.13) shows a shakedown
map as a function of contact pressure, coeﬁicient of friction and the shear yield strength of

the material®. This subject will be discussed further in chapter 4 onwards.
c. Material parameters
c. 1. material mechanical properties

Heller et al®® have indicated that material mechanical properties have a significant
effect on the rolling contact fatigue life of rail steels. They have shown that reverse bending
fatigue strength increases in a linear fashion with the tensile strength of the material.

Damage by RCF can therefore be reduced by using materials of higher tensile strength.

As far as material hardness is concerned, it is suggested that there is an optimum
mating material hardness combination to give the highest RCF life. For rolling bearings
application this optithum is obtained when the rolling part element hardness is 10% higher
than that of the race way®". Similar.results were obtained for the case of wheel/rail
contact®. More recently, and after the introduction of the shakedown analysis, the shear
yield strength of the material has been shown to play a very important role in determining
the shakedown limits, and as a result, the type of ‘response the material exhibits when
subjected to cyclic loading (in the case of wheel/rail contact the repeated rolling-sliding
motion). The shakedown limits of low shear yield strength materials can be easily

exceeded, and as a result, those materials exhibit higher wear rates®®.
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c.2. Inclusions

Inclusions play an important role in subsurface rolling contact fatigue cracking, as

well as wear rate®>V

. Their effect depends mainly on their composition, size and
distribution. Although soft inclusions like calcium and manganese sulphides are thought to
_ be less harmful®?, inclusions in general act as stress raisers. Beynon et al®® have shown
that manganese sulphide inclusions can act as crack formation sites in the braking disc
during tests under rolling-sliding conditions. Similar observations have been reported by
Laufer et al®. To minimise the effect of inclusions, steel manufacturers are capable of
producing steels with negligible inclusion content. For example, British Steel plc uses a
strict quality control procedure to detect inclusions during the production of rails. A
sixteen probe ultrasonic machine is used to test all produced rails for micro-inclusions®”.
The introduction of new steel melting techniques, such as vacuum and double-vacuum
melting process resulted in the production of high quality steels and lead to substantial

_ increase in RCF life and wear resistance.
b.3. microstructure

Up to date pearlitic steel is the most widely used material for rail applications.
Pearlitic microstructure is found desirable for both wear resistance and RCF prevention®®. -
Slack quenched very fine pearlitic head hardened rails showed a promising future in Japan
National Railways®?. The superiority of pearlitic steel as a wear resistant material is
thought to be due to cementite lamellae which deform parallel to the wear surface to form
a mosaic like arrangement and as a result increase the area fraction of the hard cementite
exposed to the contact surfacé‘ss). During experiments on the performance of four different
types of rail steels, Park and Fletcher® found that pearlitic head hardened steel rails have a
performance which is superior to that of ordinary carbon steels or even Cr-V and Cr-Mo
steels. Perez-Unzueta and Beynon®® have shown that wear resistance of pearlitic rail steel

increases with lower interlamellar spacing between the cementite lamellae.

In studying their effect on RCF life and wear resistance, material properties effect
can not be separated from microstructural effects. Different microstructures of the same
material may exhibit different levels of RCF resistance®®. Operating conditions may cause
microstructural modifications which may lead to a better or worse performance. An
-example of a preferential modification is the realignment of cementite lamellae mentioned

earlier.
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d. External environment
d. 1. Rail contamination

Wheel/rail contact patch can be contaminated either artificially, by the lubricant from

the flange lubricators used to reduce gauge face wear®” and train rolling resistance®®

, or
naturally, mainly by rain. The presence of the fluid lubricant in the contact area may have

two main effects:

- it reduces the traction coefficient between wheel and rail, and as a result increases

the shakedown limit of the material and leads to lower wear rates®.

- the presence of the fluid lubricant is, as suggested by Way®, essential for RCF
crack propagation by the pressurising mechanism. This mechanism has been further

improved by Bower®”

who analysed the role of the fluid lubricant in mode I crack
propagation due to the préssure of the liquid entrapped in the crack cavity. He also
introduced the concept of crack face friction and the role of the fluid lubricant in reducing
this friction to allow relative motion between the two faces of the crack, causing mode II

crack propagation. The mechanism will be discussed in greater detail in chapfers 6.
2.2.6. Closing remarks

The discussion presented in this section shows how difficult it is to design the wheel
rail contact system. It is interesting to notice that while some design features are favoured
to achieve a certain requirement they have, at the same time, an adverse effect on another

design requirement. As examples:

- Higher axle load is required to obtain higher traction, see section 2.1.5.1. At the
same time higher axle load means higher contact stresses, see equation 2.17, and higher

rolling resistance.

-High coefficient of friction is required for effective wheel-rail adhesion. However, it
reduces the shakedown limit of the material and affects the location of the maximum

orthogonal shear stress.

- High modulus of elasticity is favoured to reduce the rolling resistance but not

favoured from the viewpoint of contact pressure, equation 2.18.

- Lubricants are recommended to reduce wheel flange and rail gauge face wear but

they are known to promote RCF failure.
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Research in these areas can help decision making during the design stages by giving
understanding of the mechanisms of rail deterioration due to wheel contact. This can lead
1o models and quantified arguments on the effect of the different service and material

parameters.
2.3. RAIL STEELS
2.3.1. Rail steel selection criteria

Material selection for rail application is a major decision in rail design. In addition to
the economical factor, a successful selection must take in consideration the interaction
between the track geometry, the material parameters, the environment and the service
conditions, discussed earlier in section 2.2.5. Furthermore, since most of the railway rails
are laid continuously welded, weldability must also be taken in consideration. Despite the
fact that wear resistance is the most significant material property for rail application®®,
improvement of this property should be achieved without sacrificing the material resistance

to other forms of rail deteriorations, such as rolling contact fatigue.

It is clear that it is difficult to obtain a material which can satisfy all the ultimate
requirements including cost. However, it remains possible to achieve an optimuni balance
- between properties and cost. Among the different types of rail steels used, fully pearlitic
rail steels are still enjoying the maximum share. More recently, head hardened rails have

started to show a promising future in some railways' *?.

2.3.2. Pearlitic rail steels

Pearlite is a lamellar product of eutectoid composition which can form in steel during
transformation under isothermal, continuous cooling or forced velocity (directional)
growth conditions”. It consists of ferrite (o) iron and cementite (Fe;C). The nucleation
sites of pearlite could be either ferrite or cementite. On an austenite grain boundary in
hypereutictoid steel cementite nucleates first, whereas, in hypbeutectoid steel it is the
ferrite which nucleate first during the diffusion-controlled austenite decomposition in the

eutectoid region of the phase diagram shown in figure (2.14)™.

The interlamellar spacing in pearlite S, defined in figure (2.15), has a significant
effect on the mechanical properties of pearlitic rail steel.

7

Kaveshe"? has shown the strength parameters of pearlitic steel are inversely related

to interlamellar spacing. The influence of this spacing on rotating shaft fatigue has been
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investigated by Gray et al” who showed that the endurance limit of pearlitic steel can be
increased significantly by decreasing the interlamellar spacing. In addition fd this spacing,
the thickness of the cementite lamellae also cém affect the mechanical properties. Laufer et
al® have shown that thinner cementite lamellae can deform, rather than break, resulting in

a better hardening behaviour of the deformed surface.

Alloying elements, such as Mn, Ni, Cr, Mo and Ti,4 can slow down the pearlitic
reaction by lowering the transformation temperature”™. The resistance to wear and plastic

flow of fully pearlitic microstructures made them favourable for rail application.

Pearlitic rail steel is produced in large basic oxygen steel-making vessels and is
vacuum degassed prior to being continuously cast into large blooms. Vacuum degassing
permits very tight control over chemical composition and inclusions. After casting, the
blooms are slowly cooled at a rate of about 1 °C per hour. This slow cooling rate reduces
the hydrogen level in the finished product. The blooms are then reheated and rolled to the
finished rail profile. Depending upon the properties required, the rails are either cooled in
air or subjected to higher cooling rate to obtain higher strength. Before cutting them to the
required length, non-destructive testing techniques are used to monitor inclusions, external

defects and flatness of the rail running table®?.

Rail steels are usually classified into three types, based on their tensile strength' ™.

These types are:

a. Normal grades, with a minimum tensile strength of about 700 MPa. Typical
examples of these grades are BS11: 1978 and UIC 860-0 Grade 70. The normal grades are
those used in normal service conditions in many railways. The majority of British Rail
tracks and London underground is laid in BS11 Normal Grade. The chemical composition
of these grades is 0.4-0.6% C, 0.05-0.35% Si, and 0.8-1.25% Mn. k

b. Wear-resistant grades, with a tensile strength of about 880 MPa. These grades are
characterised by a hardness higher than that of the normal grades. This is achieved by
refining the interlamellar spacing through increasing the carbon and manganese content.
Typical examples of these grades are BS11 Wear-Resisting Grade A and BS11 Wear
Resisting Grade B. Both have the same tensile strength, 880 MPa, However, BS11 Wear-
Resisting Grade B is harder since it contains higher percentage of manganese, 1.3-1.7%,
and as a result, a refined pearlite lamellae. The wear resistant grades are used for heavy

haul railway routes and in tightly curved tracks.
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c. High-strength grades, with a minimum tensile strength of 1080 MPa. For very
high axle loads and extremely tight curved track, hfgher ‘tensile stfength and further
refinement of the pearlitic structure is neéded. Most steel makers produced such steel by
adding 1% Cr to the basic C-Mn composition”. Addition of chromium increases,
significantly the rail hardness and the wear resistance’. The replacement of joint bolted
rails by continuously welded rails brought about the need for adequate level of weldability,
a property not satisfied with the addition of 1% Cr". An alternative method of producing
high strength rails was introduced. In-line cooling is now used to give high quality head
hardened rails"®. The rate of cooling in this case has to be accurately controlled so that a
sufficiently high cooling in the centre of the rail head is achieved without cooling the head
surface at a rate which could lead to the formation of bainite or martensite. Using this

method, the hardness can be controlled within a narrow range across the rail head.

Under conditions of extremely high wear rate, a very high manganese steel, around
12% Mn, can be used for high wear resistance””. the mechanical properties of such steel
are characterised by a high tensile to yield strength ratio. That means its work hardening
rate is very high such that its hardness is almost doubled, to an éppreciable depth, after a
short period in service. This type of steel is used in points, crossings and other locations

where the extended life can justify its cost compared with other steels.
2.4. WEAR AND ROLLING CONTACT FATIGUE (RCF) TESTING
2.4.1, Introduction

The effect of operating conditions on rail deterioration has been discussed in section
2.2.5. Tt has been shown that there are many variables which can affect this deterioration.
The objective behind any testing in this field is to give quantitative and/or qualitative
statements about the effect of a single or a group of operating -conditions on the rail
deterioration ‘behaviour. This includes the possible interaction between the different
phenomena associated with the rail deterioration. For example the effect of the pearlitic
microstructure modification on wear and RCF, or the effect of oxidation on the surface
layer deformation, or even the interaction between wear and RCF. A number of testing
strategies may be followed to achieve these tasks. Those strategies have been classified by
Zum Gahr® into six categories: field, bench, subsystem, simplified component and model
tests. For wheel rail contact, those categories are schematically represented in figure

(2.16). Field tests could be the most informative, however, they do not represent an
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attractive option due to their high cost, long duration, and the difficulty in isolating or
selecting the test conditions and environment. This may explain the reasons behind using
the model tests where the wheel/rail contact is simulated in laboratory by a model test.
Since most of the rail damage occurs in the wheel flange-rail gauge face area, it is the

motion in this area which has to be simulated. As discussed in section 2.1.5.1, creepage in
 this area is two types, longitudinat and lateral. Beagley” has shown that the value of this
creepage is a function of track curvature and that the longitudinal creepage component is
significantly higher than that of the lateral. The motion in this case can be simulated by a
rolling motion with a longitudinal sliding component. However, the relationship between
adhesion and creepage, shown in figure (2.7), indicates that the limiting value of adhesion,
which is a function of traction coefficient, is achieved after a creepage of 1%. In this case,
any simulation which can result in such traction coefficient may be used, keeping in mind
the other parameters, such as the contact pressure, the contact environment and material.

™) who found that the wear rate is

This is supported by the work of Bolton and Clayton®
independent of creepage once the limiting friction is achieved. However, researchers have
used different simulation techniques and testing machines to study the wear behaviour of

rail steels. These are discussed below:
2.4.2. Simulation techniques

2.4.2.1. Pure sliding tests. where test are conducted under full slip motion. Different
machines and configuration are used. The main difference between the different designs is
the configuration of the test specimens. ‘A pin with a spherical end is run against a rotating

disc in the pin-on-disc machine®

, as illustrated in figure (2.17a), or against a rotating
cylinder as in Archard’s®" pin-on-ring machine, figure (2.17b). The main disadvantage of
these machines is the continuous change in the contact area due to the change in the
contact geometry caused mainly by the pin wear. This can result in difficulties in
controlling the contact pressure as the contact becomes a conformal rather than a Hertzian

contact.

2.4.2.2.. Rolling-sliding tests. where creepage can be controlled.. A variety of
machines and specimen configurations are used. These can range from machines where the
specimens take a small scale wheel and rail configuration, such as the 1/8 scale dual disc-
on-disc machine used by Kalausek®, to the most widely used twin disc machine, the

Amsler machine, schematically shown in figure (2.18)®, The machine consists of a single
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drive and two gear train connected to two parallel shafts. The gear ratio between the two
gear trains is designed to give 10% creepage if the diameters of both the test discs are
equal. Creepage ratios higher or lower than lb% can be achieved by using discs of unequal
diameters. The main disadvantages of the Amsler design can be summarised by the

following:

i. The non-standard test disc diameters needed to achieve the required creepage.

Each set of specimens is suitable only for tests under a particular creepage value.
ii. The limited choice of test speeds

‘iif. The limited maximum loading capacity which can be applied without reducing
the width of test discs. Using narrower discs increases the edge effect caused by the

contact pressure drop at the edges.
iv. The open type unlubricated gear boxes used causes high vibration noise level.

These disadvantages have been eliminated in the design of Leicester university
ROlling Sliding (LEROS) twin disc machine® which has been used during this research
project. The machiné is capable of applying contact pressures up to 3000 MPa on disc
specimens of 10 mm track width. This well above the maximum wheel-rail contact pressure
experienced in service, see section 2.1.5.1. This high pressure can be achieved while the
width of the test discs is maintained ‘sufﬁciently‘large to reduce the edge effect. The
independent test disc drives utilised enables accurate creepage control and the use of
standard disc dimensions. In addition, the machine is equipped with a control system
capable of controlling and monitoring almost all the test parameters. However, the machine
has some disadvantages, such as the artificial cooﬁng system of the test discs, the long time
needed to warm up the hydraulic loading system and the rigidity of the specimen holding
arrangement. These are areas where there is still room for improvements. The machine will

be described in further detail in chapter 3.
2.4.3. RCF failure criteria

It has been shown in sections 2.2.3 and 2.2.4 that RCF cracking can result in
different forms of damage, mainly, pits, spalls, shells or even detailed fracture. A question
arises: what is the definition of failure in this case? Is it the appearance of the first pit, spall
or shell, and if yes, of what size? Could it be a certain pitting or spalling degree measured

as a percentage area of the test surface? Finally, what about the initiation of RCF cracks as
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a failure criteria? Many questions but, no clear answers. The crack initiation, as a failure
criteria, may be an attractive candidate if a clear definition of initiation is knéwn, and if on-
line detection of this initiation is possible. These difficulties, along with the lack of a
standardised definition of RCF life, have lead researchers to use different RCF failure
3

criteria®*? . As a result, RCF lives reported by different workers are difficult to compare,

unless they are reported as compan'son between materials or conditions.

A failure criterion which has been widely used is the degree of spalling, measured by
using vibration accelerometers®®®”, Tests were run until a network of cracks was sufficient
fof material to spall from the test disc surface to trigger the accelerometers. Garnham and
Beynon® have shown that this method suffers from some drawbacks, which can be

* summarised by:

a. Spalling is not always the sole RCF failure. Deep cracks can propagate below the

surface before any material has spalled from that surface.

b. Under certain test conditions, surface flakes develop well before spalling occurs,

those flakes may also register on the accelerometer.

c. Due to the extent of damage seen by the surface material before the test is
stopped, this method handicaps the possibility of determining whether a particular feature

of the surface material is responsible for forming or propagating the early cracks.

These drawbacks have lead researchers to use other on-line crack detection systems,

(85)

such as photothermal radiometry™” and the eddy current system used during this project

which will be described in chapter 3.
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FIGURE (2.1): FIRST CONTACT OF NON-CONFORMAL SURFACES (AFTER
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FIGURE (2.2): THE CONTACT OF NON-CONFORMAL SURFACES AFTER
LOADING (AFTER JOHNSON™")
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FIGURE (2.3): CONTACT STRESSES (a) VARIATION ALONG THE Z AXIS
(b) CONTOURS OF PRINCIPAL SHEAR (AFTER JOHNSON™)
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FIGURE (2.4); A TYPICAL WHEEL/RAIL SYSTEM

FIGURE (2.5): APPARENT WHEEL RAIL CONTACT GEOMETRY
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FIGURE (2.6): ACTUAL WHEEL-RAIL CONTACT GEOMETRY (AFTER ESDU ‘")
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FIGURE (2.7): RELATIONSHIP BETWEEN CREEPAGE AND ADHESION (AFTER
GREENWOOD?" )
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FIGURE (2 8): RAIL WEAR (AFTER KILBURNM*")

FIGURE (2 9): A DETAILED RAIL FRACTURE CAUSED BY SUBSURFACE
INITIATED ROLLING CONTACT FATIGUE CRACK**“’
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FIGURE (2.11): PREDICTED CONTACT STRESS ON HIGH AND LOW RAIL FOR A
LEADING WHEELSET ON A STANDARD BRITISH RAIL PROFILE (FOR THE
CONDITIONS IN FIGURE (2.10))*¥
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FIGURE (2.12): MATERIAL RESPONSE TO CYCLIC LOADING (AFTER
JOHNSON®?)

FIGURE (2.13): SHAKEDOWN LIMITS FOR TRACTIVE ROLLING OF TWO
ELASTICALLY SIMILAR CYLINDERS ASSUMING ELASTIC PERFECTLY
pLASTIC BEHAVIOUR (AFTER HILLS et al®)




Temperature C

1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200

100
0

10

Austenite

Pearlite
+ ferrite

0.5

1.0

Chapter 2: Literature review

2-40

Liquid

Liquid * austenite

Austenite * cementite

Eutectoid point”

Pearlite
+ cementite

1.5 2.0 25 3.0 3.5 4.0 45 5.0

Cartx)n content wt%

FIGURE (2 14): THE IRON-CARBON PHASE DIAGRAM (AFTER SINHA<™>)
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FIGURE (2.15): SCHEMATIC REPRESENTATION OF THE DEFINITION OF
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FIGURE (2.16): SCHEMATIC REPRESENTATION OF TEST CLASSIFICATION
(AFTER ZUM GAHR™*")
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(a): THE PIN-ON-DISC WEAR TEST SET-UP (AFTER ROBINOWSIC®?)
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(b): ARCHARD’S PIN-ON-RING SET-UP (AFTER ARCHARD®")

FIGURE (2.17): SCHEMATIC REPRESENTATION OF THE PURE SLIDING WEAR
TESTS
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FIGURE (2.18): SCHEMATIC REPRESENTATION OF THE AMSLER WEAR
TESTING MACHINE (AFTER GARNHAM et a<’ >
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Chapter 3

TEST EQUIPMENT, MATERIALS, PROCEDURE AND
CONDITIONS

3.1. LEICESTER UNIVERSITY ROLLING-SLIDING (LEROS) TESTING
MACHINE

Learning from the limitations and disadvantages of readily available test equipment
normally used to simulate and investigate rail deterioration due to wheel-rail contact, such
as the Amsler machine discussed in section 2.4.2, the research group working on wear and
RCF at Leicester University have designed a new machine, LEicester university ROlling-
Sliding (LEROS) wear testing machine. The machine has an improved loading system,
accurate creep control, a reliable RCF crack detection system and many other features®™.
The large number of previous wear and RCF tests obtained by others®® using the machine
produced a pool of comparable and réproducible test results. The LEROS machine and its
related equipment is séhematically illustrated in figure (3.1). The machine is basically a
Colchester Mascott 1600 lathe modified to suit the purpose; figure (3.2) is a photograph of
the machine. A 4 kW DC motor is mounted on the tail stock end of the machine bed. A
drive shaft conéisting of universal joints and splines, powered by the DC motor through an
interchangeable gear box with a 5:1 gear ratio, was used throughout this work. The other
end of the drive shaft is fitted with a machine tool arbor, supported through a pivoted
bearing assembly with a counter weight. The wheel disc specimen (driving disc) is bolted
to the end of the arbor. This assembly can swing by the action of a hydraulic jack powered
by an electric motor driven hydraulic pump to facilitate the loading mechanism. The rail
material disc (slower, or braking, disc) is secured to an arbor at the end of another drive
shaft supported between a fixed bearing housing and the lathe chuck. The mid-section of
this drive shaft is a torque transducer, which enables measurement of the tractional torque

- between the two discs, figure (3.3). The torque signal is fed to a chart recorder which
records the change in torque with time, the torque is then converted into tractional force
frdm which the coefficient of traction is calculated. The recorded traction is expected to be

slightly higher than that between the two discs since a small proportion of the torque is
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contributed by the fixed bearing assembly, located between the test discs and the torque
transducer. The centre lines of the two drive shafts are parallel when discs are loaded,
figure (3.4) shows a close-up view of the two discs in position. The required slip ratio
(creepage) is achieved by selecting the test speed of the rail disc, using the lathe gear

selector, and adjusting the rotational speeds of the DC motor which drives the wheel disc.

The machine is equipped with manual, as well as computer creepage control through
a number of shaft encoders, transducers and a computer interface. Contact load is easily
applied and controlled by electronically adjusting the opening of the hydraulic control valve
that passes the oil to the jack, which in turn raises the bottom shaft bearing assembly which
secures the wheel disc. Using a hydraulic control valve to adjust the load is prone to
hysteresis loss during loading and unloading. The loading system can be improved by
changing the load measuring device from a hydraulic valve to a load cell measuring device.
A 10 kN load cell was used occasionally in this work to confirm the hydraulic valve load
reading. The hydraulic loading system enables loads up to 29 kN to be applied. Assuming,
for the sake of illustration, a Hertzian elastic contact, for the dimensions of disc specimens
used in the present work this represenfs a maximum contact pressure of 3000 MPa. This
feature of the machine results in minimising the disc track edge effect since wider track
discs can be accommodated while maintaining contact pressures well above those
experienced in the field. However, at loads higher than 1500 MPa, uniformity of the load
distribution across the track width of the test discs is thought to be affected. This could be
due to the accumulation of the fixed bearing assembly clearances to one side, resulting in a

higher load at the lathe side of the contact area.

The idea of using a machine tool arbor as a specimen holder was to standardise this
part so that it can be replaced with a readily available one. However, due to some
modifications to the in-house built arbor housing, even new arbors have to be modified to
suit this housing. To decreasé the effect of the accumulation of clearances and to increase
the stiffness of the test disc holding assembly, it is suggested that in future the arbor
assembly be replaced with a single part to suit the purpose.

To detect RCF cracks, a computer controlled non-contact eddy current crack
scanning and detection system (Elotest B1, manufactured by Rohmann (UK) Ltd.) is used.
This scanning system represents a reliable method in which a signal level can be adjusted to

activate an alarm when RCF cracking reaches a certain stage. It also enables the defect
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area to be located with sufficient accuracy for further sectioning and investigation. One of

the other advantages of the system is its ability of giving an idea about the propagation‘ rate .
of the crack. This is possible by monitoring the rate of growth of the signal amplitude with
number of cycles. Furthermore, in addition to the maximum signal which indicates the
maximum crack depth, the cracking intensity can also be monitored by monitoring the
number of signals above a certain level. This gives an idea whether the failure is due to
single or a network of cracks. This is illustrated in figure (3.5) which shows a signal due to
a single crack and another due to a network of cracks of different depths. The
disadvantage of the system is its high sensitivity of the signal to the instrument settings
including the lift off distance, which is the distance between the test probe tip and the track

surface of the test disc.

The maximum contact pressure p,[MPa] is calculated using equation 2.18“. The
creepage or slip ratio is calculated by the formula:

200R,N; ~ RN

0= RN+ RN,

G1)

where Ry and Rp are the radii of the top (braking) and the bottom (driving) disc, and Nr

and Np are the revolution counts of the top and bottom discs, respectively.

To maintain a relatively stable temperature, normally about 1 to 2 °C above room
temperature, and to isolate the test discs from the external environment, an environment
chamber which seals the test discs from the surrounding atmosphere is used. The chamber
has two air nozzles supplying dry pressurised air to the running track of each disc. The
debris generated during wear testing is removed by ensuring a slight negative pressure in
the environment chamber using an industrial type vacuum cleaner. Debris can be collected
in a filter for further analysis. The environment chamber is not used during RCF testing,
since discs are cooled by the lubricating water needed during such testing. A simple gravity
dripping system, where the supply of water is controlled by adjusting vales has been found

to be the most reliable.
3.2. TEST MATERIALS AND SPECIMENS

It has been shown in chapter 2 that pearlitic steel is still the most widely used
material for rail application. This may justify why this research project has focused on

pearlitic rail steels. Most of the experiments have been carried out using BS11 Normal




Chapter 3: Test equipment, materials, procedure and conditions '

34

Grade steel. High Strength Grade rail steel, sometimes referred to as Head Hardened (HH)
or Mill Heat Treated (MIHT), has aiso been ﬁsed, mainly to study the deterioration of
“rolling contact fatigue life of rail steels due to dry-wet contact. All rail discs were run
~ against W8A wheel steel discs. The chemical compositioh and the mechanical properties of
’ the different disc materials are given in tables (3.1). For the purpose of this thesis the BS11
Normal Gradé will be referred to as BS11 and the High Strength Grade as MHT.

Rail and wheel test materials have been kindly‘ supplied by British RailWays Board
and ABB Wheelset Lid.; respectively. Disc specimens were machined in the Engineéring
main workshop to the dimensions shown in figure (3.6). ‘The 47 mm disc diameter is the
maximum obtainable from the rails supplied. All cuﬁing and machining operation were
chosen such that the original properties and micfostrqcture were maintained. The
orientation of the wheel disc specimens in relation to the wheel rim is shown in figure
(3.7a). To ensure uniform properties of the rail discs, all the BS11 and some MHT discs
were cut with their axis parallel to the rail long axis as in figure (3.7b). However, since the -
hardness of the MHT rail head varies with depth belbw the surface, as in figure (3.8),

some MHT discs were cut with their axis perpendicular to the rail table, figure (3.7¢).
3.3. TEST PROCEDURE

Détailed test procedure is, in general, dictated mainly by the objectives of that test.
However, there are certain steps which were followed during all tests. The special
procedure required for each set of tests aiming at studying a particular phenomenon will be
kdiséﬁssed in the relevant chapters. The general procedure can be divided into three stages:

prior to testing, during tésting and afier testing.
3.3.1. Prior to testing

Pﬁor to every test, discs Were éngraved with an identification code, examined for

surface defects and checked for dimensional * accuracy. To ensure roundness and

_ concentricity, roundness profiles of disc track and bore were recorded using a Talyfond '
200 proﬁlometer (Rank Taylor Hobson Ltd.), figure (3.9) shows the format of this record.
The surface roughness of the disc ﬁinning track was then recorded. The measuring stylus
was run across the disc track perpendicular to the grinding marks (disb, circumference),

" using a sampling range of 4 mm in the middle of the disc track. Discs were then cleaned in

an ultrasonic bath of isopropanol, and their original weight was recorded using an
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analytical balance (Sartorius R3008) of 0.0001 g resolution.
" 3.3.1.1. LEROS machine preparation

Two hours before starting the test the LEROS machine and related equipment,
described in section 2.4.2, were switched on, allowing the hydraulic oil of the loading
system to warm up and reach a steady temperature. The settings of the power supply to the
torque transducer were checked before calibration. Using a loading lever and static
weights, the torque transducer output was calibi'ated, the calibration plots were then
converted into a relationship between the transducer output [mV] and the coefficient of
traction. For the two loads used during this project this relationship is shown in figure
(3.10). In case the planned test was a wear test, the air compressor and the air dryer were
switched on and the pressure was adjusted to 1 kg/cmz. The vacuum cleaner was also
started to ensue that while the test discs were cooled by the air flow, a negati\(e pressure
sufficient to suck out the wear debris was maintained inside the environment chamber. For
RCF testing air cooling was not needed since the discs were cooled by the water
lubrication system described earlier. Water flow rate was adjusted to approximately one
drop per second. The crack detection system (eddy current unit) was then calibrated using
artificial cracks spark eroded to the surface of a calibration disc. The unit adjustments were
then saved, using the unit memory, so that they could be used during all other similar tests.
The lift-off distance (the gap between the disc track surface and the detection probe tip)
was adjusted to 0.2 mm. Test discs were then firmly secured in position and the rotational
speeds of the two shafts were set to give the required creepage, see equation 2.33. Before
the two discs were brought to contact, the required load was set by raising the swinging
bearing housing against the stop bolt. The calibration of the loading system was

continuously checked using a 10 kN load cell.
3.3.2. During testing

With all preparations completed, the two test discs were loaded while rotating at the
required speeds. simultaneously, the revolution counters were started and the chart
recorder which records the torque was also enabled. Care was taken at the initial stages of
tests to maintain the required creepage, since the torque transmitted between the two discs
tends to slow the driving dlsc and speed up the braking disc. The crack detection scanning
system was -also started in case of RCF testing. Tests were then run either to a certain

number of revolutions, in the case of wear testing, or to failure for RCF testing.
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3.3.2.1. Locating RCF cracks

When the signal triggers the pre-set gates on the eddy current screen, the scanning
mechanism was locked to that position using the computer scanning control system. Since
the detection system is dynamic, response can be obtained only if the disc is rotating. Using
the micrometer adjustment, the position of the scanning probe was adjusted to obtain the
maximum signal amplitude. A hard copy of the signal and the settings was then printed,
figure (3.11). Those settings were those used during calibration. Reducing the rotational
speed of the disc to 20 rpm enabled marking a line along the circumference of the disc
track opposite to the probe tip. The crack at this stage is known to be at any point on that
line. Using the audible signal facility While watching the test disc rotation, the radial
location could be roughly known by marking the radial position of the probe when the
signal is heard. Accurate location of the crack could be achieved by stopping the disc and
using the eddy current unit filter adjustment to set the frequency to 0.4 Hz and the by pass
filter to 1 MHz. This increased sensitivity of the equipment to respond to any/ rotational
movement of the disc. By manual back and forth rotation of the disc within the roughly
marked area the crack could be located to within 1 mm accuracy. This feature enabled

optimum sectioning of each test.disc through the crack for further analysis.
3.3.3. After testing

At the end of each test, discs were dismantled and the after-test diameter and track
width recorded. The running track roundness profile was also recorded. Discs were then
cleaned in an ultrasonic bath of isopropanol and dried before their after-test weight was
recorded. All discs were then sectioned, 'specimens were mounted, ground and polished
before microhardness profiles below the contact surface were recorded. Specimens were
then etched, using 2% concentration nitric- acid in alcohol (nital), to reveal the

‘microstructural features.
3.4. TEST-GENERAL CONDITIONS

It was shown in section 2.2.5 that there is a large number of variables affecting the
rail deterioration due to wheel/rail contact. Test conditions used during this project were
chosen to represent the service conditions of British Railways. Only two contact pressures,
1200 and 1500 MPa, were used. These represent the range of typical maximum contact

pressures observed in service, see section 2.1.5.1. All tests were conducted with a
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creepage of 1%, the value which is known to result in maximum coefficient of traction
between wheel and rail, see section 2.1.5.1.-Water lubrication was used during RCF testing

since it is the dominant lubricant in many climates. Particular test conditions will be

discussed in relevant chapters.
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Material Rail Whee
1
Specification BS11 MHT WSA
Chemical composition (wt %)
C 0.52 0.72-0.82 | 0.64
Si 02 0.10-0.60 | 0.23
Mn 1.07 0.80-1.10 | 0.71
Ni 0.03 0.17
Cr <0.01 0.18
Mo <0.01 0.03
S 0.018 0.02 max. | 0.041
P 0.013 0.03 max. | 0.023
Mechanical properties
Average hardness  (HV500g) | 240-250 | 385 275
Ultimate tensile strength (MPa) | 781 1250 857
Yield strength (MPa) 406 724 325
Total plastic elongation (%) 219 203
Young's modulus (GPa) 209 210 199

TABLE (3.1): CHEMICAL COMPOSITION AND MECHANICAL
PROPERTIES OF THE TEST MATERIALS
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FIGURE (3 1): SCHEMATIC REPRESENTATION OF THE LEROS MACHINE AND
THE TEST SET-UP

FIGURE (3 2): THE LEROS TESTING MACHINE
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FIGURE (3 3); THE TORQUE TRANSDUCER USED TO MONITOR THE
TRACTION TRANSMITTED BETWEEN THE TWO TEST DISCS

FIGURE (3 4) A CLOSE-UP VIEW OF THE TWO TEST DISCS IN
POSITION
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(a): SINGLE CRACK

(b) ANETWORK OF CRACKS

FIGURE (3 5) EDDY CURRENT CRACK DETECTION SYSTEM SIGNALS
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FIGURE (3.6): DIMENSIONS OF THE TEST DISCS

(b): BS11 and some MHT
rail discs

(a): Wheel discs

(¢): MHT rail discs

FIGURE (3.7): THE ORIENTATION OF THE TEST DISCS IN RELATION TO THE
WHEEL RIM AND RAIL SECTION
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FIGURE (3.8): THE CHANGE IN HARDNESS WITH DISTANCE FROM THE

SURFACE OF THE MHT RAIL HEAD
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«

FIGURE (3.9): THE FORMAT OF THE DISC PROFILOMETRY RECORDING
SYSTEM
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Chapter 4

THE ONSET OF STEADY STATE WEAR BEHAVIOUR OF
PEARLITIC RAIL STEEL UNDER DRY ROLLING-SLIDING
CONTACT CONDITIONS '

4.1. INTRODUCTION

The mechanism by which material is lost from the contact surface during dry rolling-
sliding is an area of scientific debate. Different workers have different views and theories
by which they explain the contact surface failure mechanism in this case. Those theories

can be summarised by :

a. The elastic fatigue failure mechanism which explains the formation of wear
particles in terms of elastic fatigue. Kraghelsky'” argued that even when the initial contact
is plastic, it soon changes to elastic with repeated loading. The material in this case faikdue

to elastic fatigue.

'b. The delamination mechanism proposed by Sub®, in which he explained the
formation of wear particles in terms of dislocation pile-ups at finite depth below the
contact surface. These result in formation of voids which, with repeated loading, coalesce
to form cracks. When these cracks grow to a critical length they produce sheet like

particles.

c. The low cycle fatigue mechanism: plastic flow of the surface layer material during
repeated contact loading have lead some workers to try to explain wear in this case in
terms of low cycle fatigue. This explanation has been used by Challen et al®, Lacey and
Torrance™ and more recently by Kopalinsky and Oxley™.

d. Ratchetting mechanism: which explains wear by the accumulation of
unidirectional plastic strain-above a certain critical limit. Kapoor® has recently shown that
ratchetting and low cycle fatigue are competitivggand that the material fails by whichever is

satisfied in the shorter number of cycles.

In view of the above discussion, it is difficult to verify which of these mechanism can

explain the wear behaviour of rail steel under service conditions. To throw more light on
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this subject, experiments under conditions akin to those expeérience in service have been
conducted; aimed at studying the mechanism by which material is lost from the surface of
the rail (braking) test disc when subjectéd to dry rol]iné~sliding repeated contact
conditions. Attention has been focused on the period which leads to steady state wear
behaviour. The results have been the subject of a paper published in 1994 in Wear, a copy
is attached as appendix (I). The test prodedure was that described in chapter 3. BS11 rail
discs were run against W8A wheel discs; see tables (3.1) for chemical composition and
mechanical properties. All tests were conducted under a maximum contact pressure of
- 1500 £ 5 MPa and a creepage of -1 + 0.01 %. Test conditions are summarised in table
(4.1). All tests but one were non-stop tests, only test number 130 was stopped every 2500

cycles to monitor the wear rate at different stages of the rolling-sliding process.

4.2. RESULTS

The test results are summarised in table (4.2). Hardening is calculated as the
_percentage ratio between the hardened material and that of the bulk. Wear rates are
presented as total weight loss of the test disc. Disc track width gain due to the lateral
plastic flow at the free sides, as well as loss in disc diameter, are also reported. Strains are
estimated by measuring the shear angle (y) between the tangent to the deformed grain
boundaries or laminar deformed pearlite and the normal to the contact surface; figure (4.1)

shows a schematic representation of this method. Shear sirains are then calculated by:

e=tan (¥) 4.1

Coefficient of traction is calculated and presented as maximum as well as end-of-test
values. It is derived from the chart record by which the torque transmitted between the two

test discs is monitored.

4.2.1. Number of rolling-sliding cycles to establish steady state wear

rage

Measuring the weight loss of the discs of test number 130 at regular intervals of
2500 cycles enabled the wear behaviour to be monitored as the rolling-sliding proceeded.
Accumulated weight loss of the rail disc is plotted in figure (4.2) against number of rolling-

sliding cycles. The plot reveals a slow wear rate at the early stages of the test, beyond
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which the relationship appear to be linear, except for a slight change in the wear behaviour,
in the form of a small kink corresponding to nearly 17500 cycles. To study the significance
of this behaviour, weight loss per cycle of the rail disc is plotted in figure (4.3) against
number of rolling cycles. It can be seen that the wear rate is almost negligible during the
first 2500 cycles, thereafter increasing with number of rolling cycles until around 17500
cycles, where it stabilises at around 18 pg per cycle for the remainder of the test. This
reveals that the kink on the plot of figure (4.2), described earlier, is not an experimental

error but a significant change in the wear behaviour.

The running track appearance indicates that the mechanism by which the rail disc
loses material prior to the steady state stage is mainly oxidative wear, where the disc track
was observed to be covered by a thin, grey oxide layer. However, during steady state the
track appearance is characterised by a shiny flaked surface. The transition to steady state is
characterised by the gradual loss of the oxide layer and the exposure of the disc material to
the surface. At the same time, fine surface cracks start to appear on the running track.
These cracks are thought to be the origins of the flakes noticed during the steady state
stage. These surface features are shown in figure (4.4), which is a low magnification
photograph of the rail disc running track afier different numbers of rolling cycles. The
similar oxidised surface features after 500 and 1000 cycles may indicate a similarity in the
wear mechanism. Likewise, it is difficult to differentiate between the tracks of the discs
tested for 17500 and 40000 cycles. Both are characterised by a shiny flaked surface of
similar scale. In this case the wear rates are also at the same level. Moreover, regardless of
the initial surface roughness of the disc pairing, measurement of the after-test track surface
roughness revealed identical values after 500 and 1000 cycles. In both the cases this
roughness was Ra 0.26 pum, whereas it was around Ra 8 pum after 5000 cycles, see table
(4.2). Surface roughness after 17500 and 40000 cycles appeared to be higher than that
after 5000 cycles. However numerical values could not be obtained since the size of the
flakes was too large compared with the sampling range of the available measuring

equipment.

In all but one case the driving (wheel) disc wear rate was higher than that of the
driven (rail) disc. A comparison between the wear rates of the two discs from test 130 is

shown in figure (4.5). No attempt has been made to study the strains and the strain
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hardening behaviour of the wheel disc material, attention being focused on the rail disc.
4.2.2. Strain hardening behaviour

vMeasurement of the hardness at and very near to the worn contact surface does not
give accurate results. At a shallow depth below the contact surface, hardness values are
affected by the existence of flake roots, subsurface cracks and by the directionality in the
properties of the heavily deformed layer where, due to the shear stress, a lamellar structure
is dominant. To reduce the influence of these features, hardness at depths less than 0.2 mm
below the contact surface was measured with the indenter pefpendicular to the disc axis.
Progressive grinding and polishing of the disc wear track enabled this kind of measurement
to be carried out. Hardness profiles below the contact surface are shown in figure (4.6) for
different test cycles. These profiles indicate that the material is hardening in a non-linear
manner, where hardening rate is highest during the initial stages of the test. No further
hardening is noticed beyond 17500 cycles. This is better revealed in figure (4.7), where the
percentage hardening at 0.2 mm below the contact surface is plotted against number of
rolling cycles. The depth 0.2 mm was chosen for the reasons mentioned at the beginning of
this section. The maximum percentage hardening, 86% above the bulk material bardness, is
established after 17500 cycles. However, almost 30% hardening is achieved during the first
500 cycles. The hardening rate decelerates with number of rolling cycles until it becomes
zero beyond 17500 cycles; (no measurements were taken between 10000 and 17500
cycles). The degree of strain hardening is maximum at the contact surface. At steady state,

the rail disc surface hardness reaches a value 2.5 times that of thé bulk material.
4.2.3. Accumulated plastic strain

It was shown in section 3.2 that most of the hardening is established during the initial
stages of the rolling process. The deformed structure due to the different cycling distances
indicates that most of the shear strain is also accumulated during the-early rolling cycles.
To quantify this accumulation, shear strains after the different number of rolling cycles
used were measured using the method described earlier, see figure (4.1). Figure (4.8)
shows the shear strains, measured at 0.2 mm below the contact surface, plotted as a
function of number of rolling cycles. The plot reveals a high strain accumulation rate

during the initial stages. This rate decelerates with number of rolling cycles until it is zero
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after 17500 cycles, where the accumulated strain achieves its maximum value. No further
strains were observed beyond these cycles. This is illustrated in figure (4.9) which shows
the deformation of the pearlitic structure after different numbers of rolling cycles. The

similarity of the deformation after 17500 and 40000 cycles is very close.
4.2.4. Coefficient of traction

Recording the torque transmitted between the two test discs during a non-stop test
of 40000 cycles enabled the behaviour of traction coefficient to be monitored as the rolling
process proceeded. This coefficient is plotted in figure (4.10) as a function of number of
rolling cycles. The plot reveals that the coefficient of traction starts to increase with
number of cycles and reaches its maximum, 0.441, afier around 2000 cycles before it starts
to fall again. The rate of fall decelerates slowly until it sustains a constant fall rate after
around 15000 cycles. After 40000 cycles, the traction coefficient drops to 0.268. No
attempt has been made to investigate the traction coefficient behaviour beyond 40000

cycles. The same behaviour was noticed during all other non-stop tests.

Cleaning the test discs prior to weighing, as in test number 130 where the test was
being stopped every 2500 cycles, affected the traction coefficient. After each cleaning,
nearly 500 cycles were required to raise the traction to its pre-cleaning level before it

exceeded that level and then drifted downward again, see figure (4.10).

4.3. DISCUSSION
4.3.1. Weight loss and side Plastic flow

During rolling-sliding testing, material is lost from the contact surface by detachment
of wear flakes as well as by plastic flow into lips to the sides of the test disc track. Table
(4.2) shows that the diameter loss of the disc specimens is more than what could be
contributed by the weight loss. It also shows the track widening due to the formation of
lips at the sides of the track, schematically exaggerated in figure (4.11). Although track
widening increases the apparent contact area, it may not affect the contact stresses since
the extra area is in the form of lips which may not support load. That is why this type of
flow can be considered as wear. The same type of flow is also noticed on the gauge face of

curved rails, see figure (2.11) in chapter 2. However, the term 'wear’ will be used here to
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describe the weight loss only. No attempt will be made to discuss the effect of plastic side

flow.

The steady state wear rate of 18 pg/ cycle, mentioned in section 3.1, corresponds to
1.54 nm perV cycle depth loss, assuming all the metal is lost and no plastic lip is formed.
Since such a lip does form, the diameter loss will actually be larger. From the
measurements of diameter change, the depth loss is about 80% more than that calculated
from the weight loss alone. Thus just under 3 nm per cycle is lost from the surface. Such
small amounts are not found in the debris, where flakes of the order of 3-10 pm thick are
observed. Thus the process of metal loss by flaking must be a discrete event occurring
periodically rather than a continuous process. However, this discrete event gives a fairly
uniform weight loss curve, rather than a discrete stair shaped curve, since it happens at

different places on the running track surface of the disc.
4.3.2. Measurement of the accumulated plastic strain.

The method used to measure the accumulated unidirectional plastic strains reported
in section 3 may not be very accurate to measure strains at or very near to the contact
surface, where a small change in the shear angle corresponds to a significant increase in the
shear strain. However, at depths of 0.2 mm and deeper beléw the contact surface the
method gives a reasonably accurate measure of the strain. The method is similar to that
used by Bower and Johnson” who used spark eroded slots filled with dental amalgam to
measure surface displacement during sliding wear tests. A similar technique has also been
used by Bhargava et al®. Zhang and Alpas® used a marker platelet inserted to the test

piece surface to visualise and measure displacement during sliding contact testing.
4.3.3. Ratchetting failure

The contact pressure (po =1500 MPa) and the coefficient of friction (z > 0.3) in the
case of this work are known to cause a shear stress (Tx) higher than the shear yield
strength of the material (£). In this case two failure mechanisms may be considered. If the
cyclic straining of the material does not result in accumulation of plastic strain, the surface

(3,10)

layer fails by low cycle fatigue Alternatively, if the surface layer accumulates

unidirectional plastic strain with number of cycles, the material may fail due to an
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alternative failure mechanism, ‘ratchetting failure', in which failure takes place when the

material accumulates unidirectional plastic strain equal to its critical strain to failure™”,

It has been shown in figure (4.8) that the test conditions of the present work have
resulted in strain accumulation with number of rolling cycles. Accordingly, the failure
mechanism is expected to be that of ratchetting. As a wear mechanism, ratchetting implies
that material should start to detach from the surface (fail) after accumulating plastic strain
equal to its critical strain to failure. Consequently, the material has to be subjected to a
certain number of rolling-sliding cycles before the first weight loss can be observed. In
these experiments, wear rate increases gradually before the steady state is observed, see

figure (4.3). This behaviour can be explained by arguing that:

(2) Ratchetting is not the only wear mechanism operating during rolling-sliding
contact. Oxidative wear is dominant during the initial stages. Under the test conditions of

this work oxidative wear was observed to prevail during the first 5000 cycles

(b) Every time material is removed from the surface, a new layer of a different

accumulated strain history is exposed to contact surface.

The argument in (b) may be better understood if we consider three material elements
at different depths below the contact surface, with the first element at the surface. The
three elements will be subjected to different shear stress levels according to their depth
below the surface, where the surface element will be subjected to the maximum shear

stress. These shear stresses will have two main effects:

1. With each passage of the load they produce a shear strain which decreases with

the depth. The surface element will see the maximum strain.
2. This leads to strain hardening, the maximum of which is also at the surface.

At the beginning of the test, the shear yield strength of the material (k) is constant
over the depth below the surface, figures (4.6) and (4.12a). The distribution of the shear
stress (Ty;) divides the material below the surface into two regions. Down to a certain
depth, point s on figure (4.12), the shear stress is higher than (%). Since the surface element
has not strain hardened and is still relatively soft, its strain rate will be higher. This

explains the high hardening and straining rates during the initial stages of the test, see
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figures (4.7) and (4.8) respectively. As the rolling continues, this element strain hardens,
figure (4.12b) and, as a result, the strain accumulated per cycle decreases. As deformation
proceeds, the sﬁrface elemen‘g reaches a stage Where further strain is not possible due to the
exhaustion of ductility, figures (4.8) and (4.12¢). The material of the element would be
expected to fail when it accumulates plastic strain eqhal to its critical strain to failure. This

failure is the detachment of metal from the surface as a flake.

Once the surface element detaches from the surface, the second element will be
exposed to the contact. However, the difference between the two is that the second
element will réach the surface partially damaged (partially strained with part of its ductility
already exhausted while it was still below the surface). This implies that it requires fewer
subsequent cycles to fail by ratchetting. This may explain the increase in wear with number

of rolling cycles before the steady state.

As far as the third, deepest, element is concerned, it is expected to reach the surface
with greater previous damage than that of the second element and it should fail even

earlier leading to a yet higher wear rate. -

If the same argument is applied to more elements, a stage will be reached where all
the material réaching the surface will have the same prior history of accumulated strain and
loss of ductility as its predecessor. The steady state wear rate is expected when the first of
the layers of such material reaches the surface. In the case of the present work this stage

starts after about 17500 cycles.

The diameter loss corresponding to a test of 17500 cycles duration, number 138 in
table (4.2), is 85 pm, or just over 40 um loss in radius. It is interesting to observe in figure
(4.6) that this is very close to the surface compared with the depth of penetration of the.
plastic deformation. Thus steady state conditions do not require the feeding through of the

subsurface material from below the fully work hardened layer.

The above argument is supported by the measurements of the accumulated plastic
strain, plotted in figure (4.8) as a functioh of number of rolling cycles. It shows that after a
certain number of rolling cycles, in this case about 17500 cycles, further strain
accumulation ceases and no further strain accumulation is observed up to the end of the

test, (40000 cycles). Similar behaviour of rail steel can be seen in figure (4.12b) of Bower
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and Johnson” under conditions of dry sliding contact. Likewise, between 17500 and 40000
cycles no additional hardening could be observed, see figure (4.7). Similar results have be
obtained by Zhang and Alpas®, who reported a work hardening rate close to zero near the

surface of Al-7% Si alloy tested under sliding conditions.

It can be concluded that steady state wear behaviour is established when material
elements of the same strain hardening and accumulated plastic strain history start to reach
the surface. This is evident in figure (4.13) where the percentage strain hardening, the
accumulated unidirectional plastic strain and the wear rate are plotted égainst number of
rolling cycles. Further evidence is the similarity of the deformed structure and the test disc
running track appearance aftér 17500 and 40000 cycles, figures (4.9a) and (4.9b),

respectively.

The complexity of the stress state and the hardening behaviour during rolling-sliding
contact conditions has lead some researchers to simplify these conditions. Controlled
cycling tests under conditions of tension-compression, tension-torsion and compression-

(7,13,14)
b

torsion at different mean stress levels and cycling regimes have been aimed at

quantifying the hardening and ratchetting behaviour under rolling-sliding conditions.

The hardening behaviour observed in this work could not be correlated with the

results of those studies. This could be due to the following factors:

(a) As it approaches the contact surface, deformed pearlitic steel exhibits
directionality in its mechanical properties™”. As a result, the assumption of isotropic

material properties in studying the near-surface stress state is not appropriate.

(b) The simulations used to represent the rolling-sliding stress state mentioned above
do not include the element of wear and the consequent continuous changes of the stress

state of the near-surface layer as this layer approaches the contact surface.

(c) Studying the coefﬁdent of traction recorded under the test conditions adds
further complications to the surface layer stress state. The plastic strains are governed by
thé difference between the operating contact pressure and the shakedown limit of the
material”. Since the plastic shakedown limit of the material is a function of the coefficient

of traction, any change in this coefficient results in a new strain cycle. In studying the
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hardening behaviour under rolling-sliding conditions, researchers usually assume a constant
traction coefficient with each cycle. However, figure (4.10) shows a significant difference
between the maximum and the end-of-test traction coefficients, 0.441 and 0.268

respectively. This difference cannot be ignored.

(d) The high hydrostatic pressure, caused by the contact load, enhances the ductility
of the material. This is evident in figure (4.9) where severe deformation of the surface layer

can be observed.

To summarise, it has been shown that if pearlitic rail steel is subjeéted to the rolling-
sliding conditions used during this work, steady state wear is established when material
layers of the same previous history of strain hardening and urﬁdirectional plastic strain are
exposed to the contact surface. There, material reaches its critical strain to failure and fails
by detaching from the surface. This allows the next layer to be exposed to the contact

surface to face the same end result.
4.3.4. Traction coefficient

It is preferable to refer to the ratio between the tractional and normal forces between
the two discs as the 'coefficient of traction' rather than the coefficient of friction. According
to Amonton's laws of friction the coefficient of friction is a constant aﬁd is determined only
by the material pairing. This implies that friction is not a function of rolling distance. The
plot in figure (4.10) shows that the traction coefficient does change with number of rolling
cycles. Similar behaviour has also been reported by others™®, No attempt has been made to
study the effect of surface layer deformation on-the traction transmitted between the two
discs. However, there is evidence that the mechanical and chemical properties of the
surface layer of the disc change with number of rolling cycles™™®. A study of the
relationship between the coefficient of traction and the changes to the surface layer was

conducted by Krause and Demerci””

who showed that the behaviour of the traction
coefficient under dry rolling-sliding conditions is affected by the structural changes to the

deformed surface layer, such as the changes to the crystal orientation and subgrain size.

The effect of cleaning the test discs on the traction behaviour could be explained by
arguing that cleaning involves the removal of the oxide layer, mainly off the wheel disc

where it is more prevalent. This oxide is known to act as a lubricant between the two discs.
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The sharp peaks observed after every cleaning, figure (4.10), supports this argument. The
traction coefficient drop after the initial peak coincides with the formation of a new .oxide

layer.
4.4. CONCLUSIONS

4.4.1. If pearlitic rail steel is subjected to rolling-sliding loads above its ratchetting
threshold it exhibits a steady state wear rate, characterised by a constant weight loss per
rolling cycle, after a certain number of rolling cycles. Under the conditions used in this

work, this number is around 17500 cycles.

442, The steady state wear rate is established when material of the same history of
strain hardening and accumulated unidirectional plastic strain reaches the surface and the

unidirectional plastic strain limit to failure is reached.

4.4.3. Strain accumulation and strain hardening rates are maxima at the beginning of
the rolling-sliding process and decrease in a non-linear fashion to cease after a certain

number of cycles.

4.4.4. During the initial stages of the rolling-sliding process, oxidative wear is the

main mechanism by which material is lost from the surface of the pearlitic rail steel.

4.4.5. The coefficient of traction is a function of rolling distance and cannot be
assumed to be constant since it changes significantly with number of rolling cycles.
Interrupting the test to cleaﬂ the test discs affects the coefficient of traction by increasing it
momentarily. This increase is due to the removal of the oxide layer, mainly off the wheel

disc, which acts as a lubricant between the two discs.

44.6. A good method to prove that ratchetting, not low cycle fatigue, is the
dominant failure mechanism under the test conditions, is to conduct wear experiments
under conditions of rolling direction reversal. Since low cycle fatigue is not sensitive to
strain direction, while ratchetting is, a drop in the wear rate due to strain direction reversal
is a significant indication that accumulation of unidirectional plastic strain (ratchetting) is
the contact surface failure mode in this case. It is interesting that very recently this
verification method has been suggested by Kopalinsky and-Oxley® to support the low

cycle fatigue argument. They wrote: “ then a problem arises in explaining wear for
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conditions where direction of sliding is reversed. Such a reversal would be expected to act
to cancel out unidirectional strain already put into the surface and in this way to reduce
wear. This might be the case, but it certainly needs testing. This is one reason for using
the effective strain in calculating changes in flow stress resulting from strain hardening in

complex stress situations™. This will attempted in chapter 5.
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TEST NUMBER
TEST CONDITIONS 134 | 136 [ 137 ] 136 [ 138.] 130 [ 139

Disc material Top (Rail) BS11

Bottom (Wheel) WSA
Initial surface roughness (Ra,pm)

Rail 0.10 0.12 0.34 0.12 0.49 0.16 0.20
Wheel 0.44 0.12 0.14 0.12 0.55 0.16 0.40

Maximum contact pressure (MPa) 1500
Percentage creepage (%) -1
Test speed:  [Rail-Wheel] (RPM) 406-410
Orientation of rail disc specimen relative
to the rail section @
Total number of cycles [Rail] 500 | 1000 [ 5000 | 10000 | 17500 | 40000* | 40000

Test environment

Dry, air cooled

* Test stopped every 2500 cycles for weight loss measurements.

TABLE (4.1): TEST CONDITIONS
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TEST NUMBER
RESULTS 134 136 137 135 138 130 139
Total number of cycles 500 1000 5000 10000 17500 | 40000 | 40000
Coefficient of traction : Maximum 0.405 0.432 0.441 0.441 0.441 0.441 0.441
End of test 0.405 0.432 0.386 |0.322 0.300 0.340 0.268
Contact area (mm?) 6.11
Total disc weight loss (g): Rail 0.0005 | 0.0029 0.0348 | 0.1341 |0.2490 |0.6520 |0.6198
Wheel 0.0005 | 0.0001 0.0382 | 0.1694 [0.6320 | 1.3650 |1.6732
Total disc diameter loss (mm):  Rail n.m 0.005 0.005 |0.045 0.085 0.200 0.200
Wheel nm 0.005 0.005 |0.030 0.162 0.330 0.400
Total disc track width gain (mm): Rail nm 0.130 0.220 0.385 0.720 1.060 1.145
Wheel n.m 0.080 0.170 |0.215 0.485 0.960 0.675
Accumulated shear strain at 0.2 mm below 20 24 43 5.7 114 114 nm
the contact surface of rail disc
Total strain hardening at 0.2 mm below the | 29.2 379 69.6 80.8 888 88.8 n.m
contact surface of rail disc (%)
End of test surface roughness: Rail. Ra (um) | 0.26 0.26 13 8.11 n.m n.m n.m

n.m: Value not measured due to the limitation of the measuring equipment.

TABLE (4.2): TEST RESULTS
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Structure deformation lines

FIGURE (4.1): SCHEMATIC REPRESENTATION OF THE METHOD
USED TO MEASURE THE SHEAR STRAIN
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FIGURE (4.2). WEAR OF THE RAIL DISC REPRESENTED AS

ACCUMULATED WEIGHT LOSS (TEST 130)
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FIGURE (4 4): RAIL DISC RUNNING TRACK APPEARANCE AFTER

DIFFERENT ROLLING DISTANCES
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FIGURE (4.5): A COMPARISON BETWEEN THE WEAR RATES OF THE

RAIL AND WHEEL TEST DISCS (TEST 130)
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(a) AFTER 17500 CYCLES (TEST 138)

(b) AFTER 40000 CYCLES (TEST 130)

FIGURE (4 9): DEFORMED STRUCTURE BELOW THE CONTACT
SURFACE OF THE PEARLITIC RAIL STEEL DISC AFTER 17500 AND 40000
CYCLES
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FIGURE (4.11): PLASTIC FLOW AT THE EDGES OF THE CONTACT
AREA OF THE TEST DISC (T1 IS EXAGGERATED FOR CLARITY)
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FIGURE (4.12): SCHEMATIC ILLUSTRATION OF STRAIN HARDENING
AND DAMAGE ACCUMULATION DURING THE DIFFERENT STAGES OF
THE ROLLING SLIDING PROCESS
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Chapter 5

THE EFFECT OF ROLLING DIRECTION REVERSAL ON
THE WEAR RATE AND WEAR MECHANISM OF
PEARLITIC RAIL STEEL

5.1 INTRODUCTION

As concluded in section 4.5.6 and suggested by Kopalinsky and Oxley”, the work
presented in this chapter is aimed at confirming that, under the unlubricated wheel-rail
contact conditions simulated on LEROS, the dominant wear mechanism is the failure of the
surface layer of the rail by ratchetting (accumulation of unidirectional plastic strain beyond
a critical limit). This confirmation can be achieved by conducting rolling-sliding
e:;peﬂments under conditions of rolling direction reversal (RDR). The main experimental
procedures were those described in chapter 3. To ensure comparability, test conditions
were identical to those used in chapter 4, except for the rolling direction which; in the case
of the work presented in this chapter, was reversed at pre-determined numbers of rolling-
sliding cycles. Reversal has been made possible by flipping the rail disc is a such a way that
the outer face of the disc, adjacent to the fixing bolt, BeCame the inner face, adjacent to the
drive shaft. Two main reversal regimes were used, single rolling direction reversal (SRDR)
after a certain number of cycles and multiple rolling direction reversals (MRDR) with each
test having a different number of cycles per reversal. All tests were stopped every 2500
cycles (the minimum number of cycles per reversal used) for disc weight loss measurement.

Test conditions are summarised in table (5.1).

The results obtained and their interpretation were the subject of a paper published in

Tribology International, 27, 6, (1994), 401-412, appendix (2)
5.2. RESULTS.

A summary of test results is shown in table (5.2). Wear rates are presented as total
weight loss and as diameter loss of the rail disc. Although the wear rates were different
under different rolling direction reversal regimes, there are some features which were

found to be common for all the tests; these will now be described.
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5.2.1. Common features.
5.2.1.1. Coefficient of traction.

Rolling direction reversal appears to have no effect on the coefficient of traction .
between 'the two discs. It can be seen from table (5.2) that this coefficient, which is
" calculated as a time average value, remained in the range of 0.370-0.374. for the whole
series of tests. The initial surface roughness of the disc pairs did not affect this value, even
at the very early stages of the rolling-sliding contact. However, the traction behaviour after
cleaning the discs for Weight loss measurement was different, as described in section 4.2.4

and shown in figure (4.10).
5.2.1.2. Hardness below the contact surface.

Measurements of the hardness below the contact surface of the rail disc revealed
maximum hardening at the contact surface. The bulk hardness is reached at about 1.3 mm
below the worn surface. Rolling direction reversal appears to have little effect on the
hardening behaviour of the disc specimens. Figure (5.1) reveals that the hardness profiles

due to the different rolling direction reversal (RDR) regimes are very similar.

-As discussed in section 4.2.2, measurement of the hardness very near to the contact
surface with the indenter parallel to the disc axis proved to be tricky, since the indenter can
cause interlaminar cracking parallel to the contact surface, resulting in an indentation larger
than that representing the actual hardness, figure (5.2a). Figure (5.2b) shows a satisfactory
indentation. To avoid such a condition, hardness was also measured with the indenter
perpendicular to the disc axis. Progressive grinding of the disc track surfacé enabled
hardness measurements at progressive depths. Figure (5.3) shows the hardness profile
below the contact surface of the rail disc of test number 130 measured in both the
directions mentioned above. The profile in both is nearly identical except very near to the
surface, wheré the hardness value measured perpendicular to the disc axis shows a value
lower than that measured parallel to the disc axis at the same depth. This behaviour is due
to the delamination cracking mentioned earlier. Even at deeper indentation locations short
cracks were noticed near the indentation corners in the direction of structure deformation,

figure (5.4). This behaviour will be discussed in more detail below.
5.2.1.3. Formation of wear particles.

The mechanism by which material is lost from the contact surface has been discussed
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in chapter 4. The formation of wear particles or flakes can be explained by the
delamination cracking due to ratchetting. Surface, as well as subsurface, cracks were
noticed at and below the contadt surface, opﬁosite to the direction of traction, parallel to
the deformed structure, as shown in figures (5.5a) and (5.5b). The cracks appear to -
propagate between the laminates parallel to the contact surface. Cracks propagating at
different levels of the laminar structure can join only if they can break through the
laminates perpéndicular to the direction of deformation, as shown in figure (5.6). Figure
(5.7) shows a number of such cracks propagating at different levels of the stacked
structure without jbining, even though they are only few microns apart. Flakes are formed
when a laminate breaks to the contact surface. Debris are formed by these flakes detaching

from the disc surface.

Metallographic sections cut at a tangent to the worn surface show that the cracks
propagate along the laminate borders even when those are corrugated. This is shown in
figure (5.8), which shows .a micrograph of the deformed structure of the rail disc of test
number 130, sectioned parallel to the disc axis, looking down on wear track but on a

section cut at a tangent to it.
5.2.1.4. Wheel disc wear rate. (

Reversal of the rail disc rolling direction appears to have no significant effect on the
wear rate of the wheel disc regardless of the reversal regime. The wear rate of the wheel
disc was always higher than that of the rail. The wear mechanism in this case was
o»dddtive. Prior to cleaning a grey oxide layer, which is easy to remove, was found to
cover the running track of the wheel disc. The number of cycles required to establish
steady state was around 17500 cycles, which is identical to that of the rail disc, see figure
(4.3) in chapter 4. However, neither the steady state behaviour nor the wear mechanism of

the wheel disc appears to be affected by the rail disc rolling direction reversal.
5.2.2. Unidirectional rolling

Test number 130 was run under conditions of unidirectional rolling in order to

establish a reference for comparison with the remainder of the tests.

The wear rate due to unidirectional rolling has been discussed in chapter 4. It has
been shown that the wear behaviour is characterised by a relatively low rate during the first

few thousand cycles before it starts to increase rapidly to reach a constant steady state rate
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which prevails to the end of the test, arbitrarily chosen here to be 40000 revolutions of the
rail disc, see figure (4.3).

 Since the test was conducted under dry conditions, the maximum plastic shear stress
and, as a result, the maximum deformation are expected at the contact surface, as seen in
figure (5.9). The structure very near to the surface is deformed parallel to the rolling
direction. Scanning electron microscopy (SEM) spot analysis on the dark parallel lines seen
below the surface showed that they are stringered manganese sulphide inclusions. The
result of this analysis is shown in figure (5.10). Those flattened inclusions may have an
important role m the structure deformation and crack initiation, as will be discussed later.
The deformed structure just below the contact surface appears as a multi-layer stack of
cementite laminates separated by layers of flattened ferrite. The border between -the
adjacent laminates is a straight line parallel to the contact surface, as seen in figure (5.9).
Indentation in the direction parallel to those laminates showed that they can separate easily,

see figure (5.3a).

Sections parallel to the disc axis, such as that of figure (5.8), show another view of
the deformed structure. It can be noticed that the flake root cracks follow the deformation
lines of the structure. Multi-layered delamination flakes were also noticed at the contact

surface, figure (5.11).

5.2.3. Tests under conditions of single rolling direction reversal
[SRDR] ‘

Three tests were conducted under conditions of different SRDR regimes. The results
of these tests are shown under numbers 124, 128 and 129 of table (3). Under the test
conditions used, it was found that RDRs have a significant effect on the wear rate of the
pearlitic rail steel discs. Figure (5.12) shows a comparison between the different wear rates
obtained under the three different SRDR regimes and that obtained under unidirectional
rolling conditions, plotted as accumulated rail disc weight loss per cycle against number of
cycles rolled. It can be seen that the wear rates were nearly equal before the RDR. Upon
reversal, those rates drop suddenly to a significantly lower level. This is better revealed in
figure (5.13) where rail disc wear is presented as disc weight loss per cycle against number

of rolling cycles.

The behaviour afier the RDR depends on the number of cycles before reversal. If
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reversal is carried out after a relatively low number of cycles, as in test number 129 where
the rolling direction was reversed after the first 2500 cycles, the effect is to lower the wear
rate temporarily, leading to an extension of the period required to establish a steady state
wear rate from around 17500 cycles during the unidirectional rolling, test number 130, to

around 22500 cycles during test 129, as revealed in figure (5.13). On the other hand, if
' RDR is carried out after a higher number of cycles, the wear rate drdps suddenly from the
unidirectional steady state wear level, which is in the range of 15-18 pg/cycle, to a
significantly lower level of around 7 pg/cycle as in test numbers 128 and 124 where

reversal was carried out after 10000 and 20000 cycles, respectively.

It appears from figure (5.13) that the wear rate well after reversal depends mainly on
the number of cycles rolled in the first direction. In test number 128, RDR was carried out
after the first 10000 cycles before continuing the test for another 50000 cycles in the
opposite direction to examine whether the wear rate would recover its pre-reversal level. It

- was found that the minimum weight loss/cycle is achieved directly after the reversal. This
wear rate then starts to increase slowly. However, even after 50000 cycles in the reversed
directioh, the wear rate is barely half way back to its pre-teversal level. On the other hand,
when the rolling direction was reversed after only 2500 cycles before continuing for
another 37500 cycles in the reversed direction, as in test number 129, the wear rate was
lower than that of the unidirectional rolling up to 22500 cycles, after which the wear rate

was at a steady state level, slightly higher than that for the unidirectional condition.

The micrographs of the deformed structures of test number 124, 128 and 128, which
were run under conditions of single RDR after 20000, 10000 and 2500 cycles,
respectively, are shown in figures (5.14a), (5.14b) and (5.14c ). When the initial phase was
20000 cycles and equal to the reversal period, as in figure (5.14a), the deformation shows
some recovery back to an apparently undeformed arrangement. This recovery is
incomplete in spite of the equal number of cycles in each direction. Strain hardening is
thought to hinder full undoing of the deformation by reversal. Similarly, when 10000 cycles
is followed by 30000 cycles in the reversed direction, as in figure (5.14b), the deformation
is confined to a shallow depth below the contact surface. This is further evidence that an
accumulated deformation caused by a certain number of rolling cycles needs a higher
number of cycles in the other direction to realign it. A reversal regime of 2500 cycles

followed by 37500 cycles in the reverse direction, figure (5.14c), shows no trace of
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deformation due to the first 2500 cycles.
 5.2.4. Tests under conditions of multiple rolling direction reversals.

Three tests were conducted under conditions of multiple reversals using three
different reversal regimes. Test numbers 125, 126A and 127A were reversed every 15000,
10000 and 2500 cycles, respectively. The wear rate as accumulated weight loss of the rail
disc due to the different MRDRs is shown in figure (5.15). Figure (5.16) shows the same
wear rates but expressed as weight loss per cycle against number of rolling cycles. It can be
seen that upon thé first reversal the wear behaviour is identical to that obtained under
single RDR of the same cycle interval. The effect of further reversals depends on the cycle
interval. The first reversal in the multiple reversal regime of 15000 cycles per reversal had a
dramatic effect on the weight loss per rolling cycle. However, the effect of the second
reversal, after 30000 cycles, is barely distinguishable. The second reversal during test
number 125, in which the rolling direction was reversed every 10000 cycles, produced a
slight reduction in wear rate followed by a small increase, whereas; the third reversal, at

30000 cycles, showed a higher reduction which was more sustained, figure (5.16).

The average wear rates after the first RDR are nearly equal under the three multiple
reversal regimes, figure (5.16). All of the three multiple reversal regimes used brought

about a significant reduction in the wear rate.

The effect of multiple RDR on the deformation of the microstructure below the
contact surface is shown in figure (5.17a), (5.17b) and (5.17¢) (contrast differences are
due to different amounts of etching during metallographic preparation). Test number
127A, in which the reversal interval was only 2500 cycles, resulted in a complicated wavy
structure adjacent to the worn surface, figure (5.17c). In contrast, the longer cycle interval
of test number 126A produced a deformation pattern similar to that of unidirectional
rolling, figure (5.17a). It is remarkable that such different deformation patterns have such

similar wear rates.

Comparison between the effect of single and multiple reversal on the wear rate under
the 10000 and the 2500 cycle interval regimes is shown in figures (5.18) and (5.19),
respectively. It can be seen that the difference between single and multiple reversal rates

increases as the number of cycles per reversal is reduced.
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5.3. DISCUSSION.

5.3.1. Reliability of results

‘Despite of the extreme care taken during disc cleaning and weighing, the wear rate
data expressed as disc weight loss per rolling cycle against number of rolling cycles in
figures (5.13) and (5.16) show slightly scattered patterns. This scatter is more during the
unidirectional test and tests of a high number of cycles in a certain direction. This
behaviour could be related to the larger flake size and longer pitch between the flakes,
where during cleaning the effect of an extra flake -detaching from the surface will be

significant to the weight loss measurement.
5.3.2. Other factors affecting the wear behaviour

It has been proposed in chapter 4 that, under the test conditions used, ratchetting is
the failure mode by which material is lost from the contact surface of the rail disc

specimen. However, there are other factors which may affect the rate of ratchetting,

Many researchers®™® have shoWn that the strength parameters are not the only
factors affecting the wear rates. Grozier and Bucher® showed that although there is a
good correlation between the wear behaviour and the strength of the material, very little
correlation exists between wear rate and work hardening or wear rate and unidirectional-
axial fracture properties. Clayton(®) showed a good inverse relationship between wear rate
and total plastic strain obtained in a tensile test. These findings may indicate that the wear

rate is a function of many factors including the material composition and microstructure.

During a study of the deformation of pearlitic steels, Langford® described the
deformation as an interlamellar slip, the analogy being a deck of cards, which takes place
when a highly stressed slip system in the ferrite is nééﬂy parallel to the plane of cementite
lamellae. Figure (5.8) shows the deformed structure of the pearlitic rail steel disc near to
the surface layer caused by the unidirectional rolling-sliding motion, and reveals that the
type of deformation prevailing under such conditions becomes like a deck of cards: one
where the deformed structure is parallel to the direction of maximum shear stress. Under
such loading conditions, where the traction coefficient is above 0.25, the surface layer will °
suffer the maximum strain®. This strain falls gradually with the depth below the contact
surface. Although the stress level caused by a certain rolling-sliding loaded contact at any

particular circumferential location in the rail disc is assumed to be constant, it is still
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possible to increase the total plastic strain by cyclic increments™®. This has been shown
in chapter 4 where, after a certain number of unidirectional rolling-sliding cycles, the
accumulated plastic strain exceeds the critical unidirectional plastic strain and fracture
results. This fracture is expected to be within the surface layer of the disc. However,
material deficiencies, such as inclusions, may encourage subsurface cracking similar to

these shown in figure (5.5). Such cracks were also reported by Suh and Jahanmir et al®.

The deformed ‘structure caused by unidirectional rolling and shown in figure (5.9)
appears to exhibit directional properties near the contact surface. Crack pfopagation ina
direction perpendicular to the structure laminates proved to be difficult. Indentation
parallel to the laminates, at a depth of less than 50 um below the contact surface caused
laminar separation cracks, figure (5.2a). Even when the indenter corner was very near to
the free surface, no cracking towards the surface was noticed. The indentation mark shown
in figure (5.2a) revealed that thé indenter caused a separation of a significant width without
the separated layer breaking through to the surface. This can be noticed from the
indentation mark border line nearer to the surface, which indicates that the separation
crack has closed back, but not completely, after releasing the indenter. This directionality
in mechanical properties was also reported by Bucher® during a study of the effect of
inclusions on the brittle fracture of hot rolled steel. Indentation in the bulk material, away
from the deformed structure, showed no evidence of directional properties, as revealed
from the indentation borders and corners Shown in figure (5.2b).

Perez-Unzueta and Beynon(lo)

showed that the wear rate of pearlitic rail steel
decreases with shorter cementite interlameﬂar spacing. Clayton(3) demonstrated a strong
correlation between wear rate of pearlitic steel and the mean free path in ferrite. This path
is defined as the average distance a dislocation can travel in any -direction before
encountering an obstacle, whether a carbide plate or a grain boundary. Shorter
interlamellar spacing leads to a shorter free path in ferrite. During unidirectional rolling.
sliding contact the pearlitic microstructure nearer to the surface is deformed in such a way
that both the carbide lamellae and the grain boundaries are aligned parallel to the contact
surface, as shown in figure (5.9). In this case the unit length in the direction parallel to the
surface contains the minimum number of obstacles facing the mobile dislocation. On the
other hand, perpendicular to the contact surface the obstacle density is a maximum and

increases with shorter interlamellar spacing, as shown schematically in figure (5.20). This
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argument may partially explain the cracking parallel to the contact surface shown in figure
(5.7) where subsurface cracks are propagating at different levels of the laminar structure

without joining, despite the very short distance separating them.
3.3.3 Effect of manganese sulphide inclusions

The manganese sulphide inclusions are thought to be suitable sites for crack initiation
and propagation and, as a result, they could increase the wear rate"'?. The role of these
inclusions in assisting fracture could be éXplained by arguing that since they are known to
be soft inclusions, their strength is less than that of the bulk material. This can result in a
higher localised plastic strain in and around the inclusions. This argument is supported by

(12 who detected such inclusions within a crack.

the work of Krause and Schroelkamp
Bucher® also reported flat voids around the stringered manganese sulphide inclusions in
hot rolled steel sections. Crack initiation at local deformation bands ahead of an inclusion
and due to decohesion of the inclusion-matrix interface have recently been reported for
four-point bending fatigue of rail steels". It should be noted though, that the MnS
inclusion content of the steels used in this work is too low for the wear to be dominated by

such a mechanism, table (3.1).

5.3.4. Effect of strain hardening on deformation morphology and

wear behaviour

Deforming strain hardened materials is easier before they establish their full
hardening. This is evident in figure (4.8) of chapter 4. Krause et al*” reported similar strain
hardening behaviour. This hardening could be the reason behind the structure morphology
caused by a single RDR at half the total number of rolling-sliding cycles and shown in
figure (5.14a). This is a micrograph of the deformed structure of test number 124 which
was run for 20000 cycles in each direction. It can be seen that while the first cycle interval
caused the structure to deform parallel to the rolling direction, the duration of the reversed
cycle interval was not enough fully to reverse the structure deformation to the other
direction. Only that part of structure nearest to the surface, where the shear stress is at a
maximum, is reversed. The single reversal appears to have two effects on the structure
morphology. First, the transition region between the two directions of the deformation
moves down below the contact surface as the ratio between the number of cycles in the

second direction and that of the first increases. Second, recovery of the deformation
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caused by the first rolling interval is also noticed. Figure (5.14) shows the structural
changes below the rail disc surface caused by ‘the three different single reversal regimes of
tests number 124, 128 and 129. A complete reversal of the difection of deformation is
noticed in test number 129 where, compared with the othethwo tests, the ratio of the first

to the second cycle interval is véry low. In this case the deformed structure is very similar
to that of unidirectional rolling shown in figure (4.3), chapter 4. This similarity in the
deformed structure is associated with a nearly similar wear rate nearer to the end of the

two tests, see figure (5.13).
3.3.5 Effect of rolling direction reversal regime
5.3.5.1. Single reversal

‘Among the three single RDR regimes, that of test number 124 in which reversal was
carried out after 20000 cycles,v resulted in the minimum wear rate after 40000 cycles.
According to the maximum unidirectional plastic strain and the free path in ferrite criteria,
such behaviour is expected since reversal appeared to have delayed the critical plastic
strain limit in addition to its effect in reducing the free path in ferrite. On the other hand,
the maximum wear rate is that of test number 129, where the rolling direction was reversed
after the first 2500 cycles. This behaviour is-also expected since the number of rolling
cycles after reversal was enough to recover fully the deformation caused by the first cycle

interv;ﬂ and to accumulate plastic strain in the opposite direction.
4.3.5.2. Multiple reversals

~ The above arguments can be used to explain the wear behaviour under multiple
RDR. The approximately equal wear rates after reversal shown in figure (5.16) could be

related 1o two factors:

a. Multiple RDR can result in reducing the plastic strain accumulated in one

particular rolling direction.

b. Multiple RDR can produce a structure deformation morphology which is more
complicated than that of the single RDR, resulting in additional obstacles to dislocation

movement and leading to a smaller flake size.

Both arguments are supported by figure (5.21) which shows low magnification

scanning electron micrographs of the running track of the three rail discs tested under
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different multiple reversal regimes. It can be noticed that the minimum flake size, figure
(5.21c), corresponds to the multiple RDR regime of minimum number of cycles per

reversal (in this case 2500 cycles per reversal).
5.4 SUMMARY

‘To summarise, under the test conditions used, the mechanism by which rolling
direction reversal reduces the wear rate of pearlitic rail steel is thought to operate as

follows:

It has been shown in chapter 4 that the wear rate is a function of the accumulated
plastic strain and its direction. The strain in this case is dictated by the maximum contact
pressure, the shear yield strength, the hardening bebaviour of the material and the traction
coefficient between the two test discs. The test conditions used during the work presented
. in this chapter have been conducted using matén'al and loading conditions identical to those
of chapter 4 except for the rolling direction. RDR had no effect on the maximum contact
pressure, the shear yield strength or the hardening and traction behaviour. As a result, this
reversal should have no effect on the low cycle fatigue behaviour of the material since this
behaviour is not sensitive to strain direction. In this case the drop in the wear rate due to
RDR reversal cannot be explained in terms of low cycle faﬁgue, whereas it is explicable in
terms’ of ratchetting, Strain accumulated in a certain direction would be expected to be
lower under RDR conditions since upon reversal many cycles will be consumed to undo
the deformation due to the previous rolling direction. In addition, this reversal produces a
complicated structure morphology which hinders the dislocation movement and the

interlamellar slip.
5.5. CONCLUSIONS

1. Under the test conditions used, ratchetting (accumulations of unidirectional plastic

strain) can explain the drop in the wear rate due to rolling direction reversal.

2. Rolling direction reversal proved to have a beneficial effect on the wear rate of

pearlitic rail steel.

3. The morphology of the deformed pearlitic structure plays an important role in the
wear mechanism and wear rate. Multiple reversals ai-short cycle intervals gave the

minimum wear rate.
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4. The mechanism by which wear particles are generated appears to be that of -
delamination caused by accumulated unidirectional plastic strain.

5. Rolling direction reversal of the rail disc has no effect on the wear behaviour of
the wheel disc.
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Test number

Test conditions 124 | 125 | 126a | 1274 | 128 | 1290 | 130
Disc material Top (Rail) BS11
Bottom (Wheel) WSA
Initial surface roughness (Ra,pum)
Rail 037 0.46 0.46 0.51 0.44 039 0.16
Wheel 0.31 0.4 0.44 0.53 041 0.39 0.16
Maximum contact pressure (MPa) 1500
Percentage creepage (%) -1
Orientation of rail disc specimen relative
to the rail section °
Test speed: [Rail-Wheel] (RPM) 406-410
Wear measurement intervals Every 2500 cycles
Total number of cycles 40000 | 40000 | 45000 40000 60000 40000 40000
Reversal regime Single | Multiple | Multiple | Multiple | Single | Single None
Number of cycles/reversal 20000 | 10000 15000 2500 10000 2500 40000
Test environment Dry, air cooled

TABLE (5.1): TEST CONDITIONS.
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Test number
Results 124 125 126A 127A 128 129 130
Total number of cycles 40000 40000 45000 40000 60000 40000 40000
Coefficient of friction 0.370 0.370 0.371 0371 0.370 0.374 0.373
Contact area (mm2) 6.11

Total rail disc weight loss (g):  Rail 0.422 0.287 0.472 0.270 0.559 0.660 0.652
Wheel 1.285 1.022 1.451 1.249 1.562 1.294 1.366

Total rail disc diameter loss (mm): Rail 0.150 0.125 0.180 0.160 0.150 0.150 0.200
Wheel 0.300 0.200 0310 0.230 0.280 0.350 0330

Total rail disc track width gain (mm): Rail | 0.990 0.860 1.100 1.020 0.990 1.050 1.060
Wheel | 0.610 0.670 0.345 0.700 0.760 0.810 0.900

TABLE (5.2): TEST RESULTS




HARDNESS (HV 500 g) kg/mm2

Chapter 5: The effect of rolling direction reversal on the wear rate and wear mechanism of pearlitic rail steel

517
600 —
550 |® o
K
e
500 — g
A
450 —‘mg.
- g-ne @ Unidirectional
@ RDR 20000
400 |— g * o TR S 2000 cyas
.* < 10000 cycles
R g§° A 2500 cycles
P
350 |— Agi‘ﬁ%
S
B ® ‘?%AA
300 [— LR -4 TERIN
eo® a4
B @QQO diﬁﬁﬁﬁﬁﬁi*%
250 |— 98" e
200 ] ! | I 1 I [ I
0.0 0.4 0.8 1.2 16

DEPTH BELOW THE CONTACT SURFACE (mm)

FIGURE (5.1): HARDNESS PROFILES BELOW THE CONTACT SURFACE OF

THE RAIL DISCS AFTER DIFFERENT RDR REGIMES




Chapter S’ The effect o frolling direction reversal on the wear rate and wear mechanism o fpearlitic rail steel

5-18

FIGURE (5 2a): DELAMINATION CRACKING DUE TO INDENTATION NEAR
THE RAIL DISC SURFACE

C'V

FIGURE (5 2b) INDENTATION MARK AWAY FROM THE DEFORMED
STRUCTURE
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FIGURE (5 4) CRACKING CAUSED BY INDENTATIONS AT DIFFERENT

DEPTHS BELOW THE CONTACT SURFACE
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FIGURE (5 5) DELAMINATION CRACKS UNDER UNIDIRECTIONAL
ROLLING CONDITIONS
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FIGURE (5 6): CRACK PROPAGATION THROUGH THE LAMINATES

FIGURE (5 7) CRACK PROPAGATION AT DIFFERENT LEVELS OF THE
STACKED STRUCTURE WITHOUT JOINING TOGETHER
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FIGURE (5.8): DEFORMED STRUCTURE OF THE RAIL DISC AFTER 40000
UNIDIRECTIONAL ROLLING CYCLES (DISC SECTIONED PARALLEL TO THE
DISC AXIS)
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FIGURE (5 9): THE STRAIGHT PARALLEL BORDERS BETWEEN THE
LAMINATES OF THE DEFORMED STRUCTURE BELOW THE CONTACT
SURFACE OF THE RAIL DISC AFTER 40000 UNIDIRECTIONAL CYCLES
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FIGURE (5.10): RESULTS OF THE SEM SPOT ANALYSIS ON THE DARK
LINES SHOWN IN FIGURE (5.9)
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FIGURE (5.11): MULTI-LAYER DELAMINATION OF THE RAIL DISC
SURFACE OF TEST NUMBER 130
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SINGLE ROLLING DIRECTION REVERSAL AT 20000 CYCLES, TEST 12
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FIGURE (5.13): EFFECT OF SINGLE REVERSAL ON THE RAIL
DISC WEIGHT LOSS PER ROLLING CYCLE




Chapter S: The effect o frolling direction reversal on the wear rate and wear mechanism ofpearlitic rail steel

5-28

Traction due t
first direction

(a): REVERSAL AFTER 20000 CYCLES

ITraction due toi
first direction a m

(b): REVERSAL AFTER 10000 CYCLES.

Traction
direction

(c) REVERSAL AFTER 2500 CYCLES

FIGURE (5 14) DEFORMED STRUCTURE OF THE RAIL DISC SURFACE
LAYER CAUSED BY DIFFERENT SINGLE REVERSAL REGIMES
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FIGURE (5 17) STRUCTURE DEFORMATION DUE TO MULTIPLE
ROLLING DIRECTION REVERSAL
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B SINGLE REVERSAL AT 2500 CYCLES
A MULTIPLE REVERSAL EVERY 2500 CYCLES
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FIGURE (5.19): COMPARISON BETWEEN THE EFFECT OF SINGLE AND
MULTIPLE ROLLING DIRECTION REVERSAL UNDER A CYCLE
INTERVAL OF 2500 CYCLES
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FIGURE (5.20): SCHEMATIC REPRESENTATION OF THE LAMELLAR
OBSTACLES FACING THE DISLOCATION MOVEMENT IN A PEARLITIC
DEFORMED STRUCTURE
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15KV 15.9X 7507 126A
(a): 15000 CYCLES PER REVERSAL.

(b); 10000 CYCLES PER REVERSAL.

15KV 15.9X ™ S19H 7509 127A
(c): 2500 CYCLES PER REVERSAL.

FIGURE (5 21): RUNNING TRACK OF THE THREE RAIL DISCS TESTED
UNDER DIFFERENT MULTIPLE REVERSAL REGIMES
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Chapter 6
ROLLING CONTACT FATIGUE OF RAIL STEELS

6.1 INTRODUCTION

As discussed in section 2.2.4 of chapter 2, rolling contact fatigue (RCF) failure can
be either surface or subsurface initiated. Subsurface initiation is often associated with the
presence of non-metallic inclusions in regions of maximum shear stress. Both surface and
subsurface cracks can continue their growth to form either a shell or spall, or to result in
detailed fracture of the rail. It has also been shown that the initiation of RCF cracks is less
understood than their growth™. Since the presence of a liquid lubricant has been found to
be essential for RCF failure to take place, any explanation which does not take the role of
the fluid lubricant in consideration will not be convincing. However, the models in which
the role of lubricant is accounted for, fail to explain the crack initiation. They focus only on

the mechanism of propagating a pre-existing crack from a certain crack length.

6.2. BOWER’S ROLLING CONTACT FATIGUE CRACK PROPAGATION
MECHANISM

The first attempt to produce RCF failure under laboratory conditions is due to
Way®, who was the first to explain crack growth in terms of the liquid Iubricant pushed
inside the crack cavity by the rolling action to generate hydrostatic pressure and cause
mode I stress intensity at the crack tip. This pressurising mechanism has been the basis for
most of the recent models®™. According to these models, the fluid lubricant has one or

more of the following effects on RCF crack propagation.

a. If it enters the crack cavity, the fluid lubricant can be trapped and pressurised to

pull apart the two faces of the crack causing mode I stress intensity at the crack tip.

b. It lubricates the two facesof the crack and, as a result, reduces the coefficient of
friction and allows easier relative motion between the two faces causing mode II stress

intensity at the crack tip.

c. The lubrication effect of the fluid lubricant reduces the coefficient of friction
between the two contacting bodies and, as a result, reduces the surface traction g, which

is a function of the traction coefficient f and the Hertzian pressure py, the three quantities
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are related by®:

9w =fPw C 6.1

Among the different models which explain the role of the fluid lubricant in RCF
crack propagation, Bower’s model® appears to be the most widely accepted. It is basically
an extension of the two dimensional model developed by Keer and Bryant® to include the
effect of the crack face friction. According to Bower’s model, which is schematically
illustrated in figure (6.1), the crack is pulled open by the load just before the load reaches
the crack mouth and, as a result, the liquid lubricant enters the crack cavity by capillary
action, figure (6.1a). As the load approaches the crack mouth, the fluid inside the crack
cavity is trapped by the contact area sealing the crack mouth and by the load closing the
upper part of the crack, figure (6.1b). However, since the fluid is reasonably assumed to be
incompressible, part of the crack will remain open by the action of the pressure inside the
crack cavity. As the lbad moves further, the fluid is pushed towards the crack tip while its
pressure rises to balance the hydrostatic pressure due to the applied load. This pressure
causes mode I stress intensity at the crack tip, figure (6.1c). When the pressure inside the
crack cavity exceeds the contact pressure around the crack mouth, the crack opens to
allow some of the pressurised liquid to escape keeping the two faces of the crack apart and
allowing relative motion between them. This relative motion causes mode II crack

propagation, figure (6.1d).

Using this model, Bower calculated the mode I and II stress intensities in the form of
a cyéle, repeated every time the load passes over the assumed crack. Different conditions
and various crack face friction coefficients were tried. A typical result for the mode II

stress intensity of the crack shown in figure (6.'2a) is illustrated in figure (6.2b).
Bower’s model is based on the following assumptions:

a. The initial crack is sufficiently large for linear elastic fracture mechanics to be

applied.
b. The coefficient of friction betweén the two lubricated faces of thg crack is 0.1.
The main limitations of the model can be summarised by the following:
i. It ignores the initiation stage of cracking.

ii. It does not predict the crack direction and/or rate of propagation.
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iii, It fails to explain the crack branching or change in direction of propagation.
iv. It cannot explain the propagation of subsurface initiated RCF cracks.

- Despite these limitations, and in the absence of other reliable models, Bower’s model
remains the most attractive to explain the role of lubricant in RCF failure. Researchers have
* been trying to extend the model beyond these limitations. Recently, Cheng et al® have
studied the initiation stage of RCF cracking. Using a micromechanics model of dislocation
pile-up, they have shown that crack initiation does not require the presence of a liquid
lubricant and that surface initiation starts at lower dislocation density compared with
subsurface initiation. Bold and Brown"” have tried to add a branching criterion to the
modél. They have conducted biaxial fatigue tests on cruciform specimens by applying a
sequential ‘stress cycle of mode I followed by mode II, as suggested by Bower and
illustrated in figure (6.3). They found that the combination of mode I and II loading did
prdduce coplanar crack growth, 7.e. growth which was both perpendicular to the maximum
tensile stress of the first part of the cycle (mode I) and in the direction of maximum shear
stress for the subsequent mode II part of the overall cycle. The direction of growth was
found to depend on the ratio between the mode I and mode II stress intensities. If the
mode I stress intensity range dropped below about one-half of the mode II intensity range,

then branch crack growth occurred.

Bower’s model implies that the crack would not grow if the rolling direction is
reversed. Upon reversal the crack tip enters the Hertzian pressure region before the mouth,
leading to the gradual closure of the crack cavity starting from the tip. In this case no fluid
will be pressurised inside the crack cavity. Instead, even the fluid which has entered the
cavity during the first direction will be expelled and mode I propagation will be disabled.
Furthermore, upon further cycling, the two faces of the crack will lose the lubrication
effect of the fluid, resulting in disablihg mode TI propagation. Disabling both mode I and II
will prevent crack propagation. This implication, which has been theoretically concluded by
Bower'”, will be investigated in chapter 7, where the effect of rolling direction reversal on
rolling contact fatigue will be studied. However, before considering rolling direction

reversal, the unidirectional RCF behaviour needs to be considered.

6.3. PERFORMANCE OF BS11 AND MILL HEAT TREATED STEELS
UNDER ROLLING CONTACT FATIGUE CONDITIONS

In the following sections, the behaviour of both BS11 and Mill Heat Treated (MHT)




Chapter 6: Rolling contact fatigue of i rail steel

6-4

steels under rolling contact fatigue conditions will be investigated. The aim of this
investigation is to determine the fatigue lives of these steels under unidirectional rolling-
sliding conditions. Due to the difficulties in defining RCF life under these conditions,
discussed in section 2.4.3 of chapter 2, RCF life will be defined as the number of iolling-
sliding cycles required to initiate and propagate a RCF crack deep enough to trigger a pre-
set alarm level on the eddy current flow detection system described in section 3.1. This
alarm level has been set by using a calibration disc, in which an artificial crack has been
spark eroded to a certain depth below the contact surface, at 45° to the disc surface, in the

direction of load movement.
6.3.1. Test conditions

General test conditions have been discussed in section 3.4. Other conditions are
summarised in table (6.1). Both BS11 'énd MHT rail steels havek been tested against W8A
wheel steel discs under the two maximum contact pressures, 1200 and 1500 +5MPa, used
during this project and calculated using equation 2.18. All tests were conducted under a
rail disc creepage of -1::0.01%, equation 3.1. Orientation of rail discs was those shown in
table (6.1). BS11 rail discs were machined with their axes parallel to the long axis of the
rail. MHT rail discs were machined‘ using two different orientations, as shown in table
(6.1). As shown in figure (3.9), the hardness varies across the MHT steel rail head. As a
result the orientation shown under test numbers 154 and 149 resulted in discs with varying
hardness at different circumferential locations of the disc track. Using this orientation may
not represent the contact conditions experienced in the field by the MHT rail, where the
rail surface has the maximum hardness, which is relatively uniform within the zone
affected by the contact stresses. The aim of studying the RCF life using such an orientation
was to establish a reference fatigue life to be utilised when the effect of initial damage, -
caused by dry cycling, will be investigated. This investigation will be the subject of the
chapter 8.

6.3.2. Test results and discussion

Table (6.2) summarises the test results. Crack dimensions are reported as maximum
crack depth below the contact surface and maximum length. Wear of the test discs is
presented as total disc weight loss as well as total loss.in disc diameter. Track width gain is
also reported. The maximum crack depth should be equal since the same failure criterion

(i.e., eddy current trip level) has been used during all the tests. However, the values shown
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in table (6.2) shows some scatter. This could be explained by arguing that RCF crack
propagates below the surface with a elliptical tip” of a relatively small radius. To reveal
the maximum crack depth/length, sectioning must be made at the centre of the crack,
otherwise only part of the crack can be seen in the section. The width of the crack at the
~ disc surface is normally less than 2 mm and the width of the tip is expected to be less. With
these small crack dimensions it becomes difficult to ensure sectioning exactly at the crack

centre. This argument is schematically illustrated in figure (6.4)

Before discussing the RCF behaviour of each steel, there are common features

noticed in all tests. These are discussed below.
6.3.2.1. Common features
a. Behaviour of traction coefficient

The traction coefficient, which was monitored throughout each test, was
characterised by a sharp rise at the start of the test to reach about 0.06 before the rising
rate decelerated. It reached a maximum value of about 0.15 to 0.2 after a certain number
of cycles. This number has been found to vary during different tests. After reaching its
maximum value, the traction coefficient gradually dfops again. After about 10000 cycles it
starts to rise again slowly but steadily to reach another maximum, ‘which is lower than the
first one, after about 25000 cycles. Figure - (6.5) shows the overall behaviour of traction
coefficient until the end of test number 164 as a function of rolling-sliding cycles, whereas
figure (6.6) shows the traction coefficient during the initial stages of the test. This type of
behaviour, which has been observed by others™"'?makes it difficult to report a single value

to represent the traction coefficient during the test. Instead, two values are reported in

table (6.2), the maximum and the end-of-test.
b. Crack location.

Crack location relative to the disc running track is reported as the location of the
maximum eddy current signal relative to the disc edge near the drive shaft. In all tests,
maximum cracking was found in the midsection of the track. The same observation has
been reported by Garnham™, and could be related to the drop of the contact stresses at
the disc edges. The cracked area has been found to be associated with undulations in the
roundness profile recorded after each test. Figure (6.7) shows a comparison between the

original and after-test roundness profiles of test number 164 as an example of such
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undulations. It is difficult to identify whether these undulations are a cause or a
consequence of RCF cracking. However, if they are formed before crack initiation they
could cause high localised contact stresses as suggesfed by Cheng et al’®, who studied the
initiation of RCF cracks near transverse furrows, introduced to the test discs by electric
discharge machining. They showed that the rise in the local contact pressure at the

furrows’ edges can be much higher than the overall maximum contact pressure.
¢. Maximum strain hardening

The traction coefficient between the two discs dictates the location of the maximum
orthogonal shear stress and, as a result, the location of maximum strain hardening™.
Traction coefficients of less than 0.25 cause subsurface strain hardening. Table (6.2) shows
that the maximum traction coefficient during these tests did not exceed 0.25. Even if this
happens, it is only for a short period, compared with the overall number of cycles of the
test. Figure (6.8) shows the hardness profile below the contact surface of the BS11 rail
disc of test 114, as an example of subsurface maximum strain hardening, where the

maximum hardness is at about 0.25 mm below the contact surface.
e. Wear and plastic deformation

Since tests were run non-stop until failure, it was not possible to monitor the wear
behaviour with number of rolling-sliding cycles. The end-of-test weight loss reported in
table (6.2) may not be a good measure of the wear rate since it corresponds to different
numbers of rolling-sliding cycles. However, the plastic flow in the form of lips at the edges
of the disc, also reported in table (6.2) as disc track width gain, shows that despite the
higher number of cycles, the MHT discs showed less deformation compared to the BS11
discs tested under the same loading conditions. This was expécted, since the shear yield
strength of the MHT steel, which is a function of the yield strength in tension, is much
higher, as shown in table (3.1) of chapter 3.

6.3.2.2. Rolling contact fatigue (RCF) of BS11 rail steel

Under a maximum contact pressure of 1500 MPa the fatigue life of the BS11 rail
steel was 37422 cycles, whereas this life was 96879 cycles under a maximum contact
pressure of 1200 MPa. The morphology of the crack which triggered the eddy current
detection system during test number 114, tested under 1500 MPa contact pressure, is

shown unetched in figure (6.9). The crack propagated in the direction of load movement,
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opposite to the direction of traction, in a straight fashion, parallel to the deformed
structure. It also branched upwards in many locations to form branched cracks
perpendicular to the main crack. A close-up ﬁew of part of the crack is shown in figure
(6.10). It reveals that the main crack prefers to propagate in the softer (ferrite) phase of
the structure, either in the elongated ferrite islands or between the stacked cementite
layers. The softer ferrite phase is expected to demonstrate lower tensile/shear strength,
According to the propagation mechanism proposed by Bower® and discussed earlier,
crack propagation is due to both mode I and II intensities. Lower tensile strength will ease
mode I crack propagation, whereas lower shear strength will result in easier moFle It
propagation. Furthermore, the hard cementite layers act as obstacles to crack
propagation’®. This argument has been discussed in section 5.3.2 and illustrated in figure
(5.20).

The difference between the main and branch cracks in their morphology and
propagation angle may indicate that they are due to two different propagation modes, as
discussed in section 3.1 and suggested by Bold et al"®. Figure (6.11) shows the crack
caused by 1200 MPa maximum contact pressure. The morphology of the crack in general
is similar to that caused by 1500 MPa, shown in figure (6.9). The initiation of the main
crack under both loads zippears to be on the surface. This is in agreement with the work of
Cheng et al® who have shown that surface crack initiation starts at lower dislocation
densiiy compared with subsurface initiation. This may be supported by the subsurface
crack shown in figure (6.12). This crack appears to have initiated from the edge of a
stringered manganese sulphide inclusion in the rail disc of test number 144. Despite the
presence of the inclusion this crack is still much smaller compared with the surface initiated
crack which has caused the faﬂure. This may suggest that the surface crack has initiated at

an earlier stage.

Despite the similarity in the crack morphology under the two loads, the following

differences are worth mentioning.

i. The crack angle, measured between the contact surface and the main crack, was
wider under the lower contact pressure. It has been shown earlier that a crack prefers to
propagate in the direction of the deformed structure lines which are at a wider angle under

lower loads.
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ii. The crack mouth opening, revealed after sectioning, is larger under the higher'

load.
6.3.2.3. RCF of MHT rail steel

MHT rail steel has been tested using two different disc orientations. Discs machined

~ with their axes parallel to the long axis of the rail have been tested under 1200 and 1500

MPa, test numbers 154 and 149, while the rail disc used in test number 164 was machined

with its axis perpendicular to the rail surface. This was done in order to establish reference

RCF lives to be used during the part of the project in which the effect of initial dry cycling
on RCF will be studied, this will be discussed in chapter 8.

As seen in table (6.2), MHT rail steel showed better resistance to RCF under both
the loads. The disc orientation relative to the rail section during fests numbers 154 and 164
resulted in varying strengths at different circumferential locations of the disc, see table
(6.1) and figure (3.9). This may not represent the field contact conditions where only a
shallow depth below the rail surface is subjected to the contact stresses. However, the
minimum hardness of the MHT rail disc remained higher than the hardness of the BS11.
This may explain the general trend of higher RCF life for the MHT steel. The same

observation has been reported by others”.

Unlike the straight main crack with upward branches observed in BS11 rail steel,
RCF cracks of MHT rail steel are characterised by a network of cracks. It is difficult to
define which is a main crack and which is a branch. Figure (6.13) shows the deepest crack
found in the MHT rail disc of test 149, The specimen has been slightly etched to improve
the visibility of the cracks and to reveal some of the microstructural features. Despite the
high contact pressure, the deformation is confined to a very shallow depth, about 30 um
below the contact surface. This may explain the formation of a network, rather than a main
crack parallel to the deformed structure. The absence of the stacked lamellar structure with
a preferential propagation between the laminates, seen in the BS11 deformed structure in
figure (6.9), causes the crack to take other directions. Furthermore, the pearlitic structure
of the MHT steel is very fine compared with that of the BS11. As a result, the obstacles to

“crack propagation are not as aligned as in the deformed BS11 structure.

A reasonable comparison between the RCF lives of BS11 and MHT rail steels can be
concluded from tests 114 and 164. Both were conducted under a maximum contact

pressure of 1500 MPa. In addition, the orientation of the discs in both the tests represents
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the field conditions more accurately. A simple comparison shows that, under the test

conditions, the RCF life of MHT rail steel was almost 1.75 times that of the BS11.
- 6.4. CONCLUSIONS
i. Mill Heat Treated (MHT) rail steel resists RCF more than the BS11 rail steel.

ii. In addition to the material strength parameters used in most of the mechanisms by
which RCF crack propagation is explained, the structural features play an important role in

crack propagation,

iii. In the absence of other mechanisms by which RCF crack initiation can be
explained, the micromechanics model of Cheng et al® in which the presence of a liquid

lubricant is not essential for RCF initiation may be accepted.

iii. The morphologies of RCF cracks in BS11 and MHT rail steels are different. This
could be related to the different strength and structural parameters. Crack propagation is
easier parallel to the laminates of the deformed BS11 steel structure. This conclusion could
be confirmed by conducting RCF tests under conditions of rolling direction reversal to

obtain a structure which is less aligned than that obtained during unidirectional rolling.

iv. In addition, rolling direction reversal may give a reliable method to investigate
experimentally one of the implications of Bower’s model® which predicts that an existing
crack will cease propagation upon reversing the direction of rolling. Such an investigation

will be ;Sresented in chapter 7.
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Test Number

Test Conditions 114 144 154 164 149

Disc material Rail BS1® BS11 MHT MHT MHT

wheel W8A® WSA WBA WSA WSA
Maximum contact pressure, eq. 2.18  (MPa) 1500 1200 1500 1500 1200
Percentage creepage, eq. 3.1 (%) -1
Test speed (RPM) Rail/Wheel 402/406
Initial surface roughness (Ra, pm) Rail/Wheel 0.38/0.39 _ 0.44/0.47 _ 0.19/0.27 _ 0.26/0.32 _ 0.29/0.37
Lubrication Water, one drip per second
Orientation of rail disc specimens in relation to (R
rail section ®

@- For mechanical properties and chemical composition see table (3.1) in chapter 3.
®: The orientation of the wheel disc specimen in relation to the wheel rim is the same for all tests, see figure (3.7a).

TABLE (6.1): TEST CONDITIONS
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Test number
Test results 114 144 154 164 149
Number of cycles to failure (cycles) 37422 96879 59623 64347 230263
Crack location (mm from the disc edge nearer 3.7 56 4.6 55 42
to the drive shaft)
Maximum crack length (um) 586 550 550 630 915
Maximum crack depth (um) 600 320 260 340 420
Traction coefficient, Maximum 0.137 0.161 0.167 0.162 0.204
End-of-test 0.112 0.115 0.125 0.112 0.104
Total weight loss  (g) Rail 0.0547 0.1070 0.0636 0.0665 0.1100
Wheel 0.0101 0.0247 0.1247 0.0806 0.1192
Diameter loss (mm) Rail 0.025 0.015 0.005 0.005 0.015
Wheel 0.005 0.010 0.025 0.020 0.015
Track width gain (mm) Rail 0.18 0.16 0.05 0.07 0.03
Wheel 0.11 0.02 0.03 0.16 0.06

TABLE (6.2): TEST RESULTS
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FIGURE (6.1): SCHEMATIC REPRESENTATION OF CRACK PROPAGATION BY THE ENTRAPPED FLUID MECHANISM (AFTER
BOWER™)
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FIGURE (6.2): THE MODE II STRESS INTENSITY CYCLE FOR THE CRACK
SHOWN IN (a) ABOVE, UNDER LUBRICATED ROLLING-SLIDING CONDITIONS
(AFTER BOWER?)

(Crack face friction coefficient = 0.25, B = 25°, q./p, =0.05, c/a = 0.5)
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FIGURE (6.3): THE SEQUENTIAL MODE I AND MODE II STRESS CYCLE
USED BY BOLD et al ™ TO PRODUCE COPLANAR CRACK GROWTH
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FIGURE (6.4): SCHEMATIC REPRESENTATION OF THE EFFECT OF OFF-
CENTRE SECTIONING ON MEASURED CRACK DIMENSIONS
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FIGURE (6.5): TRACTION COEFFICIENT AS A FUNCTION OF NUMBER OF
CYCLES, TEST NUMBER 164
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FIGURE (6.6): TRACTION DURING THE INITIAL STAGES OF ROLLING-
SLIDING, TEST NUMBER 164
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FIGURE (6.7): ROUNDNESS PROFILE UNDULATIONS IN THE REGION OF
RCF CRACKING, TEST NUMBER 164
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FIGURE (6.8): HARDNESS PROFILE BELOW THE CONTACT SURFACE OF
THE BS11 RAIL DISC, TEST NUMBER 114
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FIGURE (6 9): RCF CRACK OF BSI1 RAIL STEEL DISC TESTED UNDER A
MAXIMUM CONTACT PRESSURE OF 1500 MPa, TEST NUMBER 114

FIGURE (6 10): RCF PROPAGATION THROUGH THE SOFT FERRITE
PHASE, TEST NUMBER 114
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FIGURE (6 11): RCF CRACK OF BSI11 RAIL STEEL DISC TESTED UNDER A
MAXIMUM CONTACT PRESSURE OF 1200 MPa, TEST NUMBER 144

1"

FIGURE (6 12): SUBSURFACE CRACK INITIATED FROM THE EDGE OF A
STRINGERED MANGANESE SULPHIDE INCLUSION, TEST NUMBER 144
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FIGURE (6 13) RCF CRACKING IN MHT RAIL STEEL, TEST NUMBER 149
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Chapter 7

THE EFFECT OF ROLLING DIRECTION REVERSAL ON
FATIGUE CRACK MORPHOLOGY AND PROPAGATION

7.1. INTRODUCTION

- It has been suggested in section 6.4 of chapter 6 that rolling direction reversal [RDR]
could be a reliable test method to confirm that, in additiqn to the strength parameters, the -
structural features play an important role in dictating the cracking morphology in RCF. At
the same time, RDR gives the opportunity to investigate the possibility of the RCF crack
ceasing its propagation once the rolling direction is revérsed, as suggested by Way and

analysed by Bower’s entrapped fluid mechanism of RCF crack propagation®.

The general test procedure was that discussed in section 3.4, and the reversal
procedure was as ‘described in section 5.1. Test conditions are shown in table (7.1). The
non-dimensional term 'reversal factor' is used during this work to define the regime of

rolling direction reversal for the rail disc and is defined by:
=— 7.1

where C, is the number of rolling cycles per reversal, and L, is the number of rolling cycles
to cause RCF failure in a unidirectional rolling test under the same conditions of load and

creepage.

The work presented in this chap’tér has been the subject of a paper published in
TRIBOLOGY INTERNATIONAL, 24, (1994), 273-282, and can be found in appendix 3. -

7.2. RESULTS

A summary of the test results is shown in table (7.2). The non-dimensional term 'life
factor' is introduced to evaluate the change in RCF life under conditions of different
reversal factors. It is defined as the ratio of fatigue life due to any reversal regime and that
due to unidirectional rolling. A life factor of more than unity means an increase in the RCF

life, over that obtained in the unidirectional test, and vice versa.

Crack location is the distance of the maximum signal from the track edge nearest to

its drive shaft. Crack dimensions are reported for all cracks over 180 microns deep and are
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presented as average values, except for the crack length, where the maximum length is also
presented. Tﬁe' term 'crack direction competjtion factor' [CDC factor] is introduced to
evaluate the direction for the crack propagation. It is defined as the ratio between crack
depth, measured radially from the track surface, and the crack circumferential length
measured parallel to the surface between the mouth and the tip of the crack, as illustrated
in figure (7.1). This method of reporting the crack morphology was preferred since it takes

into consideration the crack branching and changing direction.

The behaviour of traction coefficient was not affected by RDR. It was similar to that

obtained under unidirectional rolling and discussed in section 6.3.2.1 of chapter 6.

The eﬂ‘éct of rolling direction reversal on the RCF life of pearlitic rail steel is shown
in figure (7.2), in which the reversal regime is represented by the reversal factor, and the
change in RCF life by the life factor. It caﬁ'be seen from the plbt that any reversal regime
has a beneficial effect on the RCF life of pearlitic rail steel. This effect ranges from +10.5%
for a reversal factor of 0.75 to +87% for 0.267. The maximum RCF life improvement

appears to be achieved between reversal factors of 0.267 and 0.375.

The relationship between the life factor and the crack direction competition [CDC]
factor is shown in figure (7.3). Although the data are scattered, they still show a trend of
higher life factor with higher CDC factor.

Figure (7.4) shows the relationship between the reversal factor and the CDC factor,
where it can be seen that the CDC factor is at its maximum value when the reversal factor
is between 0.267 and 0.375. Superimposing this relationship on that between life factor
and reversal factor shows that the optimum life factor and the maximum CDC factor are

coincident and» obtained under the same reversal factor.

Optical microscopy of sections perpendicular to the rotation axis of the disc through
the crack face reveals different crack morphologies under different reversal regimes. RCF
cracks in the rail specimen run unidirectionally in test number 114 have been discussed in
chapter 6. The crack which resulted in the maximum signal on the detection system has
been shown in figure (6.10). For easier comparison with other cracks obtained under

reversal conditions, figure (6.10) is shown again in figure (7.5).

Unlike the straight cracks in the disc tested unidirectionally, the cracks in the
specimen run under a reversal factor of 0.267 (10000 cycles/reversal), which gave the

maximum life factor during test number 115, are of a quite different morphology. They can
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be classified into two types: first the 'branched' type, which is characterised by a primary
crack propagating to a shallow depth below the contact surface before it diverts its
direction to the opposite sense. It then branches parallel to the initial direction to produce a
two branch crack as shown in figures (7.6a) and (7.6b). The second type is the 'double’
cracking type, which is characterised by two cracks of different initiation points and of
opposite sense of directions, as shown in figure (7.7). The angle between the two cracks is

very close to that between the two branches of the branched type.

Figure (7.8) shows a crack of the branched type, with a longer primary crack, found
in the rail test disc of test number 116 which was conducted under a reversal factor of 0.5
(18711 cycles/reversal). Cracks in test discs run under a reversal factor of 0.053, which
represents the lowest reversal factor used and corresponds to 2000 cycles/reversal, were
similar to those of the unidirectional test number 114, except that the crack line is slightly
wavy, as shown in figure (7.9). All cracks studied during the present work were observed
1o oﬁginate from either a pit or a flake root. A summary of the different crack
morphologies under conditions of different reversal factors is schematically represented in
figure (7.10), which shows a braking elastic half space subjected to a driving load travelling
in the x-y plane in the direction of the box arrows. p(x) and g(x) are the pressure and
traction distributions, respectively, at .a distance x from the centre of the contact. The
arrows within the half space represent the direction of load movement under which the

marked portion of the crack has propagated.

The relationship between the microhardness and the depth below the contact surface
for the rail discs is shown in figure (7.11). It appears that reversal has no effect on the
depth or magriitude of maximum hardening. Kopaliisky and Oxley™ showed that strain
hardening is a function of the effective strain rather than the unidirectional strain. It seems
that the number of rolling cycles during any of the tests was enough to cause maximum
hardening. This is in agreement with the suggestion that most strain hardening takes place

during the initial stages of the rolling-sliding process™®.

Wear rates were measuréd at the end of each test and reported as weight loss/cycle.
Similarly, diameter loss and track width gain are also presented. No significant trend could
be found between reversal factor and these values since the total weight loss was negligible
in all tests, between 0.035 and 0.055 g. ‘ '
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7.3. DISCUSSION

- The results presented in the previous section suggest that rolling direction reversal
has a beneficial effect on RCF life of pearlitic rail steel. They also indicate that reversal
affects the morphology of RCF cracking.

Several researchers have indicated similar effects®®. Fujita et al® carried out oil
lubricated rolling direction reversal experiments on carbon steel under a reversal regime of
just a single reversal after varying number of cycles and reported significant improvements
in RCF life.

Ichinose et al” also indicated an extended fatigue life and suggested that if the rolling

direction is reversed the cracks formed in the primary direction cease to propagate.

The mechanism by which the rolling direction reversal improves the RCF life may be
better understood if'it is possible to understand the effect of reversal on crack propagation.
Crack propagation in unidirectional rolling has been the subject of considerable attention
by researchers using the theory of fracture mechanics to study the stress field around the
tip of a propagating RCF crack®D, This has been discussed in chapter 6, where it has
been shown that, if the rolling direction is reversed, the crack tip enters the contact
pressure zone between the two discs before the mouth. In this case no fluid is expected to
be trapped since the crack cavity is gradually closed starting from the crack tip, while the
crack mouth is still open. As a result-the RCF crack formed in the preceding rolling
direction is not expected to propagate in mode I when the rolling direction is reversed.
Similarly, in the absence of the lubricant, the compressive load will increase the frictional

force between the two faces of the crack and will reduce the mode II propagation.

The implication of Bower's analysis® was that the primary RCF crack would not
divert or branch upon reversal of the rolling direction, nor would it grow significantly
during the revérsal period. In the present work, cracks have clearly demonstrated that they
branch and continue to grow in a different direction to the primary crack during the

reversal.

RCF cracks propagate in the braking part of rolling/sliding system in a 'preferential
direction' which is the direction of the driving load movement as shown in figure (7.12).

Upon reversal, many parameters in the stress cycle are affected.




Chapter 7: The effect of rolling direction reversal on rolling fatigue crack morphology and propagation

7-5

7.3.1. The Variable Crack Face Friction Mechanisin

" The following descriptive mechanism is proposed to explain the crack propagation
under rolling direction reversal conditions and will be referred to as The Variable Crack
Face Friction Mechanism. No attempt will be made to explain the initiation or early

propagation of the primary crack.

First, it is assumed that the primary crack propagates in the direction of load
movement to a certain length during a certain cycle interval. Upon reversing the rolling
direction, the crack tip will start to ehter the Hertzain pressure dominated area before the
mouth, leading to the gradual closure of the crack sta;‘ting from the tip. The coefficient of
the friction between the crack faces is expected to be at its maximum value nearest to the
cfack tip and to decrease gradually towards the crack mouth. Lower crack face fiiction

nearer to the crack mouth can be explained by one or more of the following arguments:

i. The lubrication effect of the residual fluid which is assumed to have entered the

crack during the preceding rolling direction cycles.

ii. Reduction of crack face surface roughness due to the plastic deformation of the
crack faces caused by the rubbing action. Such a rubbing action was reported by Ichinose

et al.?

iii. The chemical changes of the crack surfaces caused by the exposure to the
environment, notably oxidation. The role of oxidation in reducing the coefficient of
friction, and subsequently the torque between the two discs during the running-in period,
has been mentioned earlier in section 4.3.4. A similar effect of oxidation between the two

faces of the crack has been reported by Kalousek®?.

It is expected that the maximum effect of these actions will be in that part of the
crack which is nearest to the mouth, since it is this part of the crack which has been
subjected to a higher number of rolling cycles, is nearer to the surrounding environment
and has a wider opening. This leads to the conclusion that freedom of the crack faces to
slide relative to each other decreases with distance from the crack mouth. As a result, at a
certain distance from the crack mouth, the crack is expected to lock up, and mode II
propagation can no longer operate at the crack tip. The point of the crack corresponding
to this lock up will be subjected to tensile stresses in a plane perpendicular to the direction

of the relative motion between the two surfaces. This type of loading causes the crack to
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branch from that point and to start propagation by mode I. This argument is supported by
the, work of Smith®®, who tried to propagate mode Il cracks while they were under
compressive loading and found that under such conditions the crack branches to propagate

in mode L.

In modelling the mechanism by which RCF cracks propagate, most workers assume
a constant coefficient of fiiction over the whole crack length®*'V. They also show that
mode I crack propagation is very sensitive to crack face friction. Smith"® suggested that
crack face friction is the main reason for mode II crack branching and that friction can lock
up the crack tip and reduce the difference in mode II stress intensity factor (AKy) to zero.
Under such conditions, mode II crack growth will be arrested. If a mode II crack is
arrested by fiction, it would start to grow again only if a much higher load is applied after it
had branched to mode 1*®, This may partially explain the improvément in life factor if the

rolling direction is reversed.

The question remains as to how a particular reversal regime results in maximum RCF
life. The effect of rolling direction reversal on crack initiation is beyond the scope of the
present work and no attempt will be made to discuss this effect. Instead discussion will be
focused on the effect of three reversal regimes on the RCF life according to the variable
crack face friction mechanism. Tests with reversal factor of 0.053 and 0.5 represent two

regimes below and above the optimum reversal factor of 0.267.
a. Reversal under a reversal factor of 0.053 (test number 121).

The crack morphology in this case is shown in figure (7.9) and schematically
represented in figure (7.10b). Comparing this morphology with that of the unidirectional
rolling crack of figure (7.5) reveals that the crack of the 0.053 reversal factor is not as
straight as that of unidirectional rolling. It is suggested that the wavy shape of the crack in
this case is due to the rolling direction reversal. According to the proposed crack
propagation mechanism, the short reversal intervals were not enough to cause complete
crack direction inversion or branching. Instead, it seems that the cycle reversal was being
carried out just after the beginning of the crack direction diversion. These small diversions
which are schematically shown in figure (7.10b), should slightly increase the angle of the
crack to the free surface. However, the angle in this case is found to be slightly less than
that of the unidirectional case shown in figure (7.10a). This behaviour can be explained by

arguing that RCF crack observed under unidirectional rolling conditions do not keep an
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exact prevailing propagation angle. This angle can vary slightly for tests conducted under

the same conditions due to material microstructural heterogeneities.

The improvement in life factor in this case could be related to the arrest of mode II
propagation by crack face friction during vthe cycle interval when the direction of the crack

_ is opposite to that of the load movement. This action is supported by the work of Smith®®,
which has been mentioned earlier. The evidence clarifying crack propagation under a

regime of reversals becomes clearer at larger reversal factors, as will now be discussed.
b. Reversal under a reversal factor of 0.267 (test number 115)

Figures (7.6) and (7.10c) show the crack of the maximum life factor, caused by a
reversal factor of 0.267, which corresponds to 10000 cycles/reversal. It can be seen that
the cracks in both the micrographs of figure (7.6) are of nearly an identical geometry. Each
has diverted its direction by nearly 90 degrees in relation to the primary crack and then
branched later in a direction parallel to the primary crack. This diversion and branching is
thought to be caused by crack face friction variations as described earlier. The angle
between the secondary branches and the free surface is bigger than that of the
unidirectional crack shown in figure (7.5). The improvement in life factor in this case is

_ greater than with a reversal factor of 0.053. In addition to the arrest of mode II
propagation mentioned in @ above, the large angle between the crack and the free surfaée
also reduces both mode I and II stress intensities®'V. It seems that the cycle interval in
this case was long enough to divert the crack in the first reversal after the crack initiation
and branch it during the next reversal from a point nearer to the surface than the tip of the
original crack. This branching point corresponds to the onset of the crack lock up where
tensile stresses encourage branching under mode I. The hew branch will consume a

proportion of the cycle interval to merely reach the depth of the main crack (figure 7.10c)).

The argument that RCF cracks such as those shown in figure (7.6) are hard to
propagate and that rolling direction reversal arrests the cracks formed during a previous
opposite rolling direction, is supported by the cracking morphology shown in figure (7.7)
which shows two cracks of nearly the same angle to the surface but of opposite direction.
This morphology suggeéts that only one crack - which is in the direction of load movement
- is propagating during each cycle interval. If this were the only mechanism, such a
cracking morphology should result in a life factor of 2. Figure (7.2) shows that at the
optimum reversal factor between 0.267 and 0.375 this factor of 2 is almost reached,
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indicating that there is little propagation of cracks which are not favourably oriented to the
prevailing loading direction. This must apply whether the cracks are branching, as in figure
(7.10 ¢l & c2), or growing separately, as in figure (7.10 ¢3).

c. Reversal under a reversal factor of 0.5 (test number 116)

Figure (7.8) is a micrograph and figure (7.10d) a schematic representation of the
cracking of a rail specimen tested under a reversal factor of 0.5, which corresponds to a
change in rolling direction every 18711 cycles. It is noticed that the primary crack has
propagated to a relatively deeper distance as a unidirectional RCF crack before it starts to
branch from the tip. The large bfanch seen above the tip is not expected to be due to
reversal. It may have taken place in a similar mechanism to that of the unidirectional crack
branching shown in figure (7.5), since in both cases the branching is upwards. In addition,
such a branch may cause a pit rather tha;l a transverse defect. The branch at the tip is
expected fo be caused by the reversal. However, it seems that the cycle interval in this case
was long enough to propagate the crack almost to failure. The failure appears to have been
delayed by the reversal which, according to the proposed mechanism, arrested mode I
propagation by the high friction at the crack tip before leading to mode I propagation. This
may explain why the improvement in life factor in this case is not as large as for the

optimum reversal strategy.
7.4. SUMMARY

To summarise, the different mechanisms by which RCF crack propagation is
explained®*'® were found to be unable to predict the type of crack morphology and

propagation prevailing under conditions of repeated rolling direction reversal.

The proposed variable crack face friction mechanism, discussed in part 3 above,
predicts crack branching or vdirecv:tion inversion at the lock up point of the crack. In the
reversed cycle interval, where the crack tip reaches the pressure zone before the mouth, the
lock up point in the part of the crack which is nearest to the crack tip. Crack face friction
rises from a minimum at the crack mouth to a maximum nearest to the tip, leading to each
long crack having a slip and a stick crack face region. A crack locks up at the transition
point between the two regions, giving rise to tensile stresses and encouraging mode 1
propagation in a direction perpendicular to the crack faces. The assumption that the crack
face friction increases away from the mouth, rather than remaining constant as suggested

'

by others"?, has a sound foundation which has been discussed earlier.
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. Finally, it is expected that the variable crack face friction mechanism proposed in this
chapter to explain the effect of rolling direction reversal, may be extended in future to
explain the branching of unidirectional RCF crécks. However this beyond the scope of this
project.

7.5. CONCLUSIONS
1. Rolling direction reversal has a beneficial effect on the RCF life of pearlitic rail

steel. The life factor is almost doubled when the reversal is repeated in cycle intervals of
25% to 37% of the unidirectional RCF life.

2. Cracks formed in the preceding rolling direction do not cease their propagation

upon reversal as predicted by the various RCF crack propagation mechanisms.

3. Cracking morphology is affected by the rolling direction reversal. The degree of
this effect depends on the reversal factor.

4. The variable crack face friction mechanism can explain the improvement in rolling

contact fatigue life under rolling direction reversal conditions

5. Rolling direction reversal has no effect on the magnitude or the location of
maximum strain hardening. Afier a certain number of cycles, hardening reaches it peak and

further cycling has no effect.
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Test number
Test conditions 113 114 115 _ 116 119 120 121

Disc material Top (rail) BS11

Bottom (wheel) WSA
Rail disc orientation in relation to rail section

6]

Maximum contact pressure (MPa) 1500
Percentage creepage (%) 1
Lubrication Water (one drip per second)
Test speed (RPM) Rail/wheel 402/406
Initial surface roughness, Ra (um), Rail/'wheel | 0.38/0.47 0.38/0.39 0.28/0.37 0.32/0.33 0.20/0.21 0.20/0.19 0.21/0.32
Number of cycles per reversal  (rail) 5000 37422* 10000 18711 28066 14033 2000
Reversal factor’ 0.133 I’ 0.267 05 0.75 0.375 0.0534

*: Unidirectional test.

®: Reversal factor is the ratio between the number of rolling cycles per reversal and the number of cycles to RCF failure during unidirectional rolling.

TABLE (7.1): TEST CONDITIONS




§2

W - Test number

i Test results 113 114 115 116 119 120 121
M RCF life (rail disc revolutions) 55000 37422 70000 52119 41365 69123 50980
.,m.. Life factor* 1.469 1.000 1.870 1.392 1.015 1.847 1.362
m Crack location (axial distance from the 37 45 4 52 57 4 5

w disc edge nearer to the drive shaft (mm)

m Maximum crack length (um) 586 1226 276 920 nm 920 908
3 Average crack length  (um) 536.9 881 276 759 nm | 893 908
m Average crack depth  (um) 296 410 180 445 nm 585 403
M Crack direction competition factor” 0.65 0.57 0.85 0.71 n.m 0.85 0.53
m End -of-test traction coefficient 0.132 0.112 0.123 0.125 0.125 0.132 0.148
M *: Life factor is the ratio of the life cycles of the rail disc tested under reversal conditions and those obtained under unidirectional conditions.

,..m.. *: Crack direction competition (CDC) factor is the ratio of crack propagation length in the radial direction and that in the circumferential direction.

W n.m: Not measured, specimen was damaged during sectioning

o

TABLE (7.2): TEST RESULTS
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Disc track surface 7]

CDC factor=v/h

FIGURE (7.1): SCHEMATIC ILLUSTRATION OF THE DEFINITION OF CRACK
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FIGURE (7 5): CRACKING MORPHOLOGY DUE TO UNIDIRECTIONAL
ROLLING-SLIDING
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@)

(b)

FIGURE (7 6) BRANCHED TYPE RCF CRACKING UNDER A REVERSAL
FACTOR OF 0267, TEST NUMBER 115



Chapter 7: The effect o frolling direction reversal on rollingfatigue crack morphology andpropagation

7-19

FIGURE (7 7): DOUBLE RCF CRACKING UNDER A REVERSAL FACTOR OF
0.267, TEST NUMBER 115

[1

FIGURE (7 8): RCF CRACKING UNDER 0 5 REVERSAL FACTOR,
TEST NUMBER 116
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FIGURE (7 9): THE WAVY RCF CRACKING UNDER A REVERSAL
FACTOR OF 0.053, TEST NUMBER 121
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FIGURE (7.10): SCHEMATIC REPRESENTATION OF THE VARIOUS CRACKING MORPHOLOGIES DUE TO THE DIFFERENT
REVERSAL REGIMES
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Chapter 8

DETERIORATION OF ROLLING CONTACT FATIGUE LIFE
OF PEARLITIC RAIL STEEL DUE TO DRY-WET ROLLING
-SLIDING CONTACT

I INTRODUCTION

In the previous four chapters wear and rolling contact fatigue of pearlitic rail steels
have been iﬁdependently investigated. Rail wear has beeh studied in éhapters 4 and 5 under
dry conditions, whereas, since the presence of liquid lubricant is essential for RCF cracks
to propagate’"”, this phenomenon has been studied in chapters 6 and 7, using water as a
lubricant. The actual contact condition of the wheel/rail system is neither continuously dry
nor permanently wet. The same piece of rail may see the two conditions many times a day,
where some loading cycles caused by certain trains, or even wheels, are dry while the rest
may be wet, then dry again and so on. Under such contact conditions, where the dominant
deterioration during the dry stage is wear and during the wet phase is RCF, there may exist
an interaction between the two forms of deterioration. This can lead to a very complicated
deformed state. Since wet running induces lower surface traction, different stress levels are
imposed at different locations, at or below the contact surface, under non-proportional and
complicated cycling regimes. Conducting laboratory contact tests with such a range of
variables can lead nowhere, since it becomes very difficult to isolate the effect of any
particular parameter. The problem may be better approached by separating those variables
and investigating the effect of either a single parameter or a properly selected combination

of more than one.

Since the mechanical properties of the rail surface layer change continuously in
wheel/rail contact, mainly due to strain hardening, a combination of dry-wet conditions

may give different results if applied at different stages of the life span of the rail.

The effect of application of a liquid lubricant may have two effects: first, it reduces
the coefficient of friction, and as a result shifts the maximum orthogonal shear stress Tumax
to below the contact surface. The value of T at the surface is a function of the coefficient
of friction u. Second, the presence of the liquid lubricant in the contact area plays an

important role in crack propagation.
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It has been shown in chapters 4 and 5 that during dry rolling-sliding, ratchetting,
which is sometimes referred to as incremental collapse, takes place at the contact surface
a. the coefficient of traction is above 0.25, and

b. the load exceeds the ratchetting threshold.

During the dry phase of a dry-wet rolling-sliding process ratchetting causes
continuous removal of the surface layer. The effect of this damage and associated
phenomena, such as strain hardening and accumulation of plastic strain, on RCF life of the
driven (rail) disc will be investigated in this chapter. The study has been restricted to a
simple combination of dry-wet rolling-sliding, where tests were run for a certain number of

dry cycles, then continued under wet (water lubricated) conditions to failure by RCF.

The results may not be applicable to other dry-wet combinations or regimes, for
example, conditions of wet-dry instead of dry-wet, or in the case of splitting the number of
dry cycles among the wet phase. However, these results may represent a starting point for

the investigation of more complicated dry-wet combinations.

The general test procedures were those described in chapter 3. Tests were run dry
for different number of dry rolling-sliding cycles before they were continued wet (water
lubricated) until RCF failure. BSl{l rail steel have been tested against W8A wheel steel.
Test conditions, as well as the orientation of the rail discs in relation to the rail section are
shown in tables (8.1) for py=1500 MPa and (8.2) under p,=1200 Mpa.

The work presented in this chapter has been a subject of a paper submitted for

publication in Wear.
8.2. RESULTS

‘ Test results under the two maximum contact pressures of 1500 and 1200 MPa are
summarised in tables (8.1) and (8.2), respectively. RCF life is defined as the number of rail
disc rolling-sliding cycles required to initiate a fatigue crack and propagate it to a certain

depth below the contact surface, as detected in situ by the eddy current system.

The relationship between the number of initial dry cycles and RCF life for the two
contact pressures used is shown in figure (8.1). This relationship is characterised by a

significant and sudden drop in RCF life after a certain number of dry rolling-sliding cycles.
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Under p,=1500 MPa, the initial 100 dry cycles, test number 141, have resulted in an
increase in RCF life, whereas a sharp and sudden drop in fatigue life, from 32382 to 15017
cycles, is observed when the ihitial dry phase‘was 500 cycles. Similarly, under p=1200
MPa the initial 100 dry cycles, test 148, have also resulted - in an increase in the fatigue
life. In contrast, the initial 200 dry cycles of test number 147 have lead to a sudden drop in
the fatigue life, from 119947 to 45837 cycles. Additional dry cycles caused additional
deterioration in RCF life, as seen in figure (8.1).

It can be noticed that the initial dry cycling effect on the subsequent RCF life is

characterised by three stages:

a: No deterioration (ignoring the increase in RCF life mentioned earlier). if the

number of dry cycles is below a critical level. -

b: A transition stége: which is characterised by a sharp and sudden drop in RCF life
if the critical level of dry cycles is exceeded.

c: A severe effect stage: if the critical level of dry cycles is significantly exceeded.

8.2.1. Coefficient of friction

The Coulombic friction coefficient g, which was calculated from the traction
coefficient monitored during each test, was found to rise at the start of the dry phase to
around 0.12, where it stabilised for a short period before it started to rise again. It reached
a maximum value of around 0.48 after a certain number of dry cycles. This number varies
from one test to another. After reaching its maximum, it gradually dropped again. The rate

of drop falls with number of cycles. Similar behaviour has been observed by others™?.
Figure (8.2) shows a fypical pattern for 4 as a function of number of dry rolling-sliding
cycles. During the initial wet cycles, the behaviour resembled that during the initial dry
cycles of the test. However, the maximum coefficient of friction during the wet phase was
much lower. The numbers of cycles where u exceeded 0.25, invariably in the dry phase,
was also recorded, since it is this value above which the maximum orthogonal shear stress
Taxnay OCCUTS at the surface®. This number of cycles was also found to be different for
different tests because of the varying time taken to reach the high friction level at the start

of the test, and not just because of the diverse total number of cycles.

Three values of the coefficient of friction u are reported in tables (8.1) and (8.2).

First, thnw Which represents the maximum value during the dry phase of the test. Second,
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the effective coefficient of friction s, defined as the average during Vg, where Ny is the
number of dry cycles when u is greater than 0.25. For example, if the total number of
initial dry cycles is 500 and u is less than 0.25 during the first 200 cycles, then N is 300
cycles. Finally, the coefficient of friction at the end of the wet phase, and thus at the end of

the test, 4, is also reported.”
8.2.2. Hardness below the contact surface

Figure (8.3) shows the strain hardening behaviour below the contact surface of the
rail disc under different dry-wet cycling regimes with p,=1500 MPa. It can be seen that the
maximum hardening (as a percentage of the undeformed, bulk hardness) is below the
surface for all tests where the initial dry cycles are fewer than 500 cycles. For a higher
initial‘ number of dry cycles there is a maximum at the surface. Only under conditions of
500 initial dry cycles are there two maxima, surface and subsurface. Similar hardening
behaviour was observed under p,=1200 MPa, In both cases the maximum surface hardness
appears to be a function of number of dry cycles where ys is greater than 0.25. This
implies that during the earliest dry cycles, where u is less than 0.25, strain hardening will

not peak at the surface.
8.3. DISCUSSION
8.3.1. A physical model

At the start of the test (dry) the friction coefficient is low, figure (8.2), and the
maximum of the orthogonal shear stress Zxma 0Occurs below the surface. The shakedown
limit ( ps/k) for a coefficient of friction of 0.1 is greater than 3. The operating maximum
pressures of 1500 and 1200 MPa are above this shakedown limit and lead to plastic flow
and accumulation of strain in the direction of the friction force. As a result the material
work hardens, figure (8.3). Further dry cycling causes the friction coefficient to increase
and when it exceeds 0.25 the maximum orthogonal shear stress occurs at the surface. A
thin surface layer accumulates plastic strain and hardens up. The change in friction
coefficient and the resulting moving up to the surface of Tua causes hardening at the
surface as well as below it, figure (8.3) (500 dry cycles). It must be stressed, though, that
these hardness profiles are after the subsequent wet cycles. The wet phase produces the
bulk of the subsurface hardening since the number of cycles is much greater than the few

early dry cycles at a friction coefficient below 0.25. Continuing to run dry at u > 0.25
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produces a dominant surface hardening curve with its maximum at the surface (2000 dry
cycles, figure (8.3)). The subsurface hardness for the test with 2000 dfy cycles is lower
than the other hardness curves since it has héd far fewer subsequent wet cycles (a mere
- 564 cycles, table (8.1)); it is the wet phase - at low friction - which produces the bulk of

the subsurface hardening.

The effect of accumulation of plastic :strain can now be considered. Naturally the
material cannot keep accumulating strain indefinitely™®. Kapoor® has shown that the
material will fail after accumulating a critical plastic strain, a failure termed ratchetting
failure. This failure manifests itself in the form of small surface cracks®. Further dry

cycling results in propagation of these cracks.

When wet rolling is then started the fluid pressure mechanism of crack propagation,

as suggested Way™ and analysed by Bower™®, will come into play.

A physical model to describe the effect of dry cycling on the subsequent RCF life is
schematically illustrated in figure (8.4). Dry cycling under a coefficient of friction higher
than 0.25 will cause ratchetting of the surface layer, provided the ratchetting threshold load
is exceeded, figure (8.4a). When the accumulated plastic strain reaches a critical value, in
relation to the size of the contact patch, surface cracks will initiate, figure (8.4b). Further
cycling will propagate these cracks to a critical length, figure (8.4c). The nature of these

critical values will be discussed later.

Upon application of the fluid lubricant, at the start of the wet phase, liquid enters the
crack cavity, figure (8.4d). The approaching loaded contact closes the crack mouth, raising
the pressure of trapped fluid and causing mode I crack propagation’®, figure (8.4¢). When
the maximum load passes the crack mouth the pressurised fluid escapes from the crack
cavity to lubricate the crack faces, causing mode II crack propagatibn, figure (8.4f). Since
the two discs in a rolling-sliding test experience different permutations of the rolling and
sliding directions, it is in the driven (rail) disc that cracks are formed in a direction which
allows the ﬂllid pressurisation effect to occur. The driving (wheel) disc has cracks (if at all
- the stress state is‘niot conducive to crack formation) oriented in the other direction such
that the approaching loaded contact squeezes the root of the crack before the mouth.
Bower's proposed mechanism for fluid pressurisation and crack face friction® has been
extended by Tyfour and Beynon by introducing the variable crack face friction
mechanism®. An attempt will now be made to quantify this physical model, in particular
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the pivotal role of ratchetting.
" 8.3.2. The role of ratchetting

In rolling-sliding contacts, the amount of ratchetting is a function of the coefficient of
friction 4, the maximum contact pressure p,, number of cycles, and the shear yield
strength of the material &. In the present work p, is treated as constant” . However, u
changes with number of cycles as described earlier and illustrated in figure (8.2). The shear
yield strength of the sm-facelayer also changes according to the strain hardening behaviour

of the material.

To assess the degree of surface layef ratchetting due to a certain ‘number of dry
cycles, it is necessary to know the number of effective cycles Neg and ses, as defined
earlier, and then to find ks which is the average value of & during the effective cycles. The
next step is to find the shakedown limit, aﬁd then to calculate the effective ratchetting load,

as shown later.

In a previous study'”, also in chapter 4, the strain hardening behaviour of the pearlitic

rail steel used in this work has been studied under dry rolling-sliding conditions identical to
those shown in table (8.2). A set of hardening curves showing the relationship between

' hardness, depth below the contact surface and number of dry cycles has been produced,
see figure (4.6) in chapter 4. From those curves a relationship between "surface" hardness,
measured at 0.05 mm below the surface, and number of cycles could be obtained for
,=1500 MPa. This relationship is shown in figure (8.5). (The depth 0.05 mm has been
chosen since trying to measure hardness nearer to the surface, where metal can break away

during indentation testing, is prone to error®.)

Knowing that kg is a linear function of hardness"?, it becomes possible to find ks

during any number of cycles by:

keﬁ'= ko (Heﬁ‘/Ho) (81)

" If uis greater than 0.25 ratchetting starts after elastic behaviour without a plastic shakedown stage.

** If the elastic shakedown limit is exceeded the material deforms plastically and the actual contact area
and, as a result, the maximum contact pressure would be different from those calculated using the
Hertzian elastic analysis. However, allowing for this is beyond the scope of this work.
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where £, is the shear yield strength of the unstrained materiél, H.g is the average hardness
during the effective dry cycles Nes, and Ho is bulk hardness of the undeformed material,
For p,=1200 MPa, it is assumed that hardening is directly proportional to the contact
pressure, so that k¢ for p,=1200 MPa is equal t0 ks for p,=1500 MPa multiplied by the
factor 1200/1500. This assumption is reasonable if the difference between the two contact

pressures is small and the number of cycles involved is also relatively small.

It is now possible to calculate po/k.s, which is here called the effective ratchetting
load Pes, a normalised quantity. In this case Do 18 the maximum contact pressure and k.x is
the effective shear yield strength, found from equation (8.1) by substituting for H.s the
value of the hardness corresponding to the number of effective dry cycles Nz Using the
shakedown map of two elastically similar cylinders rolling with partial slip, suggested in

Hills et al™®, the plastic shakedown limit, Ps, corresponding to scan also be found.

By substracting the shakedown limit Ps from the effective ratchetting load P, it
becomes possible to estimate the severity of loading above the plastic shakedown limit at

the contact surface, named here P;
P.=Py-Ps - (8.2)

It is this measure of the severity of loading above the ratchetting threshold which will
dictate the rate of plastic deformation by ratchetting: the higher is P, the greater is the

plastic deformation per cycle.

‘Since the strain hardening is accounted for in calculating the effective ratchetting
loads P, ratchetting as accumulated unidirectional plastic strain, referred to here as Rd,
becomes a linear function of the ‘net ratchetting load P; and the number of cycles at that
load Neg:

Rd = c (P) N = ¢ (Pe-PS) N (8.3)

The constant ¢ in equation (8.3) is independent of stress. It represents the conversion
factor of net ratchetting load, taking into consideration the number of cycles run at that
load, to ratchetting strain. The total shear strain (ratchetting) is measured as zan y. In this
case v is the angle of the deformed structure measured at 0.05 mm below the contact
surface, see figure (8.6) for illustration.The costant ¢ can be evaliated empirically by
plotting the relationship between the net ratchetting load P; multiplied by the number of
cycles at that load Neg and the total ratchetting shear strain, as shown in figure (8.7). A
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linear relationship has been assumed, not unreasonably. From the plot of figure (8.7), the
value of ¢ is 0.00237. Substituting in equation (8.3), we obtain:

" Rd= 0.00237 (P,) N (34

Figure (8.8) is a schematic representation of the definition of ke, tr and N and the
method of finding Ps, P and P, described above. -

Figure (8.9) shows the relationship between the total accumulated strain Rd and
RCF life. This relationship shows an interesting transition (sudden drop) in the fatigue life
if this ratchetting strain rises above zero. However, it is expected that this transition takes
place after a certain amount of ratchetting, which is enough to initiate a surface crack and
propagate it to a certain length. The exact number of dry cycles to cause this amount of
ratchetting lies between 100 and 200 cycles for p,=1200 MPa and between 200 and 500
cycles for p,=1500 MPa, as seen in figure (8.1). To locate the transition cycles more
precisely, more experiments under initial dry cycles between 100 and 500 cycles would be

needed.

It can be noticed that the first two points of both the plots in figure (8.9) lie on the y

axis. This indicates that for those points Rd is zero since 4 never rose above 0.25.

The role of ratchetting in the wear mechanism and the initiation of surface cracks in
pearlitic rail steel have been discussed earlier in chapters 4 and 5, where it has been shown
that surface failure takes place if the surface layer accumulates unidirectional plastic strain
higher than the critical strain to failure™®. If, after those cracks initiate and propagate to a
certain length, a fluid lubricant is applied to the contact area, the coefficient of friction will
drop to less than 0.2, resulting in a shift in the maximum shear stress Tzmax t0 below the

contact surface. Meanwhile, the trapped fluid mechanism of crack propagation’”

will be
triggered and RCF failure will take place after a certain number of wet rolling-sliding
cycles. This number of cycles to failure depends on the size of the crack prior to the
application of the liquid lubricant. Since most of the fatigue life is consumed in initiating
the crack, rather than propagating it, the effect of the ratchetting stages in initiating the
crack is expected to cause a significant drop in RCF life. This is better revealed in ﬁguré
(8.10), where ratchetting due to the two contact pressures used is plotted against the drop
in RCF life. It is interesting to note that the same degree of ratchetting caused by different
combinations of contact stresses, degrees of hardening and coefficients of friction, caused

the same percentage reduction in RCF life. Regression analysis of the data shows that it fits
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an equation of the form:
" % drop in RCF life = 53(Rd)*” 0<Rd<3 8.5)
which can be simplified to:
% drop in RCF life = 53(Rd)*’ 0<Rd<3 (8.6)

This equation enables prediction of the deterioration of RCF due to any degree of
ratchetting strain caused by any initial dry cycling regime up to a value of about 3, beyond
which the drop in RCF life asymptotes near to 100% reduction compared with no dry

cycles.

The same equation can be written in terms of P, and N.g using equation (8.4), to
give:
% drop in RCF life = 2.74 {(P)(Ng)}™’ 8.7)

Equations (8.6) and (8.7) represent two routes to calculate the percentage drop in
RCF life due to initial dry cycling. Equation (8.6) represents the percentage deterioration in
RCF fatigue in terms of accumuiated unidirectional plastic strain (ratchetting), whereas
equation (8.7) giveé this deterioration in terms of net ratchetting load and number of cycles
run at that load. Equation (8.7) is more convenient to use since it does not require the

estimation of the accumulated plastic strain, rather it uses operating conditions.
8.3.3. The effect of dry-wet cycling

The difference between dry and wet rolling-sliding can be discussed from two main
viewpoints:
a. The different coefficient of friction between the two cases and its subsequent

effect on the location and the value of T and, as a result, the effect on the plastic

shakedown limit and the net ratchetting load discussed earlier.

b. The presence of the liquid lubricant in the contact area during wet rolling-sliding,

which is essential for crack propagation.

The difficulty in studying the ratchetting behaviour under rolling-sliding conditions
arises from the continuous change in the shear yield strength of the material, mainly due to
strain hardening. This difficulty has lead researchers to tackle the problem by introducing
assumptions and simplifications, Bower et al'” assumed elastic, perfectly plastic

behaviour. Ham et al™ have idealised the problem by assuming a bilinear stress strain
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hysteresis loop referred to as elastic-linear-kinematic-hardening-plastic (ELKP) behaviour.

The method described here uses the actual hardening behaviour of the material.

The effect of plastic deformation on the subsequent RCF life has been observed by

many researchers. These observations can be summarised by the following:

1. Higher rates of RCF failure are noticed on the gauge corner of curved tracks where
plastic deformation, due to the wheel flange forces, is higher™®. Equation (8.7) accords
with this type of behaviour, since Per ,and subsequently P,, is higher in case of higher

flange forces.

2. The roundness profiles of the discs recorded after failing by RCF show greater
plastic deformation in the cracked area, see figure (8.11). This is evidence that even for the
same disc, areas of higher ratchetting strain fail first. This can also be predicted.
Substituting a higher value for Rd in equation (8.6) results in a larger drop in RCF life. The
reasons for different ratchetting levels at different locations on the disc surface could be
related to localised material or microstructural defects, such as inclusions or variation of

interlamellar peatlitic spacing.

3. The RCF life of the driving (wheel) disc is higher than that of the driven (rail)
disc™”. Ratchetting initiated surface cracks on the driving disc cannot propagate by the
trapped fluid mechanism since the crack root in this case enters the contact area before the

mouth. This prevents the fluid from entering the crack cavity.

4. Head-hardened rails, which have higher shear yield strength £, resist crack
initiation™®. Higher %, means lower P; in equation (8.7). Confirmation that higher &, is of
beneficial effect on RCF life under dry-wet rolling sliding contact can be achieved by
testing a rail disc where hardness changes across the disc circumference. Since hardness,
and as a result k,, changes with depth below the MHT rail surface, as shown in figure (3.8)
of chapter 3, a disc machined from such rail with its axis parallel to the rail long axis, as
seen in table (8.2) can serve the purpose. As expected, test number 153, which has been
run dry for 750 cycles, failed by RCF from the location of minimum hardness

corresponding to the part of the disc which is nearer to the rail web.

5. Earlier crack initiation has been observed under conditions of higher contact

stresses™. The effect of P, on the value of P, in equation (8.7) is obvious.

6. In pure rolling contacts, where s is low, RCF life is exceedingly high®”. Lower
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Me means higher Ps in equation (8.7) and consequently higher RCF life.

7. Grinding the contact surface to remove the plastically deformed layer and the
possible surface initiated cracks has proved to be an effective measure in reducing the rate
of occurrence of RCF failures. Preventive rail grinding is a well established maintenance
technique®. Zaretsky® reported extended life of rolling elements of bearings due to
grinding away a thin surface layer. Clearly, removal of material which has accumulated
plastic strain by ratchetting restores the surface to its original state. However, it should be
stressed here that surface reniova] by grinding differs from surface removal by wear.
Grinding removespartially or completely the layer which has accumulated ratchetting strain,
whereas removal of the surface layer by wear maintains maximum ratchetting strain at the
surface. This argument is schematically illustrated in figure (8.12) which shows the effect
of removal of the same thickness of material from the contact surface by grinding, figure
(8.12a), and by wear, figure (8.12b).

9. The morphology of the dry-wet RCF crack mouth, which represents the initiation
sfage, is similar to that of the flake root observed under dry rolling conditions, see figure
(8.13). This may indicate that the two cracks are initiated by the same ratchetting

mechanism.,

The increase in RCF life due to a low number of dry cycles, noticed in figure (8.1), is
difficult to explain. It could be due to the compact oxide layer formed at the surface prior
to application of the water lubricant and the reduction in surface roughness associated with

the appearance of this layer.

To summarise, the mechanism by which initial dry cycling causes deterioration in
RCF resistance appears to be ratchetting damage to the surface layer. If this ratchetting
exceeds a certain level, it initiates surface cracks which, during the wet phase, propagate to
cause RCF failure. The degree of ratchetting is governed by the maximum contact
pressure, the hardening properties of the material, the effective coefficient of friction and
the effective number of dry cycles. A certain degree of ratchetting above the threshold
level, caused by any combination of these factors, results in the same percentage reduction
in RCF life.

8.4. CONCLUSIONS

1. In pearlitic rail steel initial dry cycling above a certain number has a negative effect

on the subsequent RCF life of the driven body in a rolling-sliding contact system. This
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effect is a function of the degree of ratchetting above a critical level.

- 2. The earliest dry cycles, where  is less than 0.25, do not cause deterioration in

RCF ﬁfe.

3. The coefficient of friction during the earliest dry cycles of a dry-wet cycling regime
has a significant effect on the subsequent RCF life.

4. The role of initial dry cycling in RCF life deterioration can be explained using the
ratchetting argument (exhaustion of ductility) and the subsequent formation of surface -
cracks, which can propagate during the wet stage according to the trapped fluid

mechanism.
5. Using the hardening behaviour of the material enables accurate assessment of the

effective shear yield strexigth during any number of rolling-sliding cycles.

. 6. It is possible to estimate the deterioration in RCF life due to any regime of initial

dry cycling using equation (8.6) or (8.7).
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Test Number
Test conditions and results 114 | 141 [ 143 | 140 | 142
Disc material : Rail/ Wheel BS11/W8SA

Orientation of rail disc specimen in relation to rail
section

Initial surface roughness (Ra): Rail/Wheel

0.38/0.39 [ 0.36/0.40 [ 0.27/0.41 [ 0.36/0.49 | 0.30/0.52

Max. Contact pressure (MPa) 1500
Percentage creepage : Rail disk (%) -1
Test speed (RPM) Rail/Wheel 402/406
Contact area (mm®) 11.35
No. of initial dry cycles (Rail revs) o [ 100 | 200 | s00 [ 2000
Lubrication during the wet phase water
RCF life © 37422 45088  |32382 15017 2564
Coefficient of traction : Max. during dry phase pma | =~ 0.175 0.256 0.387 0.450
- Effective Mt | e R 035 0.42
- At the end of the test pga | 0-125 0.137 0.105 0.137 0.17

- Including the initial dry cycles.

@: Eddy current signal was beyond the failure level just after the dry phase. However test continued for another 564 cycles to ensure a sustainable signal.

TABLE (8.1): TEST CONDITIONS AND RESULTS FOR p, =1500 MPa
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Test Number
Test conditions and results 144 [ 148 [ 147 | 146 | 145 153
Disc material : Rail/ Wheel BS11/W8A MHT/WSA

Orientation of rail disc specimen in relation to rail
section

(©)

Initial surface roughness (Ra): Rail/Wheel

0.44/0.47 [ 0.24/0.28 [ 0.23/0.31 [0.27/0.24 [0.37/036 ] 0.19/0.45

Max. Contact pressure (MPa) 1200

Percentage creepage : Rail disk (%) -1

Test speed (RPM) Rail/Wheel 402/406

No. of initial dry cycles (Rail revs) 0 [ 100 | 200 | 500 [ 1000 [ 750

Lubrication during the wet phase water

RCF life © 96897 119947 | 45837 27119 8787 40706

Coefficient of traction : Max. during dry phase pmex | =—=- 0.247 0.447 0.497 0.483 0.441
: Effective et | | 0.38 0.45 0.44 0.37
At the end of the test pig, 0.115 0.115 0.125 0.125 0.140 0.140

®: Including the initial dry cycles.

TABLE (8.2): TEST CONDITIONS AND RESULTS FOR p.= 1200 MPa
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FIGURE (8.1): EFFECT OF INITIAL DRY CYCLING ON THE SUBSEQUENT
RCF LIFE
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FIGURE (8.2): COEFFICIENT OF FRICTION EVOLUTION WITH NUMBER
OF DRY CYCLES (TEST NUMBER 147)
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RCF LIFE. (d), (¢) AND (f) AFTER BOWER"" ( p(x) IS THE SPATIAL
DISTRIBUTION OF THE CONTACT PRESSURE AND q(x) THE CONSEQUENT
TRACTION DISTRIBUTION)
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FIGURE (8.6): SCHEMATIC REPRESENTATION OF THE METHOD USED TO
MEASURE THE ACCUMULATED PLASTIC SHEAR STRAIN
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II

(a): FLAKE MOUTH AFTER 40000 DRY ROLLING-SLIDING CYCLES (TEST
CONDITIONS ARE IDENTICAL TO THOSE IN TABLE (2))

(b): RCF CRACK MOUTH CAUSED BY A DRY-WET CYCLING REGIME OF
500 DRY FOLLOWED BY 26119 WET ROLLING-SLIDING CYCLES (TEsT 146 OF
TABLE (8,2))

FIGURE (8 13); THE SIMILARITY IN MOUTH MORPHOLOGY OF A FLAKE
AND A RCF CRACK
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‘ Chapter 9
GENERAL DISCUSSION AND CONCLUSIONS

9.1. INTRODUCTION

The results of the experimental programme presented in chapters four to eight have
been discussed in each chapter. Conclusions drawn from those results have also been listed
at the end of each chapter. To eliminate duplication, this chapter will be restricted to

discuss:
a) Interaction between wear and RCF

b) general conclusions.
9.1.1. Interaction between wear and RCF

It has been shown in chapters four to eight that both wear and RCF failures in
pearlitic rail .steel are due to cracking originating in the surface layer of the rail material.
However, wear cracks (described in chapters four and five as delamination cracking )
appear to be driven by the accumulation of unidirectional plastic s;train (ratchetting). It has
also been shown that detachment of wear particles from the contact surface, in the form of
flakes, occurs when the accumulated strain in the surface layer reaches the critical strain to
failure of the material. One important characteristic of wear cracks is that their propagation
is confined within the plastically deformed layer, whereas RCF cracks propagate beyond
this layer. This indicates that propagation of RCF cracks beyond the plastically deformed
layer does not require loading above the shakedown limit of the material. However, many
researchers have indicated that the initiation of RCF cracks is also driven by the
accumulation of plastic strain. Kalousek'® found that the initiation of cracks is accelerated
under dry rolling condition, where the shakedown limit is low due to the high traction and
friction coefficients. He cbncluded that the effect of lubrication on crack initiation is
opposite to its effect on crack propagation. Clayton et al® have reported similar
observations and have shown that all RCF cracks in rails are associated with plastic flow
and that crack initiation results from the accumulation of plastic strain. Chiou and
Hwang®, Ghonem and Kalousek®, Gray et al® and Zhou et al'® have shown a strong
correlation between plastic flow and RCF crack initiation. These observations, along with
the fact that the early stages of crack propagation occurs under a hydrostatic stress state,

where ductility is improved and stress intensities cannot operate, represent sufficient
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evidence that RCF crack initiation is driven by the accumulation of unidirectional shear
strain (ratchetting). This argument is supported by the dominant direction of RCF crack
propagation under unidirectional rolling-sliding; i.e. parallel to the direction of maximum

shear but opposite to the direction of traction, as shown in figures (6:1) and (6.9).

As has been shown in chapters 4 and 5™, and supported by Johnson®, delamination
cracks are also shear cracks of a ductile naturé, driven by plastic strain rather than elastic
stress intensity. This shows that the same mechanism is responsible for initiation of both
wear and RCF cracks in rail steels. However, RCF crack propagation beyond the
plasﬁcally deformed layer appears to be driven by stress intensity as suggested by Way"”

and analysed by Bower'"” and others®>",

The question remains as to how to explain the initiation of RCF cracks under loads

less than those of shakedown limit. Kapoor and Johnson®™ have shown that even when the

. apparent contact load is below the shakedown limit, repeated"loc;.alised asperity-asperity
(pummelling) cont;ct can result in loading above this limit. Ratchetting in this case can

take place even under modest loads. However, no attempt has been made during this

project to investigate wear and RCF under such loading conditions.

_ Kalousek'” has explained the absence of RCF failure during dry wear by arguing that
-the rate of surface removal during dry rol]irig-sliding is higherthah the rate of RCF crack
propagation and hence the nasceﬁt RCF cracks are removed by wear. This may not be the
case, since it has been shown in tables (8.1) and (8.2) that the number of initial dry rolling-
sliding cycles required to cause a significant reduction in RCF life did not result in any
significant surface removal. This is supported by the work of Sato et al™®, who showed
that deformation during the dry stage prepares the material for extensive cracking during

the iubricated stage.
9.2. GENERAL CONCLUSIONS

9.2.1. The results presented in chapter 4 showed that under the wheel-rail contact
conditions sixﬁulated on LEROS, a steady state wear behaviour, characterised by a
constant wear rate, is established after a certain number of passes of the load. This steady
state coincides with the cessation of strain hardening and the accumulation of

unidirectional plastic strain.
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9.2.2. Under the test conditions used, the mechanism by which rail loses material
during the steady state is accumulation of unidirectional plastic strain beyond the critical
strain to failure (ratchetting). The failure stage is characterised by the detachment of wear
particles in the form of flakes preceded by delaminatiori ductile cracks propagating parallel

to the plane of maximum shear stress.

9.2.3. Ratchetting, as a wear mechanism, can explain the beneficial effect of rolling
direction reversal on the wear rate of pearlitic rail steel. In this case, the accumulation of
plastic strain changes direction upon reversal, resulting in less strain accumulation in a

particular direction.

9.2.4. The performance of the High Strength (Mill Heat Treated) pearlitic rail steel

under in RCF conditions is superior to that of the BS11 rail steel.

9.2.5. Rolling direction reversal has a beneficial effect on the fatigue life of BS11 rail
steel. This effect is a function of the reversal regime. Multiple reversal of short intervals
results in the highest RCF life. The effect of rolling direction reversal on rolling contact
fatigue crack and cracking morphology can be explained by the variable crack face friction

mechanism, which assumes an increasing friction coefficient with the crack depth.

9.2.6. Initiation of both wear and rolling contact fatigue cracks is due to the same
mechanism. In both the cases the early stages of cracking (within the plastically deformed
layer) is of a ductile nature, dﬁven by the accumulation of unidirectional plastic strain
(ratchetting).

9.2.7. Propagation of rolling fatigue cracks beyond the plastically deformed layer is
driven by stress intensity. Mode I stress intensity is caused by the fluid pressure in the
crack cavity, while the lubrication effect of the fluid on the crack faces causes mode II

stress intensity.

9.2.8. Since ratchetting is a functioh of traction coefficient, which is higher during
dry rolling-sliding, crack initiation and propagation within the plastically deformed layer
during dry cycling occurs earlier than during lubricated rolling-sliding. In this case the
initial dry roiling-sliding causes ‘deterioration in rolling contact fatigue life. This

deterioration can be predicted using the operating conditions, as described in chapter 8.
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Chapter 10
SUGGESTIONS FOR FURTHER RESEARCH

10.1. Most of the work presented in this thesis has been conducted under a maximum
_contact pressure of 1500 MPa. Understanding the effect of other loading conditions on
some of the phenomena contributing to the wear behaviour of pearlitic rail steel, such as
the accumulation of plastic strain and strain hardening, is essential before generalised

conclusions can be made.

10.2. The steady state wear behaviour and the effect of rolling direction reversal on
the wear rate and wear mechanism of pearlitic rail steel, presented in chapters 4 and 5,
have been explained using the ratchetting argument. Further theoretical analysis using the
shakedown theory may be beneficial in arriving at models to predict wear rates using
operating conditions and material parameters. The suggestion in 10.1 will help in testing

such modelling work.

10.3. The traction coefficient during rolling sliding contact plays an important role in
dictating the shakedown limits of the material. The behaviour of this coefficient during
rolling-sliding contact, mainly during the initial stage but also its down drift during long
tests, could not be explained. It is suggested that this behaviour be investigated under

different contact conditions.

10.4. It has been concluded in chapter 9 that RCF crack initiation is caused by
ratchetting of the contact surface layer. This can be confirmed by conducting rolling sliding
contact experiments where the surface layer is ratcheted by dry rolling-sliding before
reversing the rolling direction and continue the test under lubricated contact conditions.
Crack initiation in this case should be delayed, since a number of cycles will be needed to
reverse the direction of strain before the test surface can accumulate plastic strain in the
other direction. If ratchetting during the dry phase is sufficient to initiate surface cracks,
upon reversal these cracks will not be in the preferential direction of the fluid entrapment

crack propagation mechanism.

10.5. To isolate the effect of strain hardening, the experiments suggested in 10.4

above may be repeated using materials which do not strain harden.

10.6. The difference between the effect of surface removal by wear and by grinding

on RCF performance of rail steels can be investigated by conducting two sets of
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experiments:

- 1. Starting rolling-sliding experiments where tests are run until RCF cracks develop
(to a certain depth), say after N number of cycles. Tests then can be continued ander dry
conditions until a certain thickness of the surface layer, say (T), is removed by wear before
continuing the test until RCF failure. In this case the effect of surface removal by wear can

be monitored.

ii. in another set of experiments, tests may be run again for N' number of cycles
mentioned in (i) above before a surface layer equal to that lost by dry wear, N in (i) above,
is removed by grinding. The effect of removing the same thickness of the surface layer, in
the first case by wear and the second by grinding can then be assessed. The difference in
residual strains in the two cases can then be investigated. The same work can be extended

to cover the optimisation of rail grinding strategies.
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Abstract

The present study is aimed at studying the onset of steady state wear behaviour of pearlitic rail steel. Wheel-rail contact
is simulated by a rolling-sliding line contact. The results show that steady state wear rate prevails after a certain number of
rolling-sliding cycles. The effect of strain hardening and uni-directional plastic strain accumulation on the wear behaviour has
also been studied. It has been shown that the start of the steady state wear rate coincides with the cessation of plastic strain
accumulation and additional strain hardening. The ratchetting failure mechanism has been employed to explain this coincidence.

Keywords: Rail steel; Rolling-sliding contact; Strain hardening; Accumulated plastic strain; Ratchetting; Coefficient of traction

1. Introduction

The cost of the attention paid to the different forms
of rail deterioration caused by wheel-rail contact forms
a substantial proportion of the overall cost of track
maintenance. Wear is the main criterion for rail re-
placement. It was estimated that the North American
Railroads was spending $600 million annually for the
replacement of deteriorated rails in the early 1980s
[1]. This figure does not include the cost of direct
labour, maintenance equipment or loss of revenue as
aresult of line closure for rail replacement. This explains
why wear resistance is the main criterion for the selection
of rail material.

Pearlitic steel is still the most widely used material
for rails. Research has been, and still is, focused on
the reasons behind the superiority of pearlitic rails,
compared with other steels, in resisting wear.

A previous study by Tyfour and Beynon [2] has shown
that the accumulation of uni-directional plastic strain,
along with the modification of microstructure, can ex-
plain the wear behaviour of pearlitic rail steel. However,
no attempt was made during that study to investigate
the strain accumulation or work hardening behaviour
with number of rolling-sliding cycles.

In this work, experiments have been conducted
to study the role of those parameters in the wear behav-
iour of pearlitic rail steel under rolling-sliding dry

0043-1648/95/$09.50 © 1995 Elsevier Science S.A. All rights reserved

SSDI 0043-164R(94 065330

contact conditions identical to those of the previous
study.

The results show a strong correlation between the
number of rolling-sliding cycles required to establish
steady state wear behaviour and those needed to cause
cessation of hardening and plastic strain accumulation.
Ratchetting, as a failure mechanism, is used to explain
this correlation.

The importance of quantifying the number of cycles
to establish steady state wear behaviour and the mech-
anism by which it is achieved may lead to a reasonable
estimation of the wear rate of rails under certain
operating conditions.

2. Procedure

Wheel and rail test discs were cut from wheel rims
and rail sections, kindly supplied by ABB British Wheel-
set Ltd. and the British Railways Board, respectively.
The orientation of the discs in relation to the wheel
and rail is shown in Fig. 1. Discs were machined to
the dimensions shown in Fig. 2. The diameter of the
discs is limited by the dimensions of the rail head. The
47 mm disc diameter is the maximum obtainable from
the rails supplied.

The chemical composition and mechanical properties
of the disc materials are given in Table 1. To ensure
uniformity of properties rail discs were cut with their
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f,;

Fig. 1. The ori ion of disc speci 1 to rail section and
wheel rim.
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T
o
775 | 41.0000.02
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47.0040.02

ALL DIMENSIONS ARE IN (mm)

Fig. 2. Di of disc sp

axis parallel to the rail long axis, whereas wheel discs
were cut with their axis parallel to the wheel tread
tangent. All cutting and machining operations were
conducted to maintain the original microstructure and
properties.

The dimensional tolerances of the discs were mea-
sured for roundness and possible eccentricity between
the track surface and the bore using a Talyrond 200
profilometer (Rank Taylor Hobson Ltd.).

Table 1
Chemical position and ical properties of the test material
Material Rail Wheel
Specification BS11 WSA
Chemical composition (wt.%)
C 0.52 0.64
Si 0.2 023
Mn 1.07 0.71
Ni 0.03 0.17
Cr <0.01 0.18
Mo <0.01 0.03
s 0.018 0.041
P 0.013 0.023
Mechanical properties
Average hardness (HV 500 g) 240 275
Ultimate tensile strength (MPa) 781 857
Yield strength (MPa) 406 325
Total plastic efongation (%) 219 20.3
Young’s modulus (GPa) 209 199

Since the type of wheel-rail motion is known to be
that of combined rolling and sliding, it was decided to
use the LEROS (LEicester ROlling Sliding wear ma-
chine), which is described in detail elsewhere [3]. The
machine is basically a Colchester Mascott 1600 lathe
modified to suit the purpose. A 4 kW DC motor is
mounted on the tail stock end of the machine bed. A
drive shaft consisting of universal joints and splines is
powered by the DC motor through an interchangeable
gear box of 5:1 gear ratio. The other end of the drive
shaft is fitted with a machine tool arbor, supported
through a pivoted bearing assembly. The wheel disc
specimen (driving disc) is bolted to the end of the
arbor. This assembly can swing by the action of a
hydraulic jack powered by an electric motor driven
hydraulic pump to facilitate the loading mechanism.
The rail material disc (braking disc) is secured to an
arbor at the end of another drive shaft supported
between a bearing housing and the lathe chuck. The
mid-section of this drive shaft is a torque transducer,
which enables measurement of the tractional torque
between the two discs. The centre lines of the two
drive shafts are parallel when the discs are loaded.
The required slip ratio (creepage) is achieved by ad-
justing the rotational speeds of the two drive shafts.

The machine is equipped with manual as well as
computer creepage control through a number of shaft
encoders, transducers and a computer interface. Contact
load is easily applied and controlled by electronically
adjusting the opening of the hydraulic control valve
that passes the oil to the jack, which in turn raises the
bottom (wheel disc) shaft bearing assembly.

The hydraulic system enables loads up to 29 kN to
be applied. Assuming, for the sake of illustration, a
Hertzian elastic contact, for the dimensions of disc
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specimens used in the present work this represents a
maximum contact pressure of 3000 MPa. Such a large
capacity means that wide track discs can be accom-
modated while maintaining realistic contact pressure.
Wider tracks are less affected by stress drop off at the
edges.

The formula used to calculate the maximum contact
pressure p, (MPa) is that suggested by Timoshenko
and Goodier [4]:

2
WE
po—0.418(3:ﬁ) (1)

where W is the contact load (N), T is the line contact
length (mm), E is the modulus of elasticity of steel
(MPa) and R is given by

1 1 1

R R R @
where Ry and Ry, (mm) are the radii of the rail (top)
and wheel (bottom) disc, respectively.

The creepage or slip ratio is calculated using the
formula

200(RxNg — RwiNy)

8 = N+ RulNw ®

where Ry and R, are as defined in Eq. (2), and Ng
and Ny, are the revolution counts of the top and bottom
discs, respectively.

All tests were conducted under a maximum contact
pressure of 1500 + 5 MPa and a creepage of —1+0.01%.
The contact area was air cooled using a dry pressurised
air supply. Test conditions are shown in Table 2.

All tests but one were non-stop tests. Only test number
130 was stopped every 2500 cycles to monitor the wear
rate.

Table 2
Test conditions

At the end of each test, discs were sectioned and
prepared for metallographic observation and micro-
hardness measurements using established techniques.

3. Results

Test results are summarised in Table 3. Hardening
is calculated as the percentage ratio between the hard-
ened material and that of the bulk. Wear rates are
presented as total weight loss of the test disc. Disc
track width gain due to the lateral plastic flow at the
free sides, as well as loss in disc diameter, are also
reported.

The strains are estimated by measuring the shear
angle () between the tangent to the deformed grain
boundaries or laminar pearlite and the normal to the
contact surface, and are calculated by:

e=tany 4)

The coefficient of traction is calculated and presented
as maximum as well as end-of-test values. It is derived
from the chart record by which the torque transmitted
between the two test discs is monitored.

3.1. Number of rolling-sliding cycles to establish steady
state wear rate

Measuring the weight loss of the discs of test number
130 at regular intervals of 2500 cycles enabled the wear
behaviour to be monitored as the rolling-sliding pro-
ceeds. Weight loss per cycle of the rail disc is plotted
in Fig. 3 against number of rolling cycles. It can be
seen that the wear rate is almost negligible during the

Test conditions Test number

134 137 136 138 130 139

Disc material

Top (rail) BS11

Bottom (wheel) WBA
Initial surface roughness R, (um)

Rail 0.10 034 0.12 0.49 0.16 0.20

‘Wheel 0.44 0.14 0.12 0.55 0.16 0.40
Maxi P (Eq. (1)) (MPa) 1500
Percentage creepage (Eq. (3)) (%) -1
Test speed (rail-wheel) (rev min~") 406-410
Total number of cycles (rail) 500 5000 10 000 17 500 40000* 40 000

Test environment Dry, air cooled

*Test stopped every 2500 cycles for weight loss measurements.
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Table 3
Test results
Results Test number
134 136 137 135 138 130 139
Total number of cycles 500 1000 5000 10000 17500 40000 40000
Coeflicient of traction
Maximum 0405 0432 0441 0.441 0.441 0.441 0.441
End of test 0.405 0432 0386 0.322 0.300 0.340 0.268
Contact area (mm?) 6.11
Total disc weight loss (g)
Rail 0.0005 0.0029 0.0348 0.1341  0.2490 0.6520 0.6198
Wheel 0.0005 0.0001 0.0382 0.1694 0.6320 1.3650 1.6732
Total disc diameter loss (mm)
Rail NM 0005 0.005 0.045 0.085 0.200 0.200
Wheel NM 0.005 0.005 0.030 0.162 0.330 0.400
Total disc track width gain (mm)
Rail NM 0.130 0.220 0.385 0.720 1.060 1.145
Wheel NM 0.080 0.170 0.215 0.485 0.960 0.675
Accumulated shear strain 0.2 mm below the contact surface of rail disc 20 24 43 5.7 114 114 NM
Total strain hardening 0.2 mm below the contact surface of rail disc (%) 29.2 379 696 808 88.8 88.8 NM
End-of-test surface rough (rail) R, (um) 026 026 73 8.11 NM NM NM

NM: value not measured due to the limitation of the measuring equipment.
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Fig. 3. Relationship between the wear rate of the rail disc, expressed
as weight loss per rolling cycle, and number of rolling cycles.

first 2500 cycles, thereafter increasing with number of
rolling cycles until around 15 000-17 500 cycles, where
it stabilises at around 18 ug per cycle for the remainder
of the test.

The running track appearance indicates that the
mechanism by which the rail disc loses material prior
to the steady state stage is oxidative wear, where the
disc track was observed to be covered by a thin, grey

oxide layer. However, during steady state the track
appearance is characterised by a shiny flaked surface.
The transition to steady state is characterised by the
gradual loss of the oxide layer and the exposure of the
disc material to the surface. At the same time, fine
surface cracks start to appear at the running track.
These cracks are thought to be the origins of the flakes
noticed during the steady state stage. These surface
features are shown in Fig. 4, which is a low magnification
photograph of the rail disc running track after different
numbers of rolling cycles. The similar oxidised surface
features after 500 and 1000 cycles may indicate a
similarity in the wear mechanism. Likewise, it is difficult
to differentiate between the tracks of the discs tested
for 17500 and 4 0000 cycles. Both are characterised
by a shiny flaked surface of the similar scale. In this
case the wear rates are also at the same level. Moreover,
regardless of the initial surface roughness of the disc
pairing, measurement of the after-test track surface
roughness revealed identical values after 500 and 1000
cycles. In both the cases this roughness was R,=0.26
um, whereas it is around R,=8 um after 5000 cycles,
see Table 3. Surface roughness after 17 500 and 4 0000
cycles appears to be higher than that after 5000 cycles.
However numerical values could not be obtained since
the size of the flakes is too large compared with the
sampling range of the measuring equipment.

In all but one case the driving wheel disc wear rate
was higher than that of the driven rail disc. A comparison
between the wear rates of the two discs from test 130
is shown in Fig. 5. No attempt has been made to study
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500 cycles

1000 cycles

5000 cycles

10000 cycles

17500 cycles

40000 cycles

Fig. 4. Rail disc running track appearance after different rolling
distances.

the strains and the strain hardening behaviour of the
wheel disc material, attention being focused on the rail
disc.

3.2. Strain hardening behaviour

Measurement of the hardness at and very near to
the worn contact surface does not give accurate results.
At a shallow depth below the contact surface hardness
values are affected by the existence of flake roots,
subsurface cracks and by the directionality in the prop-
erties of the heavily deformed layer where, due to the
shear stress, a lamellar structure is dominant [2]. To
reduce the influence of these factors, hardness at depths
less than 0.2 mm below the contact surface was measured
with the indenter perpendicular to the disc axis. Pro-

40
¢ WHEEL I
*  RAIL j
20
0
20000 40000

NUMBER OF ROLLINO CYCLES

Fig. 5. A comparison between the wear rates of the rail and wheel
test discs for test 130.
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Fig. 6. Hardness profile below the contact surface of the rail disc
after different rolling distances.

gressive grinding and polishing of the disc wear track
enabled this kind of measurement to be carried out.
Hardness profiles below the contact surface are shown
in Fig. 6 for different test cycles. These profiles indicate
that the material is hardening in a non-linear manner,
where hardening rate is highest during the initial stages
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Fig. 7. Percentage hardening of the rail disc material at 0.2 mm
below the surface as a function of test duration.

of the test. No further hardening is noticed beyond
17 500 cycles. This is better revealed in Fig. 7, where
the percentage hardening at 0.2 mm below the contact
surface is plotted against number of rolling cycles. The
depth 0.2 mm was chosen for the reasons mentioned
at the beginning of Section 3.2. The maximum per-
centage hardening, 86% above the bulk material hard-
ness, is established after 17 500 cycles. However, almost
30% hardening is achieved during the first 500 cycles.
The hardening rate decelerates with number of rolling
cycles until it becomes zero beyond 17 500 cycles (no
measurements were taken between 10000 and 17 500
cycles). The degree of strain hardening is maximum at
the contact surface. At steady state, the rail disc surface
hardness reaches a value 2.5 times that of the bulk
material.

3.3. Accumulated plastic strain

It was shown in Section 3.2 that most of the hardening
is established during the initial stages of the rolling
process. The deformed structure due to the different
cycling distances indicates that most of the shear strain
is also accumulated during the early rolling cycles. To
quantify this accumulation, shear strains after the dif-
ferent number of rolling cycles used during the course
of the present work were measured using the method
described at the beginning of Section 3. Fig. 8 shows
the shear strains, measured at 0.2 mm below the contact
surface, plotted as a function of number of rolling
cycles. The plot reveals a high strain accumulation rate
during the initial stages. This rate decelerates with
number of rolling cycles until it is zero after 17 500

12

0 20000 40000

NUMBER OF ROLLING CYCLES

Fig. 8. Accumulated shear strain at 0.2 mm below the contact surface
of the rail disc as a function of rolling distance.

Tr"mon

Traction

Fig. 9. Deformed structure below the contact surface of the pearlitic
rail steel disc after 17500 and 40 000 cycles (tests 138 and 139,
respectively).

cycles, where the accumulated strain achieves its max-
imum value. No further strains were observed beyond
these cycles. This is illustrated in Fig. 9 which shows
the deformation of the pearlitic structure after different
numbers of rolling cycles. The similarity of the defor-
mation after 17500 and 4 0000 cycles is very close.
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Fig. 10. Effect of rolling distance and disc cleaning on the traction
coefficient.

3.4. Coefficient of traction

Recording the torque transmitted between the two
test discs during a non-stop test of 4 0000 cycles enabled
the behaviour of traction coefficient to be monitored
as the rolling process proceeded. This coefficient is
plotted in Fig. 10 as a function of number of rolling
cycles. The plot reveals that the coeflScient of traction
starts to increase with number of cycles and reaches
its maximum, 0.441, after around 2000 cycles before it
starts to fall again. The rate of fall decelerates slowly
until it sustains a constant fall rate after around 15 000
cycles. After 4 0000 cycles, the traction coefficient drops
to 0.268. No attempt has been made to investigate the
traction coefficient behaviour beyond 4 0000 cycles. The
same behaviour was noticed during all other non-stop
tests.

Cleaning the test discs prior to weighing, as in test
number 130 where the test was being stopped every
2500 cycles, seems to affect the traction coefficient.
After each cleaning, nearly 500 cycles are required to
raise the traction to its pre-cleaning level before it
exceeds that level and then drifts downward again, see
Fig. 10.

4. Discussion
4.1. Weight loss and side plastic flow
During rolling-sliding testing, material is lost from

the contact surface by detachment of wear flakes as
well as by plastic flow into lips to the sides of the test

lips due to side flow

* ;Original diameter

*1 :Final diameter
T :Original track width
T1 : Final track width

Fig. 11. Plastic flow at the edges of the contact area of the test
disc.

disc track. Table 3 shows that the diameter loss of the
disc specimens is more than what could be contributed
by the weight loss. It also shows the track widening
in the form oflips at the sides of the track, schematically
exaggerated in Fig. 11. Although track widening in-
creases the apparent contact area, it may not affect
the contact stresses since the extra area is in the form
of lips which may not support load. That is why this
type of flow can be considered as wear. The same type
of flow is also noticed on the gauge face of curved
rails [5]. However, the term ‘wear’ will be used here
to describe the weight loss only. No attempt will be
made to discuss the effect of plastic side flow.

The steady state wear rate of 18 /ig cycle~\ mentioned
in Section 3.1. corresponds to 1.54 nm per cycle depth
loss, assuming all the metal is lost and no plastic lip
is formed. Since such a lip does form, the diameter
loss will actually be larger. From our measurements of
diameter change, the depth loss is about 80% more
than that calculated from the weight loss alone. Thus
just under 3 nm per cycle is lost from the surface.
Such small amounts are not found in the debris, where
flakes of the order of 3-10 pm thick are observed.
Thus the process of metal loss by flaking must be a
discrete event occurring periodically rather than a con-
tinuous process. However, this discrete event gives a
fairly uniform weight loss curve, rather than a discrete
stair shaped curve, since it happens at different places
of the running track surface of the disc.

4.2. Measurement of the accumulated plastic strain

The method used to measure the accumulated uni-
directional plastic strains reported in Section 3 may
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not be very accurate at or very near to the contact
surface, where a small change in the shear angle cor-
responds to a significant increase in the shear strain.
However, at depths of 0.2 mm and deeper below the
contact surface the method gives a reasonably accurate
measure of the strain. The method is similar to that
used by Bower and Johnson [6] who used spark eroded
slots filled with dental amalgam to measure surface
displacement during sliding wear tests. A similar tech-
nique has also been used by Bhargava et al. [7]. Zhang
and Alpas [8] used a marker platelet inserted in the
test piece surface to visualise and measure displacement
during sliding contact testing.

4.3. Ratchetting failure

The contact pressure (po= 1500 MPa) and the coef-
ficient of traction (p.>0.3) in the case of the present
work are known to cause a shear stress (t*) higher
than the shear yield strength of the material (k). In
this case two failure mechanisms may be considered.
If the cyclic straining of the material does not result
in accumulation of plastic strain, the surface layer fails
by low cycle fatigue [9,10]. Alternatively, if the surface
layer accumulates unidirectional plastic strain with num-
ber of cycles, the material fails due to an alternative
failure mechanism, ratchetting failure’, in which failure
takes place when the material accumulates uni-direc-
tional plastic strain equal to its critical strain to failure
[11]. Kapoor [12] showed that the two mechanisms are
independent and competitive and that the material fails
by whichever is satisfied in the shorter number of cycles.

It has been shown in Fig. 8 that the test conditions
of'the present work have resulted in strain accumulation
with number of rolling cycles. Accordingly, the failure
mechanism is expected to be that of ratchetting. As a
wear mechanism, ratchetting implies that material
should start to detach from the surface (fail) after
accumulating plastic strain equal to its critical strain
to failure. Consequently, the material has to be subjected
to a certain number of rolling-sliding cycles before the
first weight loss can be observed. In these experiments,
wear rate increases gradually before the steady state
is observed, see Fig. 3. This behaviour can be explained
by the following arguments.

(a) Ratchetting is not the only wear mechanism op-
erating during rolling-sliding contact. Oxidative
wear is dominant during the initial stages. Under
the test conditions of this work oxidative wear was
observed to prevail during the first 5000 cycles

(b) Every time material is removed from the surface,
a new layer of a different accumulated strain history
is exposed to contact surface.

The argument in (b) may be better understood if
we consider three material elements at different depths
below the contact surface, with the first element at the

surface. The three elements will be subjected to different

shear stress levels according to their depth below the

surface, where the surface element will be subjected
to the maximum shear stress. These shear stresses will
have two main effects, as follows.

(1) With each passage of the load they produce a shear
strain which decreases with the depth. The surface
element will see the maximum strain.

(2) This leads to strain hardening, the maximum of
which is also at the surface.

At the beginning of the test, the shear yield strength
k of the material is constant across the depth below
the surface. Figs. 6 and 12(a). The distribution of the
shear stress (t*) divides the material below the surface
into two regions. Down to a certain depth, point S on
Fig. 12, the shear stress is higher than k. Since the
surface element has not strain hardened and is still
relatively soft, its strain rate will be higher. This explains
the high hardening and straining rates during the initial
stages of the test, see Figs. 7 and 8, respectively. As
the rolling continues, this element strain hardens. Fig.
12(b) and, as a result, the strain accumulated per cycle
decreases. As deformation proceeds, the surface ele-
ment reaches a stage where further strain is not possible
due to the exhaustion of ductility. Figs. 8 and 12(c).
The material of the element would be expected to fails
when it accumulates plastic strain equal to its critical
strain to failure. This failure is the detachment of metal
from the surface as a flake.

Once the surface element detaches from the surface,
the second element will be exposed to the contact.
However, the difference between the two is that the
second element will reach the surface partially damaged
(partially strained since part of its ductility has already
been exhausted while it was still below the surface).

lijwiplaBbcfloward
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Fig. 12. Schematic illustration of the strain hardening and damage
accumulation during the different stages of the rolling sliding process.
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This implies that it requires fewer cycles to fail by
ratchetting. This may explain the increase in wear with
number of rolling cycles before the steady state.

As far as the third, deepest, element is concerned,
it is expected to reach the surface with a previous
damage higher than that of the second element and
it should fail even earlier leading to a higher wear
rate.

If the same argument is applied to more elements,
a stage will be reached where all the material reaching
the surface will have the same prior history of accu-
mulated strain and loss of ductility. The steady state
wear rate is expected when the first of the layers of
such material reaches the surface. In the case of the
present work this stage starts after about 17 500 cycles.

The diameter loss corresponding to a test of 17 500
cycles’ duration, number 138 in Table 3, is 85 um, or
just over 40 um loss in radius. It is interesting to observe
in Fig. 6 that this is very close to the surface compared
with the depth of penetration of the plastic deformation.
Thus steady state conditions do not require the feeding
through of the subsurface material from below the work
hardened layer.

The above argument is supported by the measure-
ments of the accumulated plastic strain plotted in Fig.
8 as a function of number of rolling cycles. It shows
that after a certain rolling distance, in this case about
17 500 cycles, further strain accumulation ceases and
no further strain accumulation is observed up to the
end of the test, (4 0000 cycles). Similar behaviour of
rail steel can be seen in Fig. 12(b) of Bower and Johnson
[6] under conditions of dry sliding contact. Likewise,
between 17 500 and 4 0000 cycles no additional hard-
ening could be observed, see Fig. 7. Similar results
have been obtained by Zhang and Alpas [8], who
reported a work hardening rate close to zero near the
surface of Al-7%S$i alloy tested under sliding conditions.

It can be concluded that steady state wear behaviour
is established when material elements of the same strain
hardening and accumulated plastic strain history start
to reach the surface. This is evident in Fig. 13 where
the percentage strain hardening, the accumulated uni-
directional plastic strain and the wear rate are plotted
against number of rolling cycles. Further evidence is
the similarity of the deformed structure and the test
disc running track appearance after 17 500 and 4 0000
cycles, Figs. 9(a) and 9(b), respectively.

The complexity of the stress state and the hardening
behaviour during rolling-sliding contact conditions has
lead some researchers to simplify these conditions.
Controlled cycling tests under conditions of ten-
sion—compression, tension-torsion and compres-
sion—-torsion [6,13,14], at different mean stress levels
and cycling regimes have been aimed at quantifying
the hardening and ratchetting behaviour under roll-
ing-sliding conditions.
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Fig. 13. Effect of rolling distance on the accumuliated shear strain,
percentage hardening and wear rate of rail steel.

The hardening behaviour observed in this work could
not be correlated with the results of those studies. This
could be due to the following factors.

(a) As it approaches the contact surface, deformed
pearlitic steel exhibits directionality in its me-
chanical properties [2,15]. As a result, the as-
sumption of isotropic material properties in studying
the near-surface stress state is not appropriate.

(b) The simulations used to represent the rolling-sliding
stress state mentioned above do not include the
element of wear and the consequent continuous
changes of the stress state of the near-surface layer
as this layer approaches the contact surface.

(c) Studying the coefficient of traction recorded under
the test conditions adds further complications to
the surface layer stress state. The plastic strains
are governed by the difference between the op-
erating contact pressure and the shakedown limit
of the material [6]. Since the plastic shakedown
limit of the material is a function of the coefficient
of traction, any change in this coefficient results
in a new strain cycle. In studying the hardening
behaviour under rolling-sliding conditions, re-
searchers usually assume a constant traction coef-
ficient with each cycle. However, Fig. 10 shows a
significant difference between the maximum and
the end-of-test traction coefficients, 0.441 and 0.268,
respectively. This difference cannot be ignored.

(d) The high hydrostatic pressure, caused by the contact
load, enhances the ductility of the material. This
is evident in Fig. 9 where severe deformation of
the surface layer can be observed.

To summarise, it has been shown that, if pearlitic
rail steel is subjected to the rolling-sliding conditions
used during this work, steady state wear is established
when material layers of the same previous history of
strain hardening and uni-directional plastic strain are
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exposed to the contact surface. There, material reaches
its critical strain to failure and fails by detaching from
the surface. This allows the next layer to be exposed

to the contact surface to face the same end result."

Reversing the direction of the strain is known to delay
the steady state wear behaviour and to reduce the wear
rate., Using the test conditions of the present work,
Tyfour and Beynon [2] have studied different rolling
direction reversal regimes and have shown that the
steady state wear behaviour is also a function of strain
direction reversal. This represents further evidence that
the accumulation of the unmi-directional strain is an
important factor in establishing the steady state wear
behaviour.

4.4. Traction coefficient

It is preferable to refer to the ratio between the
tractional and normal force between the two discs as
the ‘coefficient of traction’ rather than the coefficient
of friction. According to Amonton’s laws of friction
the coefficient of friction is a constant and is determined
only by the material pairing. This implies that friction
is not a function of rolling distance. The plot in Fig.
10 shows that the traction coefficient does change with
number of rolling cycles. Similar behaviour has also
been reported by others [16]. No attempt has been
made to study the effect of surface layer deformation
on the traction transmitted between the two discs.
However, there is evidence that the mechanical and
chemical properties of the surface layer of the disc
change with number of rolling cycles [17,18]. A study
of the relationship between the coefficient of traction
and the changes to the surface layer was conducted
by Krause and Demerci [17] who showed that the
behaviour of the traction coefficient under dry roll-
ing-sliding conditions is affected by the structural
changes to the deformed surface layer, such as the
changes to the crystal orientation and subgrain size.

The effect of cleaning the test discs on the traction
behaviour could be explained by arguing that cleaning
involves the removal of the oxide layer, mainly off the
wheel disc where it is more prevalent. This oxide is
known to act as a lubricant between the two discs. The
sharp peaks observed after every cleaning, Fig. 10,
supports this argument. The traction coefficient drop
after the initial peak coincides with the formation of
a new oxide layer.

5. Conclusions

5.1. If pearlitic rail steel is subjected to rolling-sliding
loads above its ratchetting threshold it exhibits a
steady state wear rate, characterised by a constant
weight loss per rolling cycle, after a certain number

of rolling cycles. Under the conditions used in
. this work, this number is around 17 500 cycles.

5.2. The steady state wear rate is established when
material of the same history of strain hardening
and accumulated uni-directional plastic strain
reaches the surface and the uni-directional plastic
strain limit to failure is reached. . :

5.3. Strain accumulation and strain hardening rates
are maxima at the beginning of the rolling—sliding
.process and decrease in a non-linear fashion to
cease after a certain number of cycles.

5.4. During -the initial stages of the rolling-sliding
process, oxidative wear is the main mechanism
by which material is lost from the surface of the
pearlitic rail steel.

5.5. The coefficient of traction is a function of rolling
distance and cannot be assumed to be constant
since it changes significantly with number of rolling
cycles. Interrupting the test to clean the test discs
affects the coefficient of traction by increasing it
momentarily. This increase is due to the removal
of the oxide layer, mainly off the wheel disc, which
acts as a lubricant between the two discs.
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. APPENDIX 2




The effect of rolling direction
reversal on the wear rate and
‘wear mechanism of pearlitic

rail steel

_ W. R. Tyfour and J. H. Beynon

The effect of different single and multiple rolling direction reversal
(RDR) regimes on wear rate and mechanism is studied in this
paper. Changes in structure deformation morphology and
~accumulated plastic strain are ‘also analysed. Evidence that
unidirectional rolling sliding contact can result in directional
mechanical properties of the deformed layer is given. Results
obtained under the test conditions used show that RDR has a
beneficial effect on the wear rate of pearlitic rail steel. Multiple
short RDR resulted in the lowest wear rate, less than half the

-unidirectional value.

Keywords: rolling/sliding contact, rolling direction, reversal, wear rate,

wear mechanism, plastic strain, free path in ferrite

_Introduction

In addition to the problems of rolling contact fatigue

~and rail corrugations, rail wear is still one of the
costliest engineering problems in almost any railway
system. Efforts to minimize wear rates through wheel
and rail profile design, selection of material and
improving the operating conditions K never stop.
Although a great deal has been achieved, there remains
much to be done, mainly in the area of the mechanisms
by which the rail loses material.

The interesting results of a previous study!' of the
effect of rolling direction reversal (RDR) on rolling
contact fatigue and crack morphology encouraged the
authors to extend their research to cover the effect of
this reversal on other types of rail deterioration caused
by rolling contact. It was thought at that stage that
although the RDR may improve rolling contact fatigue
life, it may adversely affect wear rate. That is why
‘the test conditions used during the course of the
present work were chosen to be identical to those of

the previous research, except that the present work

involves no lubrication.

The results obtained may not be of direct applicable
advantage to railway systems where double-line traffic
is dominant, so it should not be understood that
the authors are suggesting traffic-direction reversals.
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However, these results may lead to a better understand-
ing of the wear mechanism of peatrlitic rail steels.

Procedure

Wheel and rail test disks were cut from wheel rims
and rail sections, kindly supplied by ABB British
Wheelset Ltd and the British Railways Board, respect-
ively. The orientation of the disks in relation to the
wheel and rail is shown in Fig 1. Disks were machined

‘to the dimensions shown in Fig 2. The diameter. of

the disks is limited by the dimensions of the rail head.
The 47 mm disk diameter is the maximum obtainable
from the rails supplied.

The chemical composition and mechanical properties
of the disk materials are given in Table 1. To ensure
homogeneous properties rail disks were cut with their
axis parallel to the rail long axis, whereas wheel disks
were cut with their axis parallel to the wheel tread
tangent. All cutting. and machining operations were
conducted to maintain the original microstructure and
properties.

The dimensional tolerances of the disks were measured
for roundness and possible eccentricity between the
track surface and the bore using a Talyrond 200
profilometer (Rank Taylor Hobson Ltd).

Since the type of wheel/rail motion is known to be
that of combined rolling and sliding, it was decided
to use the LEROS (Leicester Rolling Sliding wear
machine), which is described in detail elsewhere?. The
machine is basically a Colchester Mascott 1600 lathe
modified to suit the purpose. A 4 kW d.c. motor is
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Fig 1 Orientation of disk specimens relative to rail
section and wheel rim

18.75

Fig 2 Dimensions (mm) of disk specimens

mounted on the tail stock end of the machine bed. A
drive shaft consisting of universal joints and splines is
powered by the d.c. motor through an interchangeable
gearbox of a 5:1 gear ratio. The other end of the
drive shaft is fitted with a machine tool arbor,
supported through a pivoted bearing assembly. The
wheel disk specimen (driving disk) is bolted to the
end of the arbor. This assembly can swing by the
action of a hydraulic jack powered by an electric
motor-driven hydraulic pump to facilitate the loading
mechanism. The rail material disk (braking disk) is
secured to an arbor at the end of another drive shaft
supported between a bearing housing and the lathe
chuck. The mid-section of this drive shaft is a
torque transducer, which enables measurement of the
tractional torque between the two disks. The centrelines
of the two drive shafts are parallel when the disks are
loaded. The required slip ratio (creepage) is achieved

402

Table 1 Chemical composition and mechanical
properties of the test materials

Material Rail Wheel
Specification BS 11 WSA
Chemical composition (wt%)
C 0.52 0.64
Si 0.2 0.23
Mn 1.07 0.71
Ni 0.03 0.17
Cr <0.01 0.18
Mo <0.01 0.03
S 0.018  0.041
P 0.013  0.023
Mechanical properties
Average hardness
(HV 500 g) 240 275
Ultimate tensile strength
(MPa) 781 857
Yield strength (MPa) 406 325
Total plastic elongation (%) 21.9 20.3
Young’'s modulus (GPa) 209 199

by adjusting the rotational speeds of the two drive
shafts.

The machine is equipped with manual as well as
computer creepage control through a number of
shaft encoders, transducers and a computer interface.
Contact load is easily applied and controlled by
electronically adjusting the opening of the hydraulic
control valve that passes the oil to the jack, which in
turn raises the bottom (wheel disk) shaft-bearing
assembly.

The hydraulic system enables loads up to 29 kN to be
applied. Assuming, for the sake of illustration, a
Hertzian elastic contact, for the dimensions of disk
specimens used in the present work this represents a
maximum contact pressure of 3000 MPa. Such a
large capacity means that wider track disks can
be accommodated while maintaining realistic contact
pressure. Wider tracks are less affected by stress drop-
off at the edges.

The formula used to calculate the maximum contact
pressure po (MPa) is that suggested by Timoshenko
and Goodier>:

where W is the contact load (N), T is the line contact
length (mm), E is the modulus of elasticity of steel
(MPa) and R is given by:
1 1 1
R~ Re ' Rw @
where Rg and Rw (mm) are the radii of the rail (top)
and wheel (bottom) disks, respectively.

H
po = 0.418 (gv_g)

The creepage or slip ratio is calculated using the
formula:

200(RxNg — RwNw)

9 =

8(%) = T RNz + RulNw @)
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where Rg and Ry are defined in equation (2) and
Ngr and Ny are the revolution counts of the rail and
wheel disks, respectively.

All tests were conducted under a maximum contact
pressure of 1500 + 5MPa and a creepage of
-1 + 0.01%. The contact area was air cooled using
a dry pressurized air supply. Test conditions are
shown in Table 2. Rail disks were reversed every
predetermined number of rolling cycles. Rail disk
rotational speed was 406 revolutions per minute.

To ensure similar test conditions, all test disks were
dismantled, cleaned in an ultrasonic bath of isopropanol
and weighed every 2500 cycles. This number represents
the minimum number of cycles per reversal used
during the course of the present work. At the end of
each test, disks were sectioned and prepared for
metallographic  observation and microhardness
measurements using established techniques.

Results

A summary of test results is shown in Table 3. Wear
rates are presented as total weight loss and diameter
loss of the rail disk. Although the wear rates were
different under different rolling direction reversal
regimes, there are some features which were found to
be common for all the tests. These will now be
described.

Common features

Coefficient of friction

Rolling direction reversal appears to have no effect
on the coefficient of friction between the two disks.
It can be seen from Table 3 that this coefficient, which
is calculated as a time average value, remained in the
range of 0.370-0.374 for the whole series of tests. The

Table 2 Test conditions

initial surface roughness of the disk pairs did not affect
this value, even at the very early stages of the
rolling-sliding contact. :

Hardness below the contact surface

Measurements of the hardness below the contact
surface of the rail disk revealed maximum hardening
at the contact surface. The bulk hardness is reached
at about 1.3 mm below the worn surface.

Measurement of the hardness very near to the contact
surface with the indenter paraliel to the disk axis
proved to be difficult since the indenter can cause
interlaminar cracking parallel to the contact surface,
resulting in an indentation larger than that representing
the actual hardness (Fig 3(a)). Figure 3(b) shows a
satisfactory indentation. To avoid such a condition,
hardness was also measured with the indenter perpen-
dicular to the disk axis. Progressive grinding of the
disk track surface enabled hardness measurements at
progressive depths. Figure 4 shows the hardness profile
below the contact surface of the rail disk of test 130
measured in both the directions mentioned above.
The profile in both directions is almost identical except
very near the surface, where the hardness value
measured perpendicular to the disk axis shows a value
lower than that measured parallel to the disk axis at the
same depth. This behaviour is due to the delamination
cracking mentioned earlier. Even at deeper indentation
locations short cracks were noted near the indentation
corners in the direction of structure deformation (Fig
5). This behaviour will be discussed in more detail
below.

Wear mechanism

The mechanism by which the rail disk loses material
appears to be that of delamination*. Surface, as well
as subsurface, cracks were noticed at and below the

Test number 124 125 126A 127A 128 129 130
Disk material: Top (rail) BS 11
Bottom {(wheel) WB8A
Initial surface roughness
(Rqpm)
Rail 0.37 0.46 0.46 0.51 0.44 0.39 0.16
Wheel 0.31 0.4 0.44 0.53 0.41 0.39 0.16
Maximum contact
pressure (eq. 1)(MPa) 1500
Percentage creepage
(eq. 3) (%) -1
Test speed: (rail-wheel)
(RPM) 406-410
Wear measurement
intervals Every 2500 cycles
Total number of cycles 40000 40000 45000 40000 60000 40000 40000
Reversal regime Single Multiple Multiple Multiple Single Single None
Number of cycles/
reversal 20000 10000 15000 2500 10000 2500 40000
Test environment Dry, air cooled
TRIBOLOGY INTERNATIONAL 403
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Table 3 Test results

Test number 124 125
Total number of cycles 40000 40000
Coefficient of friction 0.370 0.370
Contact area (mm?”)
Total rail disk weight loss
(g): Rail 0.422 0.287
Wheel 1.285 1.022
Total rail disk diameter
loss (mm); Rail 0.150 0.125
Wheel 0.300 0.200
Total rail disk track width
gain (mm): Rail 0.990 0.860
Wheel 0.610 0.670
Traction
il o
1T

Fig 3 (a) Interlamellar cracking caused by indentation
very near the contact surface, (b) Indentation mark
away from the deformed structure

contact surface, in the direction of traction parallel to
the deformed structure, as shown in Figs 6(a) and
6(b). The cracks appear to propagate between the
laminates parallel to the contact surface. Cracks
propagating at different levels of the laminar structure
can join only if they can break through the laminates
perpendicular to the direction of deformation, as
shown in Fig 7. Figure 8 illustrates a number of such
cracks propagating at different levels of the stacked
structure without joining, even though they are only
a few microns apart. Flakes are formed when a

404

126A 127A 128 129 130
45000 40000 60000 40000 40000
0.371 0.371 0.370 0.374 0.373
6.11
0.472 0.270 0.559 0.660 0.652
1.451 1.249 1.562 1.294 1.366
0.180 0.160 0.150 0.150 0.200
0.310 0.230 0.280 0.350 0.330
1.100 1.020 0.990 1.050 1.060
0.345 0.700 0.760 0.810 0.900
jSOOT-
: ITe INDENTATION PARALLEL TO THE DISC AXIS )
I 700 (0 INDENTATION PERPENDICULAR TO THE DISC AXI*
S
1
(’mb
Io
0 & -
o¥
400
* 0¢
=00 0oe
*0
200
0.0 0.20 o4 Q60 s 1.00 12

DEPTH BELOW THE CONTACT SURFACE (mm)

Fig 4 The hardness profile below the surface of the rail
disk of test 130

Traction

Free surface

U

T-.#

mpr.m

Fig 5 Cracking caused by indentation at different depths
below the contact surface of the rail disk (the worn
surface is above the top of the micrograph)
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Traction

Traction

Fig 6 Delamination cracks caused by the loaded contact
of the rail disk, (a) Surface cracks; (b) subsurface
cracks

Traction

Fig 7 Crack propagation across the laminates

laminate breaks to the contact surface. Debris are
formed by these flakes detaching from the disk surface.

Metallographic sections cut at a tangent to the worn
surface show that the cracks propagate along the
laminate borders even when those are corrugated.
This is shown in Fig 9, which is a micrograph of the
deformed structure of the rail disk oftest 130, sectioned
parallel to the disk axis, looking down on the wear
track but on a section cut at a tangent to it.

TRIBOLOGY INTERNATIONAL

Traction

Fig 8 Cracks propagating at different levels of the
stacked structure without joining

Fig 9 Deformed microstructure ofthe rail disk sectioned
parallel to the disk axis of the rail disk of test 130
(cracking in the ferrite phase)

Wheel disk wear rate

Reversal of the rail disk rolling direction appears to
have no significant effect on the wear rate of the
wheel disk regardless of the reversal regime. The wear
rate of the wheel disk was noted to be always higher
than that of the rail. The wear mechanism in this case
is that of the oxidative type. Prior to cleaning, a grey
oxide layer, which is easy to remove, was found to
cover the running track of the rail disk. The number
of cycles required to establish a steady state is around
17500, which is identical to that of the rail disk.
However, neither the steady-state behaviour nor the
wear mechanism appears to be affected by the rail
disk rolling direction reversal.

Uni directional rolling

Test 130 was run under conditions of unidirectional
rolling in order to establish a reference for comparison
with the remainder of the tests. The wear rate due to
unidirectional rolling is characterized by a relatively
low rate during the first few thousand cycles before it
starts to increase rapidly to reach a constant steady-
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20000 40000
NUMBER OF ROJJNU CYCUS

Fig 10 Relationship between weight loss per cycle and
number of rolling cycles of the rail disk of test 130

state rate which prevails to the end of the test,
arbitrarily chosen to be 40000 revolutions of the rail
disk. This behaviour is illustrated in Fig 10, where the
weight loss per rolling cycle is plotted against the
accumulated number of rolling cycles. Under the
unidirectional rolling-sliding conditions used during
the course of this work the number of cycles to
establish a steady state extends to almost 15000. The
nature of this period leading up to steady-state
conditions will be described in a future paper.

Although the wear data are scattered in the latter
period of the test (Fig 10), they still show a tendency
to be steady. This scatter could be related to the
cleaning before each weighing, as will be discussed
later.

Since the test was conducted under dry conditions,
the maximum plastic shear stress and, as a result, the
maximum deformation are expected at the contact
surface, as seen in Fig 11. The structure very near the
surface is deformed parallel to the rolling direction.
Scanning electron microscopy (SEM) spot analysis on

Fig 11 Deformed structure below the contact surface
of the rail disk of test 130

406

Fig 12 The straight and parallel borders between the

laminates of the deformed structure near the rail disk
surface of test 130

the dark parallel lines seen below the surface showed
that they are stringered manganese sulphide inclusions.
Those flattened inclusions may have an important role
in structure deformation and crack initiation, as will
be discussed later. The deformed structure just below
the contact surface appears as a multi-layer stack of
cementite laminates separated by layers of flattened
ferrite. The border between the adjacent laminates is
a straight line parallel to the contact surface, as seen
in Fig 12. Indentation in the direction parallel to those
laminates showed that they can separate easily (see
Fig 4).

Sections parallel to the disk axis, such as that of Fig
9, show another view of the deformed structure. It
can be seen that the flake root cracks follow the
deformation lines of the structure. Multi-layered
delamination flakes were noted at the contact surface
(Fig 13).

Tests under conditions of single rolling direction
reversal (SRDR)

Three tests were conducted under conditions of differ-
ent SRDR regimes. The results of those tests are
shown under numbers 124, 128 and 129 in Table 3.

Under the test conditions used during the course of
the present work it was found that RDRs have a

Traction

Fig 13 Multi-layered delamination flakes o f'the rail disk
of test 130
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significant effect on the wear rate of the pearlitic rail
steel disks. Figure 14 shows a comparison between
the different wear rates obtained under the three
different SRDR regimes and those under unidirectional
rolling conditions, plotted as accumulated rail disk
weight loss per cycle against number of cycles rolled.
It can be seen that the wear rates were almost equal
before the RDR. Upon reversal, those rates suddenly
drop to a significantly lower level.

The behaviour after the RDR depends on whether
the reversal is carried out during or after the period
required to establish a steady state under unidirectional
conditions. If reversal is carried out during this period,
as in test 129 where the rolling direction was reversed
after the first 2500 cycles, the effect of reversal is to
lower the wear rate temporarily, leading to an extension
of the period required to establish a steady-state wear
rate from around 15000 cycles during the unidirectional
rolling (test 130) to around 22500 cycles during test
129, as shown in Fig 14. On the other hand, if
RDR is carried out once steady-state wear has been
established, the wear rate drops suddenly from the
unidirectional steady-state wear level, which is in the
range of 15-17.5 (xg/cycle, to a significantly lower
level of around 7 pg/cycle as in tests 124 and 128,
where reversal was carried out after 20000 and 10000
cycles, respectively.

It appears from Fig 14 that the wear rate well after
reversal depends mainly on the number of cycles rolled
in the first direction. In test 128, RDR was carried
out after the first 10000 cycles before continuing the
test for another 50 000 cycles in the opposite direction
to examine whether the wear rate recovered its pre-
reversal level. It was found that the minimum weight
loss/cycle is achieved directly after the reversal. This
wear rate then starts to increase slowly. However,
even after 50000 cycles in the reverse direction, the
wear rate is barely half-way to its pre-reversal level.
On the other hand, when the rolling direction was
reversed after only 2500 cycles before continuing for

./\ UNI-MRECTI0ONALR(XIING ),
SMOU: ROLUNO DUIECnON REVERSAL AT 20000CYCLES

0 20000 <0000 60000
NUMBER OF ROLLING CYCLES

Fig 14 Effect of single reversal on the weight loss per
cycle of the rail disk
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another 37500 cycles in the reverse direction, as in
test 129, the wear rate was lower than that of the
unidirectional rolling up to 22500 cycles. After this
the wear rate was at a steady-state level, slightly
higher than that for the unidirectional condition.

The micrographs of the deformed structures of tests
124, 128 and 129, which were run under conditions of
single RDR after 20000, 10000 and 2500 cycles,
respectively, are shown in Figs 15(a)-15(c). When
the initial phase was 20000 cycles and equal to the
reversal period, as in Fig 15(a), the deformation shows
some recovery to an undeformed arrangement. This
recovery is incomplete in spite of the equal number
of cycles in each direction. Strain hardening is thought
to hinder full undoing of the deformation by reversal.
Similarly, when 10000 cycles is followed by 30000
cycles in the reverse direction, as in Fig 15(b), the
deformation is confined to a shallow depth below the
contact surface. This is further evidence that an
accumulated deformation caused by a certain number
of rolling cycles needs a higher number of cycles in
the other direction to realign it. A reversal regime of

1 "Tractinn Hp
first direction

Traction due
first direction

Fig 15 Deformed structure of the rail disk wunder
different single reversal regimes, (a) after thefirst 20000
cycles, (b) after the first 10000 cycles and (c) after the
first 2500 cycles
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2500 cycles followed by 37500 cycles in the reverse
direction (Fig 15(c)) shows no trace of deformation
due to the first 2500 cycles.

Tests under conditions of multiple RDR

Three tests were conducted under conditions of mul-
tiple reversals using three different reversal regimes.
Tests 125, 126A and 127A were reversed every 15000,
10000 and 2500 cycles, respectively. Figure 16 shows
that upon the first reversal the wear behaviour is
identical to that obtained under single RDR of the
same cycle interval. The effect of further reversals
depends on the cycle interval. The first reversal in the
multiple reversal regime of 15000 cycles per reversal
shows a significant effect on the weight loss per rolling
cycle. However, the effect of the second reversal,
after 30000 cycles, is barely distinguishable. The
second reversal during test 125, in which the rolling
direction was reversed every 10000 cycles, produced
a slight reduction in wear rate followed by a small
increase, whereas the third reversal, at 30000 cycles,
indicated a higher reduction which was more sustained
(Fig 16).

The average wear rates after the first RDR are almost
equal under the three multiple reversal regimes (Fig
16). All the three multiple reversal regimes used cause
a significant reduction in the wear rate.

The effect of multiple RDR on the deformation of
the microstructure below the contact surface is shown
in Figs 17(a)-17(c). (Contrast differences are due to
different amounts of etching during metallographic
preparation.) Test 127A, in which the reversal interval
was only 2500 cycles, resulted in a complicated wavy
structure nearer to the worn surface (Fig 17(c)). In
contrast, the longer cycle interval of test 126A produced
a deformation pattern similar to that of unidirectional
rolling (Fig 17(a)). It is worth noting that such
different deformation patterns have similar wear rates.

Comparison between the effect of single and multiple
reversal on the wear rate under the 10000- and 2500-

30"

'# UNMXRKCTIONAL KOUINC
.8 MILTULEIEVUSALE\EIY D«e0 CYCLES

4

20000 40000 60000

NLMBW OF ROU.ING CYCIES

Fig 16 Effect of multiple rolling direction reversal on
the weight loss per rolling cycle of the rail disk
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Traction due to
first direction

Traction diia 1
first direction

Fig 17 Structure deformation due to multiple rolling
direction reversals (a) every 15000 cycles (test 126A4),
(b) every 10000 cycles (test 125) and (c) every 2500
cycles (test 127A4)

cycle interval regimes is shown in Figs 18 and 19,
respectively. It can be seen that the difference between
single and multiple reversal rates increases as the
number of cycles per reversal is reduced.

Discussion

Reliability of results

The design features of the LEROS machine, mentioned
above, enable accurate control of the test conditions.
The ability to control the contact pressure (equation
(1)) and the creepage (equation (4)) to within 0.01%
made reproducibility of the test results easily achieved.
Identical wear rates under similar test conditions is
evident. See, for example, the wear rates before RDR
in Fig 18.

In spite of the extreme care taken during disk cleaning
and weighing, the wear rate data expressed as disk
weight loss per rolling cycle against number of rolling
cycles in Figs 10 and 16 show slightly scattered patterns.
This scatter is greater during the unidirectional test
and tests of a high number of cycles in a certain
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- ©  TEST No. 128 (REVERSAL EVERY 10000 CYCLES)
g @ TEST No. 128 ( SINGLE REVERSAL AFTER THE

§ . FIRST 1000 CYCLES)
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Fig 18 Comparison between the effect of single and
multiple rolling direction reversal over an interval of
10000 cycles

80 [ o e

WEIGHT LOSSICYCLE (uyeycle)
;i

8
I
[
]
SR S !

e Atﬁm‘, ab

&

| @i

| @ [BSINGLEREVERSAL AT 2500 CYCLES H !
| | MULTIPLE REVERSAL EVERY 2500 CYCLES | !
ol i L ! ; J

0 20000

NUMBER OF ROLLING CYCLES

Fig 19 Comparison between the effect of single and
multiple rolling direction reversal over an interval of
2500 cycles

direction. This behaviour could be related to the larger
flake size and longer pitch between the flakes, where
during cleaning the effect of an extra flake detaching
from the surface will be significant in weight loss
measurement.

The undirectional rolling-sliding wear

The present work shows that RDR under the test
conditions used has a beneficial effect on the wear
rate of pearlitic rail steel. The strength of this effect
is a function of the reversal regime, including whether
this regime consists of single or multiple reversals.
Among the different wear rates obtained under the
different reversal regimes the lowest wear rate was

TRIBOLOGY INTERNATIONAL

recorded under a multiple reversal regime of 2500
cycles per reversal, the smallest value attempted. The
mechanism by which RDR affects the wear rate of
the pearlitic rail steel may be better studied if
the unidirectional rolling—sliding wear mechanism of
pearlitic steel is first understood.

The widely accepted theories of wear use the concept
of surface fatigue and fracture mechanics to explain
wear mechanisms®. However, many researchers®’
have shown that the strength parameters are not the
only factors affecting wear rates. Grozier and Bucher®
showed that although there is a good correlation
between the wear behaviour and the strength of the
material, very little correlation exists between wear
rate and work hardening or wear rate and uni-axial
fracture properties. Clayton® demonstrated a good
inverse relationship between wear rate and total plastic
strain obtained in a tensile test. These findings may
indicate that the wear rate is a function of many factors,
including material composition and microstructure.

During a study of the deformation of pearlitic steels
Langford? described this deformation as an interlamel-
lar slip, the analogy being a deck of cards, which
takes place when a highly stressed slip system in the
ferrite is almost parallel to the plane of cementite
lamellae. Figure 11 shows the deformed structure of
the pearlitic rail steel disk near to the surface layer
caused by the unidirectional rolling—sliding motion,
and reveals that the type of deformation prevailing
under such conditions is like a deck of cards: one
where the deformed structure is parallel to the
direction of maximum shear stress. Under such loading
conditions it is expected that the surface layer will
suffer maximum strain. This strain falls gradually with
the depth below the contact surface. Although the
stress level caused by a certain rolling-sliding loaded
contact at any particular circumferential location in
the rail disk is assumed to be constant, it is still
possible to increase the total plastic strain by cyclic
increments®®. After a certain number of unidirectional
rolling—sliding cycles the accumulated plastic strain
could exceed the critical unidirectional plastic strain
and cause fracture, which is expected to be within
the surface layer of the disk. However, material
deficiencies, such as dislocations and inclusions, may
encourage subsurface cracking similar to those shown
in Fig 6(b). Such cracks were also reported by Jahanmir
et al.*°.

The deformed structure caused by unidirectional rolling
and shown in Fig 11 appears to exhibit directional
properties near the contact surface. Crack propagation
in a direction perpendicular to the structure laminates
proved to be difficult. Indentation parallel to the
laminates, at a depth of less than 50 um below the
contact surface, caused laminar separation type of
cracks (Fig 3(a)). Even when the indenter corner was
very near the free surface, no cracking towards the
surface was noted. The indentation mark shown in
Fig 3(a) revealed that the indenter caused a separation
of a significant width without the separated layer
breaking through to the surface. This can be seen
from the indentation mark borderline nearer the
surface, which indicates that the separation crack has
closed back, but not completely, after releasing the
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indenter. This directionality in mechanical properties
was also reported by Bucher'! during a study of the
effect of inclusions on the brittle fracture of hot-rolled
steel. Indentation in the bulk material, away from the
deformed structure, showed no evidence of directional
properties, as revealed from the indentation borders
and corners shown in Fig 3(b).

Perez-Unzueta and Beynon'? showed that the wear
rate of pearlitic rail steel decreases with shorter
cementite interlamellar spacing. Clayton® demon-
strated a strong correlation between wear rate of
pearlitic steel and the mean-free path in ferrite. This
path is defined as the average distance a dislocation
can travel in any direction before encountering an
obstacle, whether a carbide plate or a grain boundary.
Shorter interlamellar spacing leads to a shorter free
path in ferrite. During unidirectional rolling—sliding
contact the pearlitic microstructure nearer the surface
is deformed in such a way that both the carbide
lamellae and the grain boundaries are aligned parallel
to the contact surface, as shown in Fig 11. In this case
the unit length in the direction parallel to the surface
contains the minimum number of obstacles facing
the dislocation propagation. On the other hand,
perpendicular to the contact surface the obstacle
density is at a maximum and increases with shorter
interlamellar spacing, as shown schematically in Fig
20. This argument may partially explain the cracking
parallel to the contact surface shown in Fig 8, where
subsurface cracks are propagating at different levels
of the laminar structure without joining, despite the
very short distance separating them.

The wear behaviour and the relationship between rail
disk weight loss per cycle and the accumulated number
of unidirectional rolling cycles shown in Fig 10 can be
explained by using the arguments of the critical
accumulated plastic strain and the free path in ferrite.
The relatively low wear rate during the early cycles
could be related to the following:

(1) The accumulated plastic strain is still below the
critical level for fracture.

(2) The deformed structure is not yet fully aligned
and, as a result, the effect of a longer free path

. Crack
Direction of traction —

irect trac ,’ Unit length in all directions

[

Fig 20 Schematic representation of the lamellar
obstacles facing the dislocation movement in a pearlitic
deformed structure
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in ferrite parallel to the lamellae is still not
significant.

The later steady-state wear rate behaviour, which is
dominated by delamination and flaking, could be
explained using the same arguments of the free path
in ferrite and the accumulated critical plastic strain
since the effect of both is a function of the number
of rolling cycles. Since the maximum shear stress
during dry rolling-sliding is known to be at the contact
surface, the surface layer will reach the critical plastic
strain level before the rest of the material. At the
same time, the structure at the surface will be forced
to align parallel to the surface. The effect of both
actions will result in delaminations and subsequent
flaking of the surface layer. Once the first layer
has worn off, another layer, partially deformed and
strained, is exposed to the surface to face the same
result. However, the exact location of cracking could
be affected by localized material deficiencies such as
inclusions.

Effect of manganese sulphide inclusions

Manganese sulphide inclusions are thought to be
suitable sites for crack initiation and propagation and,
as a result, they could increase the wear rate!*'4. The
role of these inclusions in assisting fracture could be
explained by arguing that, since they are known to be
soft inclusions, their strength is less than that of the
bulk material. This can result in a higher localized
plastic strain in and around the inclusions. This
argument is supported by the work of Krause and
Schroelkamp!4, who detected such inclusions within a
crack. Bucher!! also reported flat voids around the
stringered manganese sulphide inclusions in hot rolled
steel sections. Crack initiation at local deformation
bands ahead of an inclusion and due to decohesion of
the material-matrix interface have recently been
reported for four-point bending fatigue of rail steels’>.
It should be noted, however, that the MnS inclusion
content of the steels used in this work is too low for
the wear to be dominated by such a mechanism.

Effect of strain hardening and deformation
morphology on wear

Deforming strain-hardened materials is easier before
they establish their full hardening. Krause and Schroel-
kamp'* showed that most of the strain hardening due
to rolling contact takes place during the initial stages
of the rolling process. Although no attempt has been
made to determine the number of rolling cycles needed
to establish the full strain hardening under the test
conditions used during the course of this work, it is
expected that most of this hardening takes place during
the early period when the wear rate is below its
steady-state value. This hardening could be the reason
for the wavy structure caused by a single RDR at half
the total number of rolling-sliding cycles and shown
in Fig 15(a). This is a micrograph of the deformed
structure of test 124 which was run 20000 cycles in
each direction. It can be seen that while the first cycle
interval caused the structure to deform parallel to the
rolling direction, the length of the reversed cycle
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interval was not sufficient to reverse completely the
structure deformation to the other direction. Only the
part of the structure nearest the surface, where the
shear stress is at a maximum, is reversed, causing the
wavy structure shown. The single reversal appears to
have two effects on the structure’s morphology. First,
the transition region between the two directions of
the deformation moves down below the contact surface
as the ratio between the number of cycles in the first
direction and that of the second increases. Second,
recovery of the deformation caused by the first rolling
interval is also noted. Figure 15 shows the structural
changes below the rail disk surface caused by the
three different single reversal regimes of tests 124, 128
and 129. A complete reversal of the direction of
deformation is noted in test 129 where, compared with
the other two tests, the ratio of the first to the second
cycle interval is very low. In this case the deformed
structure is very similar to that of unidirectional rolling
shown in Fig 11. This similarity in the deformed
structure is associated with an almost similar wear rate
nearer the end of the two tests (See Fig 14).

Effect of the RDR regime

Single reversal

Among the three single RDR regimes, that of test
124, in which reversal was carried out after 20000
cycles, resulted in a minimum wear rate after 40000
cycles. According to the criteria of maximum unidirec-
tional plastic strain and the free path in ferrite such
behaviour is expected since reversal appeared to have
delayed the critical plastic strain limit in addition to
its effect on reducing the free path in ferrite. On the
other hand, the maximum wear rate is that of test
129, where the rolling direction was reversed after the
first 2500 cycles. This behaviour was also expected
since the number of rolling cycles after reversal was
enough to recover fully the deformation caused by the
first cycle interval and to accumulate plastic strain in
the opposite direction.

Multiple reversals

The above arguments can be used to explain the wear
behaviour under multiple RDR. The approximately
equal steady-state wear rates noted during such conditions
and shown in Fig 16 could be related to two factors:

(1) Multiple RDR can result in reducing the plastic
strain accumulated in one particular rolling direc-
tion.

(2) It can also produce a structure-deformation
morphology which is more complicated than that
of single RDR, resulting in additional obstacles
to dislocation movement and leading to a smaller
flake size.

Both arguments are supported by Fig 21, which shows
low-magnification scanning electron micrographs of
the running track of the three rail disks tested under
different multiple reversal regimes. It can be seen that
the minimum flake size (Fig 21(c)) corresponds to the
multiple RDR regime of the minimum number of
cycles per reversal (in this case, 2500).

TRIBOLOGY INTERNATIONAL

Fig 21 Scanning electron micrographs of the running
track of the three rail disks tested under different
multiple reversal regimes, (a) 15000 cycles per reversal,
(b) 10000 cycles per reversal, (c) 2000 cycles per
reversal

Summary

To summarize, under the test conditions used during
the course of this work, the mechanism by which
rolling direction reversal reduces the wear rate of
pearlitic rail steel is believed to operate as follows:

(1) In unidirectional rolling the direction of both
the accumulated plastic strain and the pearlitic
structure deformation are the same. Tliis can
result in:

(a) The accumulation of unidirectional plastic
strain at and below the contact surface,
which is thought to be the reason for
surface and subsurface cracking when the
unidirectional plastic strain exceeds the
critical strain (ductility).
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)

3)

(b) The deformation of the microstructure
leads to the alignment of the carbide
lamellae, as well as the grain boundaries,
in a straight laminar pattern parallel to the

- wear surface, resulting in easier interlamel-
lar slip.

RDR has the following two resuits acting in
contrast to those in (a) and (b) above:

(a) It reduces the amount of unidirectional
plastic strain since a large proportion of
the reversed cycles is consumed in turning
back the shear deformation accumulated
during the previous rolling direction,
resulting in a delay for the critical unidirec-
tional strain limit for fracture.

It produces a complicated wavy structure
hindering dislocation movement and inter-
lamellar slip. The effect of both actions
(a) and (b) is to decrease the wear rate.

(b)

Soft manganese sulphide inclusions are believed
to have an adverse effect on increasing the wear
rate of pearlitic rail steel by causing localized
concentration of plastic strain.

Conclusions

(1)

(2)

(3)
(4)
(%)

(6)
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Under the test conditions used during the course
of the present work RDR proved to have a
beneficial effect on the wear rate of pearlitic rail
steel.

The morphology of the pearlitic deformed struc-
ture plays an important role in the wear mechan-
ism and rate.

Multiple reversals at short cycle intervals gave
the minimum wear rate.

Soft manganese sulphide inclusion increases the
wear rate of pearlitic rail steel.

The mechanism by which the pearlitic rail steel
disk loses material appears to be that of delami-
nation caused by accumulated unidirectional plas-
tic strain.

RDR of the rail disk has no effect on the wear
behaviour of the wheel disk.
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The effectof ‘.r"'dfl ling direction
reversal on fatigue crack
‘morphology and propagation

‘W. R ’f‘yfpur an‘c‘!".il.H."' Beynon

The effect of repeated rolling direction reversal on crack

 morphology, propagation and RCF life of rail steel is investigated
in this paper. It has been established that reversal is of beneficial
effect on RCF life. This effect is a function of the reversal regime.
An optimum reversal is achieved when the number of rolling
cycles per reversal is between 25% and 37% of the uni-directional
RCF life cycles of the material. Under such a reversal regime, the
RCF life is almost doubled. Rolling direction reversal appears to
affect RCF cracking propagation as well as morphology. A new

. mechanism, the ‘variable crack face friction mechanism’, is

proposed to explain this effect.

Keywords: rolling contact fatigue (RCF), rolling direction, reversal, crack

morphology, crack propagation -

- Introduction

-Among the different forms of rail damage caused
-by the counter formal contact between railway wheel
and rail, rolling contact fatigue (RCF) failure in

particular is given considerable attention since its .

potential to. develop transverse rail fracture and
cause derailments remains a real threat. Research
had -been focused on improving the RCF life of rail
by proper selection of rail steel, reducing its inclusion
content, ‘and trying to understand the effect of the
- different conditions under which RCF develops.

The present work is aimed at studying one of the
service conditions prevailing in some railway systems,
where a single line is used for two-directional traffic.
‘The condition is simulated in the laboratory by using
a rolling contact disk machine, where two cylindrical
disks machined from rail and wheel are loaded and
rolled. The rolling direction reversal is achieved by
inverting the rail specimen at every certain number
- of rolling cycles.

The study may not be of direct applicable advantage
to double line railway -systems, where rolling is
unidirectional. However, it may help in a better

understanding of some of the phenomena associated -

with RCF in general, such as the role of lubricant
and RCF cracking morphology.

Department of Engineering, University of Leicester, University Road,
Leicester LE1 7RH, UK.
Received 29 November 1993; revised 21 February 1994
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Procedure

Wheel and rail test disks are cut from wheel rims and
rail sections, kindly supplied by ABB British Wheelset
Ltd and the British Railways Board, respectively. The
orientation of the disks in relation to the wheel and
rail are shown in Fig 1. Disks were machined to the
dimensions shown in Fig 2. The diameter of the disks
is limited by the dimensions of the rail head. The
47 mm disk diameter is the maximum obtainable from
the rails supplied.

The chemical composition and mechanical properties
of the disk materials are given in Table 1. To ensure
homogeneous properties, rail disks were cut with their
axis parallel to the rail long axis, whereas wheel disks
were cut with their axis parallel to the wheel tread
tangent. All cutting and machining. operations were
conducted to maintain the original microstructure and
properties. The dimensional tolerances of the disks
were measured for roundness and possible eccentricity
between the track surface and the bore using a
Talyrond 200 profilometer (Rank Taylor Hobson Ltd).
Prior to test start, disks were scanned for surface
defects using an Elotest B1 eddy current flow detector
(Rohmann UK Ltd), then cleaned in an ultrasonic
bath of isopropanol.

- Since the type of wheel/rail motion is known to be

that of combined rolling and sliding, it was decided
to use the LEROS (Leicester Rolling Sliding wear
machine), which is described in detail elsewhere!. The
machine is basically a Colchester Mascott 1600 lathe
modified to suit the purpose. A 4 kW d.c. motor is
mounted on the tail stock end of the machine bed. A
drive shaft consisting of universal joints and splines is

- 0301-679X/94/04/0273-10 © 1994 Butterworth-Heinemann Ltd 273
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5
o

Fig 1 The orientation of the disk specimens relative to
the rail head and wheel rim

0.5um |

ALL DIMENSIONS ARE IN (mm)

Fig 2 Dimensions of the test disks

powered by the d.c. motor through an interchangeable
gearbox of 5:1 gear ratio. The other end of the drive
shaft is fitted with a machine tool arbor, supported
through a pivoted bearing assembly. The wheel disk
specimen (driving disk) is bolted to the end of the
arbor. This assembly can swing by the action of a
hydraulic jack powered by an electric motor-driven
hydraulic pump to facilitate the loading mechanism.
The rail material disk (braking disk) is secured to an
arbor at the end of another drive shaft supported
between a bearing housing and the lathe chuck. The
mid-section of this drive shaft is a torque transducer,
which enables measurement of the tractional torque
between the two disks. The centre lines of the two
drive shafts are parallel when disks are loaded. The
required slip ratio (creepage) is achieved by adjusting
the rotational speeds of the two drive shafts.
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Table 1 Chemical composition and mechanical
properties of the test materials

Material Rail Wheel
Specification BS 11 WS8A
Chemical composition (wt%)
(o 052 0.64
Si 0.2 0.23
Mn 1.07 0.71
Ni 0.03 0.17
Cr <0.01 0.18
Mo <0.01 0.03
S 0.018 0.041
P 0.013 0.023
Mechanical properties
Average hardness
(HV 500g) 240 270
Ultimate tensile strength
(MPa) 781 857
Yield strength {MPa) 406 325
Total plastic elongation
(%) 219 20.3
Young's modulus (GPa) 209 199

The machine is equipped with manual as well as
computer creepage control through a number of
shaft encoders, transducers and a computer interface.
Contact load is easily applied and controlled by
electronically adjusting the opening of the hydraulic
control valve that passes the oil to the jack, which in
turn raises the bottom shaft bearing assembly.

The hydraulic loading system enables loads up to
29 kN to be applied. Assuming, for the sake of
illustration, a Hertzian elastic contact, for the dimen-
sions of disk spscimens used in the present work this
represents a maximum contact pressure of 3000 MPa.
This feature of the machine results in minimizing the
disk track edge effect since wider track disks can be
accommodated.

To detect RCF cracks, a computer-controlled non-
contact eddy current crack scanning system is used.
This scanning system represents a reliable method in
which an alarm level can be adjusted to activate a
signal when RCF cracking reaches a certain stage. It
also enables the defect area to be located with sufficient
accuracy.

The formula used to calculate the maximum contact
pressure p, (MPa) is that suggested by Timoshenko
and Goodier?:

WE\!
po=0.418 (ﬁ) )

where W is the contact load (N), T is the line contact
length (mm), E is the modulus of elasticity of steel
(MPa) and R is given by:
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1 1 1

R R Ra @
where Ry and Rg (mm) are the radii of the top and
bottom disks, respectively.

The creepage or slip ratio is calculated by

o, __zm(RTNT_RBNB)
8(%) == R Ny + RoNy @

where Rr and Ry are as defined in equation (2), and
Ny and Ny are the revolution counts of the top and
bottom disks, respectively.

All tests of the present work were conducted under a
maximum contact pressure of 1500 + 5 MPa and a
creepage of 1 = 0.01%. The contact area was water
lubricated using a gravity drip system supplying
approximately 1 drip per second. Test conditions are
shown in Table 2. Rail disks were reversed every
predetermined number of rolling cycles. The non-
dimensional term ‘reversal factor’ is used during this
work to define the regime of rolling direction reversal
for the rail disk and is defined by:
Cl’

RF L. (4)
where C, is the number of rolling cycles per reversal
and L, is the number of rolling cycles to cause RCF
failure in a uni-directional rolling test under the same
conditions of load and creepage.

For the purpose of the present work, the RCF life is
defined as the number of rolling cycles required to

Table 2 Summary of test conditions

initiate and propagate a RCF crack deep enough to
trigger a pre-set alarm level on the eddy current flow
detection unit. This alarm level was set by using a
calibration disk, machined from the same rail material,
in which an artificial crack has been spark eroded to
a certain depth below the track surface.

Upon failure, defects were located and marked,
disks were removed, cleaned, and final dimensions,
roundness and surface roughness profiles were
recorded. All disks were sectioned and optical metal-
lography of crack morphology and microstructural
changes were studied and photographed. The
microhardness across the depth below the contact
surface was also measured.

Results

A summary of the test results is shown in Table 3.
The non-dimensional term ‘life factor’ is introduced
to evaluate the change in RCF life under conditions
of different reversal factors. Life factors of more than
unity mean an increase in the RCF life over that
obtained in the uni-directional test and vice versa.

Crack location is the distance of the maximum signal
from the track edge nearest to its drive shaft. Crack
dimensions are reported for all cracks over 180 pm
deep and are presented as average values, except for
the crack depth, where the maximum depth is also
presented. The term ‘crack direction competition
factor’ (CDC factor) is introduced to evaluate the
direction for the crack propagation and is defined as

Test conditions

Test number

113 114 115 116 119 120 121
Disk material
Top (rail) BS 11
Bottom (wheel) W8A
Maximum contact pressure (MPa) 1500
Percentage creepage (%) 1
Test speed (RPM)
Rail/wheel 402/406
Initial surface roughness (R,)
Rail/wheel 0.38/ 038/ 0.28/ 032/ 0.20/ 0.20/ 0.21/
0.47 0.39 0.37 0.33 0.21 0.19 0.32
Number of cycles per reversal (rail} 5000 37422 10000 18711 28066 14033 2000
Reversal factor® (rail) 0.133 10 0.267 05 0.75 0.375 0.0534

Lubrication

Water (one drip per second)

*Reversal factor is the ratio between the number of rolling cycles per reversal and the number of cycles to RCF failure in

unidirectional rolling
®Unidirectional test

TRIBOLOGY INTERNATIONAL

275




W. R. Tyfour and J. H. Beynon—Rolling direction reversal on fatigue crack morphology and propagation

Table 3 Summary of test results

Test results Test number
113 114 115 116 119 120 121
Number of rolling cycles to failure 55000 37422 70000 52119 41365 69123 50980
(rail disk revolutions)
Number of reversals to failure 1 . 7 2.87 147 4.92 25.49
Life factor® 1469 1 1.870 1.392 1.015 1.847 1.362
Contact area (mm?) 6.11
Crack location® (mm from the 3.7 45 4 5.2 5.7 4 5
reference track edge)
Maximum crack length (um) 586 1226 276 920 Not 920 908
measured
Average crack length (um) 5369 881 276 759 Not 893 208
measured
Average crack depth (um) 296 410 180 445 Not 585 403
measured
Crack direction competition factor® 0.65 0.57 0.85 0.71 Not 0.85 0.53
measured
Steady state coefficient of friction 0.1320 0.1248 0.123 0.1250 0.1255 0.1320 0.1487
Average coefficient of friction 0.128 0.104 0.117 0.119 0.125 0.128 0.144
Weight loss (ng/cycle) 0.821 1460 0.932 1.030 0.964 1328 1570
Diameter loss (nm/cycle) 0909 0.668 0857 0767 0.725 0.578 1.210
Track width gain (nm/cycle) 4380 4810 4710 6.040 6.040 3970 8.730

*Unidirectional test

bLife factor is the ratio of the life cycles of rail disks tested under reversal conditions and those obtai

conditions
<As defined in the text

d under

9Crack direction competition (CDC) factor is the ratio of crack propagation length in the radial direction and that in the circumferential

direction

the ratio between crack depth, measured radially from
the track surface, and the crack circumferential length
measured parallel to the surface between the mouth
and the tip of the crack (Fig 3). This method of
reporting the crack morphology was preferred since it
takes into consideration the crack branching and
changing direction.

CDC factor = v/

Fig 3 Schematic representation of the definition of the
CDC factor (section cut normal to the rotation axis of
the disk)
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The coefficient of friction is calculated from the
torque-time chart recorded during each test. It is
reported as steady state as well as average values. The
steady-state coefficient of friction does not include the
effect of the running-in period, which in this case is
characterized by a low coefficient of friction for the
first few thousand cycles, which is thought to be
caused by the formation of an oxide layer on the
surface of the rail disk track. The coefficient of friction
starts to rise as the oxide layer gradually disappears,
starting from the track edge where a shiny fresh metal
band begins to grow across the track. The coefficient
of friction stabilizes as the oxide layer completely
disappears. The mean value of friction coefficient is
obtained as a time average value.

The effect of rolling direction reversal on the RCF
life of pearlitic rail steel is shown in Fig 4, in which
the reversal regime is represented by the reversal
factor and the change in RCF life by the life factor.
It can be seen from the plot that any reversal regime
has a beneficial effect on the RCF life of pearlitic rail
steel. This effect ranges from +10.5% for a reversal
factor of 0.75 to +87.4% for 0.267. The maximum
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Fig 4 Effect of roiling direction reversal on RCF life

RCF life improvement appears to be achieved between
reversal factors of 0.267 and 0.375.

The relationship between the life factor and the crack
direction competition (CDC) factor is shown in Fig
5. Although the data are scattered, they still show a
trend of higher life factor with higher CDC factor.

Figure 6 shows the relationship between the reversal
factor and the CDC factor, where it can be seen that
the CDC factor is at its maximum value when
the reversal factor is between 0.267 and 0.375.
Superimposing this relationship on that between rever-
sal factor and life factor shows that the optimum life
factor and the maximum CDC factor are coincident
and obtained under the same reversal factor.

Optical microscopy of sections perpendicular to the
rotation axis of the disk through the crack face reveals
different crack morphologies under different reversal
regimes. RCF cracks in the rail specimen run unidirec-
tionally in test number 114 are characterized by a

2.00

1.60

1.20

0.80 -
0.50 0.60 0.70 0.80 0.90

COC FACTOR

Fig 5 Relationship between life factor and CDC factor
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Fig 6 Effect of reversal factor on life factor and CDC

factor

main straight crack, propagating at an angle of
approximately 30° to the surface in the direction of
load movement, as shown in Fig 7. In this case crack
branching is mostly perpendicular to the main crack
towards the contact surface. A crack network is formed
by these branches joining parallel main cracks.

The cracks in the specimen run under a reversal factor
of 0.267 (10000 cycles/reversal), which gave the
maximum life factor during test number 115, are of a
quite different morphology. They can be classified
into two types: first, the branched' type, which is
characterized by a primary crack propagating to a
shallow depth below the contact surface before it
diverts its direction to the opposite sense. It then
branches parallel to the initial direction to produce a
two-branch crack as shown in Fig 8. The second type
is the ‘double’ cracking type, which is characterized
by two cracks of different initiation points but of
opposite senses of direction, as shown in Fig 9. The

Fig 7 RCF cracking under unidirectional rolling con-
ditions (test no. 114)
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Fig 8 Branched type RCF crack under a reversalfactor
0f 0.267 (test no. 115)

Fig 9 Double RCF cracking under a reversal factor of
0.267 (test no. 115)

angle between the two cracks is very close to that
between the two branches of the branched type.

Figure 10 shows a crack of the branched type, with a
longer primary crack, found in the rail test disk of
test number 116 which was conducted under a reversal
factor of 0.5 (18711 cycles/reversal). Cracks in test
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Fig 10 RCF cracking under 0.5 reversalfactor (test no.
116)

disks run under a reversal factor of 0.053, which
represents the lowest reversal factor used and corres-
ponds to 2000 cycles/reversal, were similar to those
of the unidirectional test number 114, except that the
crack line is slightly wavy, as shown in Fig 11. All
cracks studied during the present work were observed
to originate from either a pit or a flake root. A
summary of the different crack morphologies under
conditions of different reversal factors is represented
schematically in Fig 12, which shows a braking elastic
half-space subjected to a driving load travelling in the
Xy plane in the direction of the box arrows. p(x) and
q(x) are the pressure and traction distributions,
respectively, at a distance x from the centre of the
contact. The arrows within the half-space represent
the direction of load movement under which the
marked portion of the crack has propagated.

The relationship between the microhardness and the
depth below the contact surface for the rail disks is
shown in Fig 13. It appears that the reversal factor
has no effect on the depth of maximum hardening.
Best-fit analysis shows that the data fit a fourth-degree
polynomial relationship with a peak hardness value at
0.25 mm below the contact surface. This figure is very

Fig 11 The wavy shape RCF cracking under a reversal
factor of 0.053 (test no. 121)
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near to 0.238 mm, which is the theoretical location of
the maximum shear stress obtained by applying the
Hertzian analysis and calculated by?

Z,,=0.78a (5)
where Z,, is the depth of maximum shear stress and
a is the semi-contact width of two elastic cylinders
calculated from:

WR\}

a=1.52 (ﬁ) (6)
where W, R, T and E are as defined in equation (1).

TRIBOLOGY INTERNATIONAL

The number of rolling cycles seems to affect neither
the value nor the location of maximum hardening.
This supports the suggestion that strain hardening
takes place during the initial stages of the loaded
rolling contact process®.

Wear rates were measured at the end of each test and
reported as weight loss/cycle. Similarly, diameter loss
and track width gain are also presented. No significant
trend was found between reversal factor and these
values.

Discussion

The results presented in the previous section suggest
that rolling direction reversal is of beneficial effect on
RCEF life of pearlitic rail steel. They also indicate that
reversal affects the morphology of RCF cracking.

Several researchers have indicated similar effects>>.
Fujita et al.? carried out oil-lubricated rolling direction
reversal experiments on carbon steel under a reversal
regime of just one reversal after varying number of
cycles and reported significant improvement in RCF
life. Ichinose er al.* also indicated an extended fatigue
life and suggested that if the rolling direction is
reversed the cracks formed in the primary direction
cease to propagate.

The mechanism by which the rolling direction reversal
improves the RCF life may be better understood if it
is possible to understand the effect of reversal on
crack propagation. Crack propagation in unidirectional
rolling has been the subject of considerable attention
by researchers using the theory of fracture mechanics
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to study the stress field around the tip of a propagating
RCF crack®-*. Since the presence of a fluid lubricant
is known to be essential for RCF cracking, most of
the theories by which this cracking is explained are
focused on the role of the fluid lubricant in the crack-
propagation process. This role seems to remain an
area of debate. Some suggest that the fluid enters the
crack and acts as a lubricant, resulting in a reduction
of the coefficient of friction between the two faces of
the crack to allow them to slide relative to each other,
so that the crack can propagate in mode I1'°. Others®®
supported and developed the pressurizing mechanism
of Way!!. Bower® introduced further improvements to
the pressurizing mechanism and called it the trapped
fluid mechanism. According to this mechanism, the
crack is filled with the fluid just before its mouth
reaches the contact area. Afterwards, the mouth is
sealed under the contact area. As a result, the crack
cavity is pressurized and the fluid is forced towards
the crack tip to generate mode I stress intensities.
Under pressure, the fluid escapes from the crack cavity
and keeps part of the crack open to allow relative
motion between the two faces of the crack and generate
mode II stress intensities.

If the rolling direction is reversed, the crack tip enters
the contact pressure zone between the two disks before
the mouth. In this case no fluid is expected to be
trapped since the crack cavity is gradually closed
starting from the crack tip, while the crack mouth is
still open. As a result, the RCF crack formed in the
preceding rolling direction is not expected to propagate
in mode 1 when the rolling direction is reversed.
Similarly, in the absence of the lubricant, the compress-
ive load will increase the frictional force between the
two faces of the crack and will reduce the mode II
propagation.

The implication of Bower’'s model® was that the
primary RCF crack would not divert or branch upon
reversal of the rolling direction, nor would it grow
significantly during the reversal period. In the present
work, cracks have clearly demonstrated that they
branch and continue to grow in a direction different
from the primary crack during the reversal.

RCF cracks propagate in the braking part of the
rolling/sliding system in a ‘preferential direction’ which
is the direction of the driving load movement as shown
in Fig 14. Upon reversal, many parameters in the
stress cycle are affected.

The following descriptive mechanism is proposed to
explain crack propagation under rolling direction
reversal conditions and will be referred to as the
‘variable crack face friction mechanism’. No attempt
will be made to explain the initiation or early
propagation of the primary crack.

First, it is assumed that the primary crack propagates
in the direction of load movement to a certain length
during a certain cycle interval. Upon reversing the
rolling direction, the crack tip will start to enter the
Hertzian pressure-dominated area before the mouth,
leading to the gradual closure of the crack starting
from the tip. The coefficient of the friction between
the crack faces is expected to be at its maximum value
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Fig 14 A schematic repr of the rolling/sliding
system showing the direction of crack propagation

nearest to the crack tip and to decrease gradually
towards the crack mouth. Lower crack face friction
nearer to the crack mouth can be explained by one
or more of the following arguments:

1. The lubrication effect of the residual fluid which
is assumed to have entered the crack during the
preceding rolling direction cycles.

2. Reduction of crack face surface roughness due to
the plastic deformation of the crack faces caused
by the rubbing action. Such a rubbing action was
reported by Ichinose et al.*

3. The chemical changes of the crack surfaces caused
by exposure to the environment, notably oxidation.
The role of oxidation in reducing the coefficient
of friction, and subsequently the torque between
the two disks during the running-in period, had
been mentioned earlier. A similar effect of oxi-
dation between the two faces of the crack has
been reported by Kalousek!s.

It is expected that the maximum effect of these actions
will be in that part of the crack which is nearest to
the mouth, since it is this part of the crack which has
been subjected to a higher number of rolling cycles,
is nearer to the surrounding environment and has a
wider opening. This leads to the conclusion that
freedom of the crack faces to slide relative to each
other decreases with distance from the crack mouth.
As a result, at a certain distance from the crack mouth
the crack is expected to lock up, and mode II
propagation can no longer operate at the crack tip.
The point of the crack corresponding to this lock-
up will be subjected to tensile stresses in a plane
perpendicular to the direction of the relative motion
between the two surfaces. This type of loading causes
the crack to branch from that point and to start
propagation by mode 1. This argument is supported
by the work of Smith'4, who tried to propagate mode
II cracks while they were under compressive loading
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Cand found that” under such condltlons the crack
branches.to: propagate in mode I

In- modellmg the mechamsm by -which RCF cracks ’
propagate, most workers assume a constant coefficient -

‘of friction over the whole crack length®-?. They .also
show -that mode II crack propagation is very sensitive
to:crack face friction. Smith'¢ suggested that crack
‘face. friction is the main reason for mode II-crack

branching and that friction can lock up the crack tip -
and reduce the difference in mode II stress intensity *

factor-(AKII) to zero. ‘Under such -conditions, mode
II crack growth-will be arrested. If a mode II crack

is arrested by friction, it would start to grow again -

only if a much higher load is applied after it had
branched to mode I'3. This may partially explain the
improvement in life factor if the rolling direction is
‘reversed.

"The question remains as to how a particular reversal
regime results in maximum RCF life. The effect of
rolling direction reversal on crack initiation is beyond
the scope of the present work and no attempt will be
made to discuss this-effect. Instead, discussion will be
focused on the effect of three reversal regimes on the
‘RCF life according to the variable crack face friction
mechanism. Tests with reversal factor of 0.053 and
0.5 represent two regimes below and above the
optimum reversal factor of 0.267.

Reversal under a reversal factor of 0.053 (test
number 121)

The crack morphology in this case is shown in Fig 11
and schematically represented in Fig 12(b). Comparing
this morphology with that of the unidirectional rolling
crack of Fig 7 reveals that the crack of the 0.053
reversal factor is not as straight as that of unidirectional
rolling. It is suggested that the wavy shape of the
crack in this case is due to the rolling direction
reversal. According to the proposed crack propagation
mechanism, the short reversal intervals were not
sufficient -to cause complete crack direction inversion

or branching. Instead, it seems that the cycle reversal -

was being carried out just ‘after the beginning of the
crack direction diversion. These small diversions, which
.are schematically shown in Fig 12(b), should shghtly
increase the angle of the crack to the free surface.
However, the angle in this case is found to be shghtly
less than that of the unidirectional-case shown in Fig
12(a). This behaviour can be explained by arguing
that RCF cracks observed under unidirectional rolling
conditions do.not keep an exact prevailing propagation
angle. This angle can vary slightly for tests conducted
under the same conditions due to material structural
heterogeneities.

The improvement in life factor in this case could be
“related to the arrest of mode 1I propagation by crack
face friction during the cycle interval when the direction
of the crack is opposite to that of the load movement.
This action is supported by work of Smith, which has
been mentioned earlier. The evidence clanfymg crack
propagation under a regime of feversals becomes
clearer at larger reversal factors, as will now ‘be
discussed.:

TRIBOLOGY INTERNATIONAL

Reversal under. a reversal factor of 0.267 (test
number 115) .

Flgures 8 and 12(c) show the .crack -of the maximum *

" life factor, caused by a reversal factor of 0.267, which

corresponds to-10000 cycles/reversal.. It can be seen
that the cracks in both the micrographs of Fig 8 are
of nearly an identical geometry. Each has diverted its

_ direction by nearly 90° in relation to the primary crack

and then branched later in a direction parallel to the
primary crack. This diversion and branching is thought

‘to be caused by.crack face friction- variations as |

described earlier. The angle between the secondary
branches and the free surface is larger than that
of . the unidirectional crack shown in Fig 7. The
improvement in life factor in this case is greater than
with a reversal factor ‘of 0.053. In addition to the

- arrest of mode II propagation mentioned above, the

large angle between the crack and the free surface

also reduces both mode I and 1I stress intensities®=.

It seems that the cycle interval in this case was
sufficiently long to divert the crack in the first reversal
after the crack initiation and branch it during the next
reversal from a point nearer to the surface than
the tip of .the original crack. This branching point
corresponds to.the onset of the crack lock-up where
tensile stresses encourage branching under mode I.
The -new branch will consume a proportion of the
cycle interval to merely reach the depth of the main
crack (Fig 12(c)).

The argument that RCF cracks such as those shown
in Fig 8 are hard to propagate and that rolling direction

‘reversal ‘arrests the cracks formed during a previous

opposite rolling direction is supported by the cracking
morphology shown in Fig 9, which illustrates two
cracks of almost the same angle to the surface but of
opposite direction. This morphology suggests that only
one crack — which is in the direction of load movement
- is propagating during each cycle interval. If this
were the only mechanism, such a cracking morphology
should result in a life factor of 2. Figure 4 shows that
at the optimum reversal factor between 0.267 and
0.375 this factor of 2 is almost reached, indicating that
there is little propagation of cracks which are not
favourably oriented to the prevailing loading direction.
This must apply whether the cracks are branchmg, as
in Fig 12 (¢l and ¢2), or growmg separately, as in Fig
12 (c3).

Reversal under a reversal factor of 0.5 (test
number 116)

Figure 10 is a micrograph and Fig 12(d) a schematic
representation of the cracking of a rail specimen tested
under a reversal factor of 0.5, which corresponds to
a change in rolling direction every 18711 cycles. It is
noted that the primary crack has propagated to a
relatively deeper distance as a unidirectional RCF
crack before it starts to branch from the tip. The large
branch seen above the tip is not expected to be due
to reversal. It may have taken place in a similar
mechanism to that of the unidirectional crack branching
shown in Fig 7, since in both cases the branching is
upwards. In addition, such a branch may cause a pit
rather than a transverse defect. The branch at the tip
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is expected to be caused by the reversal. However, it
seems that the cycle interval in this case was sufficiently
long to propagate the crack almost to failure. The
failure appears to have been delayed by the reversal

which, according to the proposed mechanism, arrested -

mode II propagation by the high friction at the crack

tip before leading to mode I propagation. This may -

explain why the improvement in life factor in this case
is not as large as for the optimum reversal strategy.

To. summarize, the different mechanisms by which
RCF crack propagation is explained®® were found to
be unable to predict the type of crack morphology and
propagation prevailing under conditions of repeated
rolling direction reversal.

The proposed variable crack face friction mechanism,
discussed above, predicts crack branching or direction
inversion at the lock-up point of the crack. In the
reversed cycle interval, where the crack tip reaches
the pressure zone before the mouth, the lock-up point
is expected to lie in the part of the crack which is
nearest to the crack tip. Crack face friction rises from
a minimum at the crack mouth to a maximum nearest
to the tip, leading to each long crack having a slip
and a stick crack face region. A crack locks up at the
transition point between the two regions, giving rise
to tensile stresses and encouraging mode I propagation
in a direction perpendicular to the crack faces. The
assumption that the crack face friction increases away
from the mouth, rather than remaining constant as
suggested by others®?, has a sound foundation which
has been discussed earlier.

Finally, it is expected that the variable crack face
friction mechanism proposed in this work to explain
the effect of rolling direction reversal may be extended
to explain the branching of unidirectional RCF cracks.
However, this is beyond the scope of this work.

CONCLUSIONS

1. Rolling direction reversal has a beneficial effect
on the RCF life of pearlitic rail steel. The life
factor is almost doubled when the reversal is
repeated in cycle intervals of 25-37% of the
unidirectional RCF life.

2. Cracking morphology is affected by the rolling
direction reversal. The degree of this effect depends
on the reversal factor.

3. The variable crack face friction mechanism can
explain the improvement in rolling contact fatigue
life under rolling direction reversal conditions.

4. Rolling direction reversal has no effect on the
magnitude or the location of maximum strain
hardening. After a certain number of cycles,
hardening reaches its peak and further cycling has
no effect.

282

5.- It is expected that reversing the rolling direction

" has the same effect: on other materials and

components loaded under conditions akin to those

of the wheel and rail, such ‘as -gears, rolling
bearings and belts.

Acknowledgements
The authors would like to thank the British Rallways

Board and ABB British Wheelset Ltd who supplied

the rail and wheel materials used during this work, -

References

1. Garnham J.E. and Beynon J.H. The early detection of
rolling-sliding contact fatigue cracks. Wear 1991, 144, 103-116

2. Timoshenko S.P. and Goodier D.N. Theory af Elasticity,
McGraw-Hill, New York, 1970

3. Fujita K. and Yoshida Y. The effect of changing rolling direction
on the rolling contact fatigue life of annealed and head hardened
steel rollers. Wear 1977, 43, 315-327

4. Ichinose H., Takehara J., Iwasaki N. and Ueda M. An
investigation on contact fatigue and wear resistance behaviour
in rail steels. Heavy Haul Railway Conference, Perth, Australia,
September 1987

5. Kaneta M. and Murakami Y. Effect of oil hydraulic pressure
on surface crack growth in rolling/sliding contact. Tribology
International 1987, 20, 210-217

. Keer L.M. and Bryant M.D. A pitting model for rolling
contact fatigue. Transactions of ASME, Journal of Lubrication
Technology 1983, 105, 198-205

7. Hills D.A., Sackfield A. and Uzel A.R. Stress concentration in
tractive rolling. Proceedings of the 12th Leeds—Lyon Symposium
on Tribology, Lyon, France, 1985, pp. 171-177

. Bower A.F. The influence of crack face friction and trapped fluid
on surface initiated rolling contact fatigue cracks. Transactions of
ASME, Journal of Tribology 1988, 10, 704-711

9. Kaneta M., Murakami Y. and Yatsuzuka H. Propagation of
surface cracks in rolling line contact. Proceedings of the JSLE
International Tribology Conference, Tokyo, Japan 1985, pp.
911-916

10. Rosenfield A.R. A fracture mechanics approach to wear. Wear
1980, 61, 125-132

11. Way S. Pitting due to rolling contact. ASME Joumal of Applied
- Mechanics 1935, 2, A47-A58

12. Kaneta M., Yatsuzuka H. and Murakami Y. Mechanics of crack
growth in lubricated rolling/sliding contact. ASLE Transactions
1985, 28, 407-414 -

13. Bold P.E., Brown M.W. and Allen R.J. A review of fatigue
crack growth in steels under mode I and mode II loading.
Fatigue Fracture of Engg Materials and Structures 1992, 15,
965-977 :

14. Smith E.W. and Pascoe K.J. The behaviour of fatigue cracks
subjected to biaxial stress: a review of the experimental evidence.
Fatigue Fracture of Engg Materials and Structures 1983 6,
201-224

15. Kalousek J. General discussion. Third International Conference
on Contact Mechanics and Wear of Rail/Wheel Systems,
Cambridge, July, 1990. Wear 1991, 144, 385~393

=

o

1994 VOLUME 27 NUMBER 4



APPENDIX 4



- The paper entitled “ Deterioration of rolling contact fatigue of ‘peafrlitic rail steel
: V':d'u’e to dry-wet rolling-sliding line contact” was submitted to WEAR on 1.9.1994.
Referees’ comments were received on 20.1.1995,

‘ - Areply to those comments was sent to the journal on 15.2.1995.




