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Abstract

Rail grinding is now widely adopted in the rail industry as a means to maintain and renew track
through damage removal and profile restoration. Conventional applications of rail grinding employ
vitreous aluminium oxide grinding stone at reduced wheel speeds, feed rates and inherently,
material removal rates. In an answer to the industrial driving force to increase the material removal
rate without detriment to the rail surface, the use of superabrasive tooling has been proposed. To
exploit its benefits of improved productivity and rail workpiece quality, superabrasive grinding must
be performed using the high speed grinding (HSG) approach. However, further information is

required about the thermal influence of this novel tooling application on the rail.

In this EngD research, grinding trials were performed using grinding tools suited for various
grinding orientations including superabrasive and conventional grinding wheels. In addition,
different temperature measurement approaches were applied during the grinding trials to ascertain
and map out the temperatures induced at various depths from the surface of the rail during a grinding
pass. Results show that the forces induced during the grinding action generate grinding

temperatures which can be measured by the selected methods of temperature measurement.

To understand the magnitude of grinding temperatures which can be measured in the field and
provide possible information regarding the range of temperatures induced on the rail during the
process, temperature observations were also conducted in field settings on multiple in-service tracks
during their respective grinding campaigns. Methods have been recommended for the

implementation of temperature measurement in field situations.

Finally, a dedicated grinding trolley has been introduced as a vehicle for use to trial the
superabrasive tooling against conventional wheels for use on actual rail. In addition to its capability
for grinding facets on the rail, this machine presents the potential for use in areas where a grinding

train cannot be used.
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Nomenclature

The following tables of nomenclature present the symbols and notations utilised in the thesis as

well as their descriptions.

Symbol Description Units

| Thermal diffusivity a i

I Thermal effusivity voa Jd !0

” Workpiece density QO

() Minimum depth of cut aa

) Width of contact a &

) Workpiece specific heat capacity 1}e/0.0 e

0 C-Factor € €0 ¢ QO i

Q Wheel diameter a &

"O Tangential Force 0

Q Chips convection coefticient W v

Q Coolant convection coefficient wd D

Q Grinding wheel convection coefficient wd D

Q Workpiece convection coefticient @33 D

ko) Grinding wheel thermal conductivity w3 QD

o) Workpiece thermal conductivity 0w D

a Contact length aa

0 Total grinding power w

n Heat flux through chips w A

n Heat flux through coolant w 3

n Heat flux through grinding wheel w X

n Total heat flux w 3

n Heat flux through workpiece w X

0 Material Removal Rate aa a

Oee Specific material removal rate aa dxa J

Y Energy partition ratio of workpiece € 8¢ Qo

v Energy partition ratio of workpiece to the 285 E 00
grinding wheel

o Instantaneous time i

o Duration of heating across the contact area i

Y Maximum temperature 0

Y Melting point J

v Wheel speed ad

v Spindle Speed ad
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Feed rate
a Depth below the surface

i Average abrasive edge radius

Abbreviation Definition

aa Qe
ad

CBN Cubic Boron Nitride
HEDG High Efficiency Deep Grinding
HPC High Performance Cutting
HPG High Performance Grinding
HSG High Speed Grinding

HSS High Spindle Speed

LFR Low Feed Rate

LSS Low Spindle Speed

MRR Material Removal Rate
RCF Rolling Contact Fatigue
WEL White Etching Layer

XViil




1 Introduction
1.1 Motivation for the Research

Rail grinding is a contemporary maintenance process which is applied to renew the rail profile
and to remove defects and damage. While in service, the rail is subject to phenomena such as
prolonged cycles of rolling contact fatigue and wear which generate surface asperities such as fatigue
cracks, corrugation and squats on the railhead. As such, grinding is essential for profile maintenance

to ensure adequate rail-wheel contact and to forestall fatigue crack propagation.

The grinding operation is achieved through the use of rotating grinding wheels (stones) which
are traversed across the length of the rail to remove material. In grinding, material removal is
achieved through mechanisms such as cutting, sliding and/or ploughing, of which cutting is most
optimal. The efficiency of the grinding process is largely dependent on the interaction of the
grinding parameters. These include the forward feed rate, the wheel speed of rotation and the

grinding pressure.

Inordinate application of these parameters may result in adverse eftects on the rail surface quality.
For example, increasing the feed rate may lead to increased surface roughness but decrease the
subsurface hardness as a result of plastic deformation; whereas, increasing the wheel speed may result
in increased material removal rate, but may also increase the surface hardness and reduce the surface
roughness. The conventional method of rail grinding is performed at relatively reduced feed rates
when compared to conventional surface grinding machines and increased material removal rates

using a vitreous bonded grinding stone.

Conventional rail grinding methods which have been established within the rail grinding
industry utilise aluminium oxide (AlO,) grinding wheels predominantly in the face grinding and
peripheral grinding orientations. Though susceptible to high rates of wear, the sustained use of AlOx
wheels in rail grinding over the years may be attributed to conservatism and adherence to the status
quo. However, a significant priority of the rail grinding industry is the need to enhance productivity,
efficiency whilst reducing machining costs. Therefore, the major driving force of the rail grinding
process is the requirement for increased rate of material removal while improving the surface quality.
This calls for innovative improvements to be made to the current conventional practice of rail

grinding.

To achieve this, new technologies must be introduced or adopted into the grinding process. A
novel High Performance Grinding (HPG) technology has been developed at the University of
Sheftield to incorporate the superabrasive grinding approach for the grinding of rail. Effective use of
this approach requires the High Speed Grinding (HSG) practice along with the implementation of
a declogging mechanism. Likewise, in the implementation of this new technology, the surface

quality, which is a key performance indicator of the grinding process, must be examined.




The surface quality of the grinding process is largely affected by the high temperatures which are
generated as a result of the friction contact between the wheel and the rail during the grinding
action. These high temperatures may result in what is known as bluing (or grinding burn), these
high temperatures may also give rise in further microstructural changes in the surface layer in the
form of White Etching Layer (WEL), a martensitic layer which is formed by the rapid cooling of

the surface material from the high temperatures.

Little is known about the influence of the quantified thermal input on the surface quality of rail.
The thesis research explores the introduction of superabrasive grinding technology this new high
performance grinding practice for full size rail grinding with respect to the thermal influence on the
surface quality of the rail. Along with the surface roughness, it is paramount that the subsurface

microstructural effect of the new approach be understood.

To practically assess the viabilities of superabrasive grinding and temperature measurement
within the rail grinding process, laboratory research is required. In addition, this research must be
scaled up to industrial application in the form of field assessments on track with the implementation
of these technologies. The research will therefore also provide insight to the application of the novel

superabrasive technology.

1.2 Aims and Objectives of the Research

In considering the background of this research, it is clear that there is an industrial requirement
to understand and predict the thermal effects of rail grinding on the track quality. As such, the aim

of this research project is determined as follows:

To advance the knowledge of the thermal input on the rail surface in the use of superabrasives for the rail

grinding process.

In order to achieve the aim of research, the following objectives were identified.

To assess different temperature measurement technologies and identify new approaches to
improve temperature measurement in rail grinding operations.

To measure process temperatures during laboratory based conventional and superabrasive
grinding.

To measure rail temperature during conventional grinding in field operations.

To assess the temperature effect on the track quality through assessment criteria which
include workpiece surface roughness and microstructure.

To develop apparatus suitable for the trial of superabrasive grinding on actual track.

These objectives have been addressed through experimental rail grinding trials, field grinding
observations as well as the development of a grinding trolley with capabilities for superabrasive

grinding of actual rail.




1.3 Novelty and Impact of the Research

The novelty of the research is established via multiple aspects. These are detailed as thus:

1 Through the lens of in-process temperature measurement and post grind microstructural
analysis, the research will provide a benchmark of the conventional approaches to
grinding against the new technology via laboratory experimentation and field grinding
experiments.

1 In addition, the thesis will introduce a new grinding apparatus (The Grinding Trolley),
through which superabrasive grinding may be performed on actual track on a smaller

scale to grinding trains.

1.4 Scope of Study

The planned research methods are broken down into two overarching streams, which include
field observations and laboratory experiments (Figure 1). The first aspect concerns the laboratory
experiments, while the second aspect was focused on the field observation approach. The field
observation approach concerned the measurement of grinding temperature during routine rail
maintenance campaigns and understanding the issues associated with temperature measurement
within current rail grinding conventions. The laboratory approach was adopted to allow for the
implementation of multiple temperature measurement approaches within a more controlled

environment.
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Figure 1: A breakdown of the approaches undertaken in the doctoral research

1.5 Structure of the Thesis

The work presented in this thesis focuses on the understanding of temperature measurement for
rail grinding applications. The thesis is organised into 7 chapters. The current chapter provides a
background to the project, details the aims and objectives of the project and presents an overview

of the research methods employed in the course of study.

To establish the scene of the thesis, the subject of rail grinding will be discussed in the context
of the current state of the art, the influence of temperature as well as the introduction and application
of superabrasive technology within the practice. A detailed literature review is presented in Chapter
2, which considers background of rail grinding, the eftects of temperature on ground rail surfaces as
well as the current techniques of temperature measurement implemented in rail grinding as well as

temperature modelling in the area.




Chapter 3 presents details of the field assessments of grinding which were carried out as well as
the data gathered from them. Chapter 4 focuses on the methodology of the multiple phases of
experiments which were performed through rail grinding trials within a laboratory setting using
modified CNC machines as well as the force and temperature data gathered from them. The results

of the thermal model are presented in Chapter 5.

Chapter 6 focuses on the design and development of the trolley as well as the proposed
methodology to apply it for grinding operations on actual track in the field. Chapter 7 provides a
discussion of the results presented in Chapters 3 and 4. Finally, Chapter 8 draws the conclusions of

the research and presents causes and recommendations for further study.

1.6 Industrial Collaborators

This thesis presents a significant contribution to the development of a viable approach to improve
the rail grinding process as part of the Shift2Rail, In2Track2 Rail Project at the University of
Sheftield. The aim of this grinding project was to implement superabrasive grinding on a grinding

trial. The objectives detailed to achieve this aim include:

To design and develop a grinding trolley suited for superabrasive grinding.
To develop a superabrasive grinding wheel for the grinding trolley

To trial superabrasive wheel on a grinding train

= =4 =4 =4

To compare the thermal and metallurgical effects of the conventional and superabrasive

approaches on the rail surface integrity

The EngD research has been supported by a number of collaborators who have made
contributions through various means. The research related to the grinding trolley was carried out in
partnership with Network Rail. Likewise, British Steel provided rail sections as well as a dedicated

CNC machine for possible use during the laboratory grinding trials.




2 Review of The Literature

Grinding i1s a machining process which is widely utilised in various industries ranging from
aerospace to automotives, rail and general manufacturing. Increasingly across all industries, there 1s
a persistent drive to improve the efficiency and productivity by finetuning different aspects of the
process. This has led to the development of High Performance Grinding (HPG) techniques which
are utilised in grinding practices such as Creep Feed Grinding, Speed Stroke Grinding, High Speed

Grinding and others.

This research focuses on the adoption and utilisation of superabrasive HSG techniques for rail
grinding. Therefore, the chapter introduces an overview of the fundamentals of the grinding process
and the state of the art of rail grinding. The recent HPG technologies are described along with the
processes used to improve their efficiency. Finally, temperature measurement techniques which are

utilised in grinding will be presented within the context for adoption for superabrasive HSG of rail.

2.1 Fundamentals of Grinding

Grinding is an abrasive machining process which is achieved by the engagement of a grinding
wheel with multiple geometrical undefined cutting edges with a workpiece to generate a defined
surface through the removal of chips. Previously used as a finishing step within production, grinding
has been developed into a singular machining process, as a result of the improved high accuracy at
lower tolerances, high material removal rates and part quality which can be achieved. Surface
grinding is performed in two modes which include up grinding and down grinding. These modes
relate to the directional relationship of the wheel and the workpiece speeds. Therefore, up grinding
1s counter-directional while down-grinding is co-directional. The interactions of the basic elements
of surface grinding strongly influence the efticiency and productivity of the process. Figure 2 depicts
the peripheral down grinding mode including the basic grinding elements include the machine tool,

workpiece, grinding wheel, coolant, chips formed as well as a dressing tool [1].
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Figure 2: The basic elements of the grinding process [1]




The grinding wheel is comprised of a bond matrix and abrasive grits whose exposed cutting edges
perform the cutting action on the workpiece. In the cutting action of a single grit, which 1is
controlled by the force and path of grind, chip formation is initiated by elastic deformation and is
succeeded by the plastic flow of material on the workpiece surface [2]. As depicted in Figure 3, the
chip formation mechanism corresponds to the three aspects of material deformation known as

rubbing (sliding), ploughing and cutting (chip formation) [3].

chip formation ngoughing sliding
1 - ~ el

P I workpiece T

| 4

Figure 3: The stages of material deformation for chip formation [3]

In the rubbing phase, energy consumption is increased as a result of friction, while negligible
material removal is realised. During the ploughing mechanism, energy consumption is increased
due to the increasing force on the abrasive grit and plastic deformation is increased, but with
continued negligible material removal. As such, scratch marks and ridges may be observed as the
workpiece material flows onto the side of the cutting edge or beneath the grit away from the cutting
edge. As a result of the unproductive friction and high energy input, measures must be taken to
minimise the inefficient stages of sliding and ploughing. Chip formation occurs in the cutting phase,
thus making this stage the most energy efficient phase. These numerous repetitive actions of the
grits per second create a permanent superposition of engagement and result in continuous material

removal.

2.2 State of the Art of Rail Grinding

Rail grinding is an industry standard maintenance process which is carried out using grinding
stones (wheel) with aluminium oxide as the abrasive grains. The process is employed as a preventive
or corrective measure to alleviate damage to the rail in situ, thus prolonging the service life of the
rail. Primarily, rail grinding is carried out using the face grinding orientation, where the grinding
wheel is rotated on the railhead with the end face in contact with the rail. A typical array of face
grinding wheels on a grinding train is shown in Figure 4. These grinding wheels are subject to high

rates of wear and are changed frequently during each grinding campaign.




Figure 4: An assembly of abrasive AlOx grinding wheels at various stages of use beneath a grinding train.

As a defined maintenance measure, preventive rail grinding is routinely performed to remove a
defined top surface layer of rail to re-impose the optimum profile for rail-wheel contact. Such
operations are carried out on both straight and curved railway tracks at small and larger depths of
cut respectively. As a result of the increased profile complexity and increased MRR, the preventive
grinding of curved railway tracks is performed at reduced speeds. Corrective rail grinding is
employed to regenerate the profile of defective or worn rail tracks and for the removal of surface
cracks. Compared to preventive operations, corrective rail grinding is performed on smaller lengths
of rail; however, there is an increase in the specific MRR requirement due to the increased depths
of cut. The typical parameters related to preventive and corrective rail grinding processes are
presented in Table 1.

Table 1: Typical parameters of current rail grinding practices. Adapted from [4]

Spindle Wheel Wheel | Feedrate, | Minimum
. . speed diameter, | speed, v, Vw depth of
Rail Grinding Practice
(rpm) d. (m/s) (m/s) cut, a.
(mm) (km/h) (mm)
Straight 3.4-4.5
3500 279 51 0.1
Preventive | track (12.2-16.2)
Grinding Curved 2.2
3500 279 51 0.2
track (7.92)
1mm per
0.4-2.2
Corrective Grinding 1500 152-279 12-22 pass
(1.44-7.92) 510
dtotal 2




In recent years, the surface properties resulting from rail grinding have become important due to
the noise emissions on the rail network. These noise emissions are attributed to the rough surfaces
generated from rail grinding as shown in Figure 5, as smoother rail surfaces have been found to
reduce noise levels. The rail defects which cause these surface roughness issues may be classified into
periodic and non-periodic defects [5]. Periodic defects include grooves as well as long and short
waves. Non-periodic defects include cracking, chipping, burrs, overlaps, flatten joints and roll

splitters. Likewise, other defects such as squats may be periodic or non-periodic.

W o Ve

Figure 5: Post-grind conditions of two sections of rail

The maintenance of railway infrastructure plays a significant role in ensuring its safety and quality
[6]. Factors such as the high frequency loads as well as high line speeds may lead to rail degradation
through rail fatigue, prolonged stress periods as well as temperature fluctuations. These factors all
directly aftect the surface and subsurface metallurgical properties and generation of fatigue cracks.
The types of damage which occurs as a result of the continuous contact between the train wheels
and the steel rails are observed on the rails as rolling contact fatigue (RCF) as well as other

irregularities [7].

Rolling Contact Fatigue (RCF) constitutes a deformed layer of rail which is generated as a result
of ratchetting of stress concentration and cyclic loading which leads on to crack initiation and
propagation (Figure 6). Previous studies have attributed the development of RCF to several
contributory factors. Rong et al. [8] determined that environmental conditions such as humidity
and atmospheric temperature present a detrimental effect on the rolling contact behaviour of wheel

and rail.




Figure 6: The three stages of a RCF crack from initiation at surface to propagation within bulk material [9]

A frequent type of rail defect which may arise as a result of RCF is gauge corner cracking in the
form of shallow cracks which may appear in uniform distributions on extended section of rail or in
short arrays (Figure 7) [10]. Other rail defects include squats, transverse defects (resulting in splitting
of the railhead) and shelling [11].

Figure 7: Gauge corner cracking obeserved on a high-speed rail [11]

Grassie [12] presents rail grinding as the industry-standard treatment solution for the alleviation
of rail corrugation and periodic irregularities. Therefore, rail grinding allows for the maintenance of

dimensional accuracy during rail reprofiling as well as the improvement of surface roughness.

As with other grinding processes, the productivity of the rail grinding process is dependent on
the interaction of the major parameters such as the depth of cut a., the wheel speed v, and the feed
rate v, (Which is equivalent to the speed of the grinding train) as well as the frequency of the grinding
operation. In his report, Taubert [13] previously found that the combination of increased wheel

speed (High Speed Grinding) with shallow depths of cut increased the productivity of the operation.

10




As such, the benefits in relation to this increased efficiency can be applied to the rail grinding

process.

As observed by Satoh and Iwafuchi [14], the process of the surface layer removal is achieved
through the action of cumulative rolling contact fatigue, thus allowing for regions of rail with
increased strain or plastic deformation to be removed. Different forms of defects may be present on
in-service rails at various depths, sufficient depths of cut must be selected for eftective rail grinding.
However, as observed in the literature, increased depth of cut can lead to an increase in surface
roughness and surface layer transformation [15, 16]. This can be attributed to the corresponding
increase in the chip thickness and contact length as well as the number of engaged cutting edges

which increase the grinding force.

Figure x

11








































































































































































































































































































































































































































































































































