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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

a Thermal diftusivity m?s~t

Bw Thermal effusivity J - (m?-sY2K)~1

Pw Workpiece density kg-m™3

a, Minimum depth of cut mm

by, Width of contact mm

Cw Workpiece specific heat capacity J kg™t K7t

C C-Factor no units

de Wheel diameter mm

F, Tangential Force N

hen Chips convection coefficient W-m=2K~!

hs Coolant convection coefficient W-m=2 K™

hg Grinding wheel convection coefficient W-m™2 K1

h,, Workpiece convection coefficient W-m=2 K™

kg Grinding wheel thermal conductivity W-m™- K™

k,, Workpiece thermal conductivity W-m™- K™

le Contact length mm

P, Total grinding power w

den Heat flux through chips W-m™?

qr Heat flux through coolant W -m™?

qs Heat flux through grinding wheel wW-m=?

qe Total heat flux W -m=2

qQw Heat flux through workpiece W-m™?

Qw Material Removal Rate mm? - s71
"w Specific material removal rate mm? -mm™" - s7!

R, Energy partition ratio of workpiece no units

R, El.lerg.y partition ratio of workpiece to the 0 Units

grinding wheel

t Instantaneous time S

te Duration of heating across the contact area S

Tnax Maximum temperature K

Tnp Melting point °C

Vg Wheel speed m-s~

Vspindle Spindle Speed m-s~!
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v, Feed rate mm - min~
z Depth below the surface mm

70 Average abrasive edge radius um

Abbreviation Definition

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.

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

e 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.

e 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:

e 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.

e 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:

e To design and develop a grinding trolley suited for superabrasive grinding.

e To develop a superabrasive grinding wheel for the grinding trolley

e To trial superabrasive wheel on a grinding train

e 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.
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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.

Unlike other surface grinding processes such as creep feed and speed stroke grinding, modern
rail grinding is considered a high performance dry grinding operation due to the high feed rates and
cutting speeds. Additionally, the wheels employed in conventional rail grinding generally comprise
of larger grain sizes with other grinding technologies [15]. Also known as grinding stones,
conventional rail grinding tools are of the form of cylindrical grinding wheels which are often
composed of fused AlO, or/and ZrO, abrasive grits in a resinoid bond [17]. Examples of typical rail
grinding stones utilised in the UK rail network are shown in Figure 7. In order to maintain a self-
sharpened cutting surface, the grits undergo fracturing sue to their friability or are dislodged from
the bond during the grinding action. This aggressive operation results in increased wear and

incessant consumption of the grinding stones during the rail grinding process.

Figure 8: Typical AlOx rail grinding stones with the exposed active surfaces
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Typically, rail grinding is carried out by grinding trains which are equipped with multiple
electrical motor-driven grinding wheels situated just above the rail. It is primarily a face grinding
operation, where grinding is performed using the face of the grinding wheel on a non-rotational
workpiece (i.e., rail); however, peripheral rail grinding is also performed for the removal of features
such as lipping which could occur during face grinding on the sides of the railhead. The high cutting
speed as well as the size and shape of the abrasive grits of the rail grinding wheel largely influence
the material removal behaviour of the grinding operation [18, 19]. Additionally, these factors can
also influence the thickness of the white etching layer (WEL) observed on the rail [20]. The brittle
nature of this martensitic WEL causes the further susceptibility to crack initiation on the railhead.
Steenbergen [21] discussed the behaviour of WEL following a grinding operation and presented
further micrographs in the days following the return of the rail into service (Figure 9). This study
asserts that the thickness of the WEL and the growth of any such cracks may be dependent on the

hardness of the rail and the tonnage frequency on the rail.
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Figure 9: Micrographs depicting the presence of WEL on the longitudinal cross-section of heat-treated
R370crHT rail (a) immediately after the grinding operation and (b) days after rail was returned to service
[21].

As shown in Figure 10, the face grinding method of rail grinding results in a larger contact area,
thus causing higher heat generation than the peripheral grinding method. Due to the dry nature of’
the operation (wherein no coolant is present during grinding), the heat generated by the face
grinding method may not be sufficiently eliminated from the grinding zone and the grinding wheel

is therefore prone to clogging. Improper grinding techniques may result in significantly detrimental

13




metallurgical effects on the rail surface subsequent to the rail grinding operation. This is observed as
a WEL, a hardened layer on the rail surface which is brought about by two mechanisms [22]. One
mechanism is the incessant increase in strain energy which causes the dissolution of cementite in
the pearlitic matrix, thus forming a hardened non-crystalline nano-structure of higher hardness than
the bulk material [23]. The second mechanism is attributed to the increase in the thermal input at
the contact zone which results in the surface material achieving austenisation temperature, thus

causing a martensitic phase transformation [24].
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Figure 10: Fundamental principle of face and peripheral grinding of a workpiece [25]

Through metallographic assessments, studies have observed the eftect of rail grinding on the rail
contact [7, 26]. Steenbergen [27] discusses the severity of the effects of rail grinding on the initiation
of RCF in typical and heat-treated pearlitic rails. Following grinding operations, this study found
the presence of friction-induced martensite (FIM) on both the standard and non-standard rails;
however, diftering behaviours were observed in the rails when subject to rail-wheel contact under
train operation. The grinding of the heat-treated rail caused the accumulation of FIM in groove
edges which were lodged deeper into the bulk pearlite matrix upon the return of rail to service

under train operation.

The presence of FIM in groove edges were observed immediately after the grind and in the days
after the rail was returned to service. These FIM features are detrimental to the heat-treated rail, as
they heighten the susceptibility of the rail to severe crack initiation. On the other hand, the FIM
which resulted from the grinding of the standard pearlitic rail was eliminated by delamination

subsequent to its return to service under train operation.

The study by Zhou et al. [25] showed that the dominant wear mechanism of the rail grinding
wheel is abrasive grain fracture. This is attributed to the adhesion of rail material to the grains as well
as wear flats which result in the increase in grinding forces, thus subsequently causing abrasive grain
fracture. This dominant wear mechanism is deemed beneficial as it allows for the regeneration of
the surface of the grinding wheel; however, this benefit is diminished as a result of material adhesion

which reduces grinding efficiency while the grinding forces and temperature increase.

In their experimental simulation of rail grinding, Zhou et al. [28] determined that the surface
quality of the rail was inversely aftected by the applied normal grinding forces; however, due to the
reduce chip thickness, a reduction in the grinding efficiency can be observed at lower forces. The

influence on the grinding efficiency is consistent with the material removal behaviour, wherein
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spherical debris with higher oxygen content was observed at lower grinding forces and curled chips
with reduced oxygen content observed at higher forces (Figure 11). This indicative of the

occurrence of oxidation of chips during the grinding operation.
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Figure 11: A compilation of SEM images depicting the presence of spherical grinding debris at lower forces

grinding compared to curled chips at higher forces for various rail grades ( (a) R80, 1600 N, (b) R80, 1800
N, (c) R80, 2000 N, (d) R80, 2200 N, (e) R300, 2200 N, (f) R13, 2200 N) [28]

In addition to material removal mechanisms, the workpiece surface integrity is largely aftected
by the temperatures generated which can cause grinding burn on the rail head. Other important
process variables which govern the rail grinding process include the angle of contact between the
rail and the grinding wheel as well as the applied grinding pressure. In their research, Kufta et al.
[29] found that separating the rail grinding operation into the roughing and finishing stages by
grinding at different depths of cut can lead to improved surface roughness as well as reduced acoustic
emissions. This is corroborated by the findings of the finite-element based study by Zhang et al.
[16], which found that despite a reduction in MRR, increasing the number of grinding passes results

in reduced forces which lead to improved transverse and longitudinal surface roughness (Figure 12).
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Figure 12: Experimental results depicting the change in surface roughness with multiple passes in rail
grinding [16]

Besides the effect of roughness on acoustic emissions, the surface roughness of the ground rail
can greatly influence the topography and inherent interaction of the train wheel/rail contact.
Subsequent to a grinding campaign, the rail roughness is likely to rapidly decline within the first few
days of traftic. An example of this is observed in the work by Lundmark et al. [30], which reported
a decrease in the surface roughness S, from 10 pm for a newly ground rail to 1 um over 32 hours of
260, 800 tonnes of traffic. This rapid decline of the surface roughness gives some basis for more
frequent rail grinding; however, a balance is required between the productivity of the process

(including cost) and managing the rail roughness post-grinding.

2.3 High Performance Grinding Practices and Apparatus

Subsequent to other machining processes such as milling and broaching of components,
conventional grinding was initially considered a finishing process which was employed to achieve
desired surface finish and dimensional accuracy. Conventional surface grinding methods include
pendulum (reciprocal) grinding. Pendulum grinding is characterised by a shallow depth of cut and
high feed rate. Material removal is achieved by reciprocally passing the workpiece in a backwards

and/or forward motion while also simultaneously incrementing its downward movement.

High performance grinding (HPG) is a broad term which refers to grinding practices driven by
requirement to improve productivity, reduce the cost of production while maintaining and
improving the product quality. These practices also contribute to higher efficiency and precision in
conventional grinding process. HPG techniques provide various opportunities for improvement to
conventional grinding processes. HPG includes practices such as increased wheel speeds (high speed

grinding), higher feed rates (high performance cutting) and higher feed rates at larger depths of cut
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(high efficiency deep grinding). In this section, multiple HPG grinding techniques are discussed and

presented.
2.3.1 Creep Feed Grinding

Creep feed grinding (CFQG) is a surface grinding technique which has been implemented by the
machining industry as a result of its combination of high shape accuracy with high material removal
rates [31]. It is often defined in comparison to the conventional pendulum grinding and is
characterised by slow feed rates and larger depths of cut. Theoretically, these features of CFG
generate high productivity and good surface finish for components with simple to more complex
profiles and precise shapes. As such, with most finishing processes, CFG can be employed for

grinding of components in a minimal number of passes.

Creep feed grinding Reciprocal grinding

{a

Figure 13: Fundamentals of creep feed grinding and reciprocal grinding [2]

As shown in Figure 13, the change in parameters leads to longer contact arcs lengths (1) as well
as an increased contact distance for each abrasive grit. This increases the grit’s susceptibility to a
rubbing wear mechanism and exacerbates the rate of dulling of the grinding wheel and increased
wheel loading. In turn, these factors lead to increased sliding forces, specific energy and subsequently
grinding temperature. Likewise, the reduced feed rates also allow for longer periods of heat

conduction into the workpiece, thereby contributing to grinding burn.

Figure 14: A manifold array of flat nozzles for creep feed grinding [32]
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Though heat is conducted through the chips generated from the workpiece, the high
temperatures generated in the process of CFG has led to a requirement of effective coolant delivery
methods. In order to allow for adequate delivery across the full arc contact length, complex coolant
jet delivery is critical to CFG processes. As shown in Figure 14, flat nozzles are employed in CFG
processes to flood the grinding zone. This is adapted in processes such as VIPER grinding, which
employ adjustable nozzles that become important in the light of wheel consumption as the operation
progresses. On the other hand, the primary purposes of copious coolant application in CFG
processes are to primarily reduce the onset of thermal damage in the form of grinding burn onto the
workpiece, and secondarily to flush chips away from the grind zone. However, Malkin and Guo
[33] have shown that effective cooling may be achieved below the critical burnout temperature,

above which film boiling is likely to occur.

The advantage of the larger depth of cut and reduced feed rates of the CFG process is the reduced
force per grit at a constant specific material removal rate (Q.’). The grinding wheels employed in
the CFG process are often comprised of grits with softer grades than in conventional grinding. This
allows for attrition of the grits which leads to self-sharpening action and wheel regeneration [34].
With the CFG process, wheel regeneration is commonly achieved through continuous or

intermittent dressing.
2.3.2 Speed Stroke Grinding

As the demand for more efficient grinding processes have increased, so have the requirements
for improved the surface properties of workpiece. The high residual stresses observed in the surface
layer are largely influenced by the thermochemical influences on the workpiece during the grinding
operation. For rail workpieces made of steel, the thermochemical loading often leads to alteration
of the surface microstructure, microcracks, tempering as well as rehardening as a result of martensite
formation [35]. Likewise, the high residual stresses in the workpiece are tensile in nature and
increase the propensity for crack formation; whereas compressive residual stresses are more desirable

in their prevention of crack formation and improved fatigue properties.

Speed stroke grinding (SSG) is an alternative to conventional surface grinding processes which
allows for the input of high compressive stresses and low temperatures into the workpiece though
the application of extremely high feed rates as well and reduced depth of cut [36]. According to
Duscha et al. [37], reciprocal grinding operations are classified as SSG grinding processes when the
workpiece feedrate exceeds 50,000 mm/min. The process is characterised by the high workpiece
feed rates as well as shallow depths of cut (Figure 1) and thus features smaller values of [ in
comparison with CFG. The reduced arc length of contact results in a lower for rubbing therefore

allows for reduced engagement of each grit with the workpiece.

In contrast to the conventional reciprocal grinding methods which employ feed rates of up to
30,000 mm/min [1], feed rates of up to 200,000 mm/min may be achieved with SSG [36]. In order
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to perform SSG, the machine’s workpiece table is subject to high accelerations of up to 50m/s?,
which 1s achieved through direct linear drives comprising of an impulse decoupling system which

consists of eddy current brakes and spring dampening elements [38].

The increased specific material removal rate of the SSG process is achieved as a result of the large
amount of active cutting edges which are engaged in quick succession over a short period of time
[39]. Likewise, the chip formation mechanics (Equation 1) show that the simultaneous reduction

of depth of cut and increase in feed rate results in the increase of the chip thickness, fa,max.
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where ¢, 1s the constant of grinding wheel topography, e; is an exponent to define the influence

of the inputs in the brackets and d,, is the equivalent grinding wheel diameter. Based on the chip
formation mechanics, the reduction in the speed ratio vy/v, increases the chip aspect ratio (the ratio
of chip thickness to chip length). The reduced length of the run-in and run-out phases of speed
stroke grinding may generate high force gradients; however, the specific grinding forces are reduced
at higher feed rates. This reduces the friction, thus decreasing the thermal effects on the workpiece
surface as well as the effect of the workpiece material hardness [40]. The interaction of these
parameters results in the generation of high material removal as well as reduced forces [41].
Previous studies by Zeppentield [38] and Duscha et al. [39] alluded to the eftects of speed-stroke
grinding on the chip formation mechanisms. The high feed rates of the speed-stroke grinding
process favours earlier chip formation which improves the propensity for an increased maximum
undeformed chip thickness [38, 42, 39]. Likewise, the simultaneous increase in feed rate and
decrease in depth of cut favours a higher aggression factor for a constant specific material removal

rate.

The aggression factor, F,, 1s a grinding measure which was introduced by Badger (Equation 2)
[43]. This factor relates to the chip thickness value previously mentioned and is an indicator used
by machine operators to determine optimal values of QQ’y, without affecting performance indicators

such as the chip thickness, grinding force and surface quality [44, 45].

Vw [de 2
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where F, is the aggression factor (dimensionless), v, is the feed rate (mm/min), v; is the wheel

speed (m/s), a. is the effective radial depth of cut (mm) and D is the wheel diameter (mm).

Wheel wear is expected to increase with increasing aggression. Therefore, a significantly low
value of aggression increases the propensity for dulling of the grains in the grinding wheel, while a
relatively high value of aggression is indicative of grain pullout and bond fracture within the wheel

[45]. As Equation 2 shows, a reduction in the speed ratio v/v, results in an increase in F,. An
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increasing feed rate results in the increase in the number of active cutting edges over time [42, 39].
Therefore, with the high feed rates which can be achieved by the speed-stroke grinding process, the

overall interaction of these parameters must be considered.

2.3.3 VIPER Grinding

Very Impressive Performance Extreme Removal (VIPER) grinding is a high efficiency grinding
process which was developed as an iteration and alternative the machining of components such as
turbine blade roots, which require indexing within a single clamping operation to generate complex
profiles and features of which CFG may be unsuitable [1, 46]. It is a patented process which was
developed by Hill et al. [47] to increase productivity of conventional grinding through advances to
the machine tool, coolant delivery as well as the composition of the conventional grinding wheel
(e.g., AlOy).

In the VIPER process, coolant is directed both through the spindle and into the grinding wheel
at high pressure (50—70 bar) ahead of the grind zone. Through the centrifugal force of the wheel
during the grinding action, the coolant is expelled onto the grinding zone, thus enabling
simultaneous cooling and cleaning of the wheel (Figure 15). The major characteristic of the VIPER
process is the programmable nozzles which allows for the optimisation of nozzle orientation for the

operation which is carried out [46].

Grinding
wheel

Coolant

Workpiece

f)”', /

Figure 15: Principle of VIPER grinding

In order to support the higher porosity, the grinding wheels which were designed for the VIPER
process by Tyrolit (Viper Ultra, Figure 16) are specialised with higher bond strength than the typical
wheels of CFG [48]. The open structure of the VIPER wheel increases coolant ingress within the

wheel and chip retention whilst maintaining the wheel form or profile.
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Figure 16: The Tyrolit Viper Ultra Wheel which is specialised for the VIPER Grinding Process [49]

In comparison to conventional creep feed grinding, the VIPER process provides reduced
grinding temperatures as well as mechanical and thermal loads thus reducing the propensity for
thermal damage to the workpiece and improving the surface integrity. As a result, the increased
specific material removal rate Q’, can be achieved with 100 mm?/mm-s in intermittent dressing and
up to 300 mm?*/mm-s under continuous dressing [50]. Other advantages provided include reduced
cycle time as well as production costs, prolonged wheel life and the achievement of higher aggression

based on the increased scope of parameters (depth of cut and feed rate).
2.3.4 High Speed Grinding (HSG)

High speed grinding (HSG) comprises of the use of increased peripheral cutting speeds vs to
achieve increased specific material removal rates increased as with. According to Tawakoli [51],
HSG includes any grinding processes where the peripheral wheel speed is greater than 60-80 m/s.
The benefits recognised with the increased vy is the reduction of the maximum chip thickness

which allows for reduced surface roughness and grinding forces.

However, a major disadvantage is the initial increased thermal input to the workpiece surface
[52]. According to Hitchiner [53], this may be avoided by increasing the wheel speed above 100
m/s (Figure 17). At these higher wheel speeds, the thermal input is dissipated across the workpiece
surface prior to penetration into the depth of the workpiece. However, due to the higher wheel
speeds, the heat is expelled by subsequent chips which are generated from that surface. At speeds
less than 100 my/s, the influence of temperature on the surface can be mitigated through the
combination of HSG with increased workpiece feed rates. Although the single abrasive loads are
minimally increased, very high specific material removal rates can be achieved without adverse eftect

on the workpiece material.
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Figure 17: Relationship between workpiece surface temperature and wheel speed for conventional and
CBN grinding wheels [53, 54]

In order to withstand the operational speeds in HSG, advanced grinding tools for these practices
require properties such as high hardness, wear and fracture resistance as well as improved damping,
stiftness and higher thermal stability. Typical grinding wheels employed in HSG include
superabrasives such as cubic boron nitride (CBN) and diamond, as well as efficient aluminium-

based conventional abrasives such as sintered aluminium oxide (AlO3) and sintered aluminium

oxide-nitride (AION) [54].

Through CAD/CAM simulations, a viability study carried out between the Department of
Mechanical Engineering and the Advanced Manufacturing Research Centre (AMRC) at University
of Shefhield [4] explored the opportunities for HPG practices to improve the efficiency of rail
grinding applications. The options presented include HSG and HEDG, a grinding process which
involves the use of high feed rates and wheel speeds. The study considered the use of superabrasive
tooling for rail grinding application as an alternative to the conventional AlOy grinding wheels
which are in current use in the industry. This method is potentially beneficial in the reduction of
specific grinding energies within the current rail grinding operations and can therefore achieve
higher rates of productivity. This was attributed to the longer wheel life and reduced wear rates of

superabrasive grinding wheels when compared to conventional corundum grinding wheels.

There is potential for knowledge about the surface quality of the rail under these HSG and
HEDG practices; however, the influence of temperature is yet to be largely explored. In their
investigation, Liu et al. [55] employed a passive (peripheral) grinding machine in their study of the
influence of the grinding time and number of passes on the HSG of rail. Unlike the active face
grinding method, the motion of the grinding wheel is propelled solely by the grinding train;
likewise, the contact of the grinding wheel to the rail surface is achieved solely by the grinding
pressure and the deflection angle 0 (Figure 18). Therefore, the HSG is achieved by the speed of the

grinding train. Their research reported improved surface quality and reduced grinding temperature
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influence for multiple passes conducted at shorter intervals than with passes conducted at longer

interval.

(a) (b)

Figure 18: A schematic of the interaction of the grinding wheel in (a) the face (active) and the peripheral
(passive) rail grinding approaches [56].
The measurement of temperature in the HSG processes can provide a basis for the understanding
of the workpiece quality and surface integrity for these applications. As such, several temperature
measurement technologies are presented in the following section with a further exploration into the

current measurement practices in the context of rail grinding.

2.4 Temperature Assessment Technologies in Grinding

As an energy intensive machining process, the interaction of the governing parameters of the
grinding process requires careful selection to avoid the introduction of high temperatures into the
workpiece. In metallic materials, the presence of high grind zone temperatures results in grinding
burn, which may be physically observed as discolouration of the workpiece surface. Surface burn
may be attributed to both thermal and mechanical influences. This is known as grinding burn,

which occurs as a result of oxidation.

A review by Komanduri and Hou [57] elucidated the experimental temperature measurement
techniques which are used in manufacturing processes. Figure 19 shows the historical timeline of
measurement techniques developed for thermal measurement in material removal processes, some
of which include thermocouples, thermography, and radiance thermometry [58]. These techniques
are influenced by factors such as surface emissivity, reflection, surface characteristics and resolution
of sensor. As observed by Davies etal. [58], thermocouples and infrared technology are the common
apparatus which have been iterated over the years as the promising methods of temperature

measurement.
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Figure 19: Historical timeline of thermal measurement techniques for material removal processes (adapted
from [58])

The potential quicker response times of optical fibres in comparison to thermocouples led to the
research of their application within the grinding process. Ueda et al. [59] developed the infrared
radiation pyrometer technique in an attempt to improve the sensor response time. In this technique,
optical fibres are used in conjunction with an InAs and Ge cell to guide infrared radiation onto single

active grains in order to sense the temperature in the immediate aftermath of a cutting operation.

The delayed measurement of the temperature response of the grains subsequent to cutting
introduced an inaccuracy into the system. As such, Ueda et al. [60] further iterated the technology
by employing a fused fibre coupler, thus developing a two-colour pyrometer (Figure 20) which
improved the measurement of rapid temperature changes on the single grains. Results from this

study showed that over the course of the cutting action of the grains on the workpiece, the rate of

increase in temperature could extend up to 107 °C/s.
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Figure 20: Two-Colour pyrometer developed by Ueda et al. for the measurement of single grain
temperatures subsequent to cutting action [61]
It has been observed that most of the existing experimental temperature measurement techniques
typically present the maximum temperature of the workpiece. However, when related to the
material thermal properties, knowledge of the temporal gradient may also prove beneficial to the

prediction and detection of the onset of phase transformation and eftectually grinding burn. This is
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addressed in the work by Baumgart et al. [62], who employed a two-colour pyrometer comprising
of coupled rotary and stationary fibres for cylindrical grinding. In their assessment of difterent depths
along the workpiece, they found that the heating rates of the workpiece was up to 50 times higher
than the cooling rates relative to the surface. Although this method was employed in cylindrical
grinding, it is promising for the development of a temperature profile across the workpiece depth,
thus allowing for an understanding of the depth profile evolution of the subsurface microstructural

in response to heating and cooling rates.

The use of optical fibres presents several practical issues such as the possible loss of accuracy as a
result of signal decay along the fibre due to its fragile nature. Likewise, the high cost required to
maintain the low temperature photon detectors further prevents the application from being
implemented in the industry [63]. The solutions discussed therefore provide an understanding of
thermal behaviour in the grinding process; however, the challenge to implement useful monitoring

techniques in industrial applications still remained.

More recently, the research of process of monitoring techniques has seen the integration of
sensor systems within the grinding tool. Wheel based monitoring was investigated by several
researchers [64, 65] to measure temperature, force and vibration. This allowed for the exploitation
of the modular design of some superabrasive grinding wheels as well as the wearing ability of thin-
film thermocouples. The method was achieved by embedding a thin-film thermocouple within a
segment of CBN grinding wheels (Figure 21). The technique was limited by the detrimental
influence of the oil coolant on the connection of the thermo-pair as well as the high costs associated
with segmented superabrasive grinding wheels. Likewise, this technique is not applicable for

conventional grinding wheels.
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Figure 21: Design of the measurement chain for in-process monitoring of temperature through an
integrated thin-film thermocouple [66, 67]

Tool-integrated temperature measurement was implemented in conventional grinding wheels
by Brinksmeier et al. [67]. Through the detection of infrared (IR) radiation, this method employs

an embedded optical fibre as well as a quick-response infrared photodiode to obtain temperature
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information within the grinding zone (Figure 22). The data obtained by the IR sensor is processed
by a data converter which is also located within the wheel and is transferred wirelessly to a display

unit for continual monitoring.
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Figure 22: Grinding wheel with embedded sensor for temperature measurement [67]

The current practical operational issues with temperature measurement in most grinding
processes including surface grinding is the presence of coolant which impedes access to the grinding
zone. However, the use of cryogenic cooling methods also promises a means for the investigation
of thermal behaviour within the grind zone. This was observed in investigation by Paul and
Chattopadhyay [68] who studied the grindability of steels under liquid nitrogen with thermocouples

which were embedment into the workpiece.

2.5 Temperature Measurement in Rail Grinding

A major consequence of the use of face grinding in conventional rail grinding is the increased
material removal rate and surface deformation. The inordinate interaction of grinding parameters
can lead to the rise of contact zone temperatures which influence the surface integrity as a result of

grinding burn and microstructural alterations in the rail surface [22, 35].

Due to their direct influence on the surface integrity of the rail, understanding of the thermal
and energy input is particularly essential in rail grinding processes due to the absence of coolant.
Rail grinding is performed using a grinding train equipped with several abrasive grinding wheels to
increase @, through increased number of passes, thereby reducing the grinding forces per wheel
[69]. The contact between the successive grinding wheels and the rail head generates a high amount

of friction which causes increased temperature distribution across the rail surface and subsurface.

The influence of temperature is typically assessed by observing the rail subsequent to the grinding
operation. As discussed in Section 7.4, several practical temperature measurement approaches have
been explored in the literature for grinding operations. However, there is minimal research of in-
process temperature measurement technologies specific to rail grinding. This may be largely because
most of the viable practical measurement techniques (e.g., thermocouples and optical fibres) require

ingress into the rail, which poses a challenge to the rail structure. As such, recent research has
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focused on the prediction of grind zone temperature through the use of analytical and numerical

models and practical means such as thermography.

The use of thermography and thermal imaging within the rail industry has remained scarcely
explored. While little has been found to have included rail grinding, some research has been caried
out to explore the adoption of thermography to visualise and understand the train wheel/rail contact.
Burstow et al. [70] proposed a method to implement thermography on a train bogie to observe the
local temperature increase while Yamamoto et al. [71] Expounded on the work by Burstow et al.
to map out the local temperature rice within the wheel/rail contact through the use of
thermography. In addition, through the thermal imaging of the wheel/rail interface, Firlik et al. [72]
ascertained rail wear causalities such as longitudinal creepage and rolling noise generation for a tram

vehicle.

The study by Zhang et al. [73] employed infra-red thermal imaging to record the temperature
variation in conventional rail grinding operation (Figure 23), with results confirming that the
highest temperature is located at the contact surface between the rail surface and the wheel face. The
observed temperature progression is confirmed by the prediction carried out by Finite Element
Analysis (FEA). In a similar study, Lin et al. [35] utilised infra-red thermal imaging to validate the

use of a grindable thermocouple inserted within a rail specimen.
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Figure 23: Thermographic images of peak temperatures distributions of four rail grinding passes [73]

Furthering this study, Lin et al. [35] correlated the grinding burn occurrence to the thickness of
the white etching layer and the grinding temperature. Using an inserted thermocouple, the results
showed an increase in the maximum grinding rail temperature with increased wheel speed v as well
as an initial increase in force from 1000 N to 1500 N, but a reduction of temperatures above 1500
N. The burn behaviour of the samples observed may be directly attributed to the surface
temperatures which are induced during the grinding passes. The grinding burn colours were also
classified in this study to establish the relationship between the surface burn colours as normal (<
471 °C), yellow (471 — 600 °C), yellow-blue (600 — 735 °C) and dark blue/ purple (> 735 °C). The
study by Lin et al. also found that aside from the white etching layers formed above 600 °C, they
increase above the austenizing temperatures. Likewise, high grinding temperatures (>802 °C) results
in the quenching of the surface thus leading to visible grinding cracks. The initiation of such cracks

may also be due to the tensile stresses generated by these higher temperatures.
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2.6 Temperature Assessment Through Thermal Modelling

Inordinate grinding parameters can lead to the generation of elevated temperatures which aftect
the surface quality of the workpiece through the transformation of the metallurgical properties of
the workpiece surface and subsurface regions. Through thermal modelling, the influence of
grinding parameters on the resulting grinding temperatures can be explored. This research adopts a

simplified model which incorporates the theoretical backgrounds presented in the literature.

The temperatures which are produced during a grinding operation relate to the energy input to
the grinding zone. The specific grinding energy of the system can be derived from the grinding
power which can be measured alongside the grinding forces, as these cannot be accurately estimated
from empirical data. As a result of friction, grinding power is converted into heat within the contact
zone which is then dissipated into the workpiece. The total grinding power supplied is calculated

using the measured tangential force F, and the wheel speed v. as shown in Equation 3.
Pt = Ft - 175 3

The heat energy which is dissipated into the workpiece as heat can be transterred by convection,
conduction and radiation. According to Rowe et al. [74], the net flux of energy into the grinding
area (¢:), may be quantified through the sum of the conducted heat flux into the workpiece (¢.), by
the chips (¢a) and the grinding wheel (g) as well as the assumed heat energy which is transferred by
the coolant through convection (q7). The net heat flux workpiece (¢;) is also resolved using the
grinding power and the contact area, which is the product of the contact length and the width of
contact (Equation 4).

P
lc-b
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The heat flux into the workpiece, grinding wheel and coolant are related to the maximum
temperature Tp,q, 10 terms of their conduction or convection coefficients through the expressions

shown in Equation 5.
dw = hy * Tmax» 4s = hs * Tmax qr = hf *Tmax»4cn = hen Tmp 5

The heat flux into the chips is dependent on the melting temperature Tp,;, of the workpiece
material. The heat flux into the coolant g is dependent on the type of coolant used. However, due
to the absence of grinding coolant under the dry grinding conditions employed in rail grinding, this

parameter was not considered in this research.

As shown in Equation 6, the heat conducted by the chips can then be estimated using the chip
specific energy es, which is the energy required to raise the workpiece material temperature to a
melting point as well as the depth of cut a., feed rate v,, and contact length /..

Ae " Vyy
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c

29




The heat flux into the workpiece can be considered based on the moving triangular heat source
model, which is based on the sliding heat source model of Carslaw and Jaeger [75, 76]. The two-
dimensional triangular heat source model and the rectangular heat source model have been noted
to provide better accuracy compared to the original uniform heat flux model [77]. The triangular
model assumes that the heat distribution takes place within a flat grinding zone; however, the heat

input increases towards the leading edge of the grinding zone as depicted in Figure 24.

Heat flux, g..

Feed ratev,,
—_—

Contact length, L

Figure 24: A schematic of the moving triangular heat source model

The triangular heat flux source model may be applied to the peripheral grinding process, whereas
more complex analysis is required for the face grinding process. Therefore, in order to obtain a
simplified estimation of the grinding temperature, the triangular heat source approach will be

adopted going forward in this research.

The predicted maximum temperature increase at the workpiece surface Tpqy (°C) is dependent
on the conducted heat flux q,,. This relationship is shown through the simplified expression in

Equation 7:

TmaxZCIw'ﬁ_'
w

where h,, is the workpiece conduction coeflicient and C is a factor which is dependent on the

Peclet number and the contact angle. For most grinding operations, the C-factor can be estimated

based on the Peclet number, such that if Pe < 0.2, C = 0.76;0.2 < Pe < 10,C = 0'795 21T + %; or

if Pe >10,C = 1.06 [78, 79]. However, the C-factor may be approximated to 1 for shallow
grinding operations and higher feedrates [74]. The property By,
(J - (m? - s2K)71) is the thermal effusivity, which is related to the thermal conductivity (k,,),

density (p,,) and specific heat capacity (c,,) of the workpiece and is determined by the Equation8.
IBWZ\/kW'pW'CW 8

Combining the relationships in Equations 4 and 5 and assuming the absence of coolant as is in
dry grinding, the maximum change in temperature AT, (K) at the grinding contact zone can be

estimated through the Rowe model which is shown in Equation 9. It must be noted that during
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calculations, the value of the ambient temperature must be included in order to estimate the overall

maximum temperature.

ATmax — qt ; dch 9
w

R ws

R, 1s the partition ratio of workpiece to the grinding wheel which was introduced by Rowe et

al. [77]. As the heat flux conducted through the workpiece gy, 1s a fraction of g, it is related to g,
by the energy partition ratio to the workpiece R,. Ignoring the convection of coolant and chips, R,
can be approximated to Ry, and calculated through the grinding wheel parameters such as the
thermal conductivity of the abrasive, k,, the thermal eftusivity of the workpiece B,,, radius of a

single grain 1y, and the wheel speed vg as shown in Equation 10.

ky )‘1 10

ﬁw'\/ro'vs

Rowe etal. [1] determined a solution for the one-dimensional conduction of temperature within

a semi-infinite solid which can be used to create a depth profile of the subsurface temperatures. This
accounts for the heat flux at an origin over an infinitesimal period of contact. This time period was
broadly approximated based on the length of contact [, and feed ratev,,. Using the one-
dimensional solution for moving triangular heat source, the subsurface temperature profile of the

rail workpiece can be evaluated through Equation 11.

q 2t z? )
Toax = —W.t1/2.<1__.___>_ez/4at 11
JTkp-c 3 t, 6at,

() b )

where t is the instantaneous time, t. is the duration of heating across the contact area, z is the
depth below the surface and « is the thermal diftusivity obtained by the Equation 12.
ky
Pw * Cw

The temperature estimations in this section are performed based on the typical thermal properties

12

a =

of rail presented by Zhou et al. [80] which are listed in Table 2. The material properties of the CBN
grinding wheel which were utilised in these calculations are presented in Table 3 and Table 4. The
average abrasive edge radius was approximated based on Rowe et al. [1] as well as Duscha et al. [37]
who indicated an average radius of a reasonable sharp abrasive edge of a grinding wheel to be

between 10-50 pym, therefore, for uniformity, 25 um was assumed for both wheels.
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Table 2: Rail thermal properties utilised for temperature calculations [80]

kw Cw Pw Tmp
W/mK) | kg™ K™) | (kg m™3) )
51 500 7800 1400

Table 3: Material Properties of CBN Grinding Wheel utilised in analytical model calculations

To kg
(um) | (W/mK)
25 240

Table 4: Material Properties of AlOx Grinding Wheel utilised in analytical model calculations

To kg
(um) (W/mK)
25 8.4

2.7 Background Research for Experimental Work

Within the rail grinding industry, it is in the best interest of rail use and maintenance to achieve
a long rail life. It is therefore desirable that the rail wears from long life use as opposed to protracted
issues which may come with exacerbated wheel/rail contact fatigue. In maintaining the rail profile,
the wheel/rail contact stresses can be reduced, and the maintenance process of grinding can be

optimised to alleviate damage to the rail while in service.

Preventive grinding is characterised by the removal of minimal material from the rail to maintain
the rail profile and to prevent the incidence of rolling contact fatigue. As such, it is paramount that
the preventive grinding practice does not contribute to a further detrimental influence on the rail
surface for which the approach was designed to maintain. On the other hand, corrective grinding is
carried out with larger depths of cut to renew damaged rail and remove cracks without leaving

potential for further damage.

As the viability study by Singleton et al. [4] showed that the utilisation of superabrasive tooling
for rail grinding could provide improved surface properties in comparison to conventional practices,
it 1s essential that the viability of these metallurgical benefits be assessed through experimental

exploration.
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This current research is therefore built on the aforementioned viability study carried out to
advance the implementation of the superabrasive grinding approach in real life applications. The
implementation of superabrasive grinding requires the development of novel technology which is
adapted for the rail grinding process. Therefore, the background research for the approaches

employed in this research and the associated challenges encountered is presented.
2.7.1 Field Observation and Testing

2.7.1.1 Grinding Trolley

Following the preliminary study to implement superabrasive tooling into the grinding process
[4], it was established that the next step for this tooling approach would be testing on a larger scale
such as with a grinding train and in similar operating conditions on an actual rail line. In order to
develop this field test approach, the 4 major steps depicted in the flow chart presented in Figure 25

were considered.

Step 2
Establish Design
Criteria and Plan

the
Implementation
of the
Technology

Step 3
Manufacture of Step 4
Technology Commissioning

Step 1
Perform
Assembly and of Technology &

Associated On-site Trial
Fixturing

Identification of
Grinding Train

Figure 25: An outline of the steps required to develop a field test approach for the implementation of
superabrasive grinding

In order to carry out the identification survey of the grinding train, multiple visits were carried
out to view a grinding train. During these visits, a mainline Loram C21 series in-traffic grinding
train (Figure 26) was surveyed. This grinding machine is a 4-car maintenance grinder equipped with
64 grinding wheels and 80 electric grind motors (Figure 27). On the C21 train surveyed, only 48
grinding wheels are utilised within a grinding operation. For each grinding stone, a depth of cut of

up to 0.1 mm can be achieved and corrective grinding is performed at 4 m/h (6.43 km/h).
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Figure 26: The C21 series rail grinder investigated for the possible implementation of superabrasive
grinding
With the focus on the possibility of implementing superabrasive grinding on the train, the

proposed method was developed:

e To remove a single drive unit within a buggy and replace a conventional tool and drive
with a superabrasive tool and its accompanying spindle drive. This must conform to the
current space envelope on the train and should utilise the same fittings other gauging
issues on the train body.

e The superabrasive grinding tool and drive will be independently operated and controlled
away from the remaining existing conventional stones in the buggy. This would prevent
turther changes to the overall control system which operates the conventional stones and
drives.

e The declogging system for the superabrasive tool must also be controlled independent of
the conventional stone system. It can preferably be located on the train but may also be

situated in the track side for application near the grinding area.

Grind

motors

Figure 27: Image of the underside of a C21 grinding train depicting the individual spindle motors for each
grinding wheel as well as conventional grinding wheels at different stages of wear.
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The visits to observe the grinding train provided a background for the identification of the
hazards associated with a typical rail grinder. An assessment of the hazards related to the grinding
train also gave basis for the identification of the potential hazards which might be associated with
the implementation of the new grinding technology. The manufacturer specifications of the C21

series rail grinder are provided in Table 5.

Table 5: Manufacturer specifications of the Loram C21 series grinding train

Parameter Specification
Maximum Travelling Speed (km/h) | 80

Grinding Speed (km/h) 16

Number of Stones 64

No of Grind Motors 80 (electric)

Range of Grinding Head Angle (°) | 75 Gauge, 25 Field
Grinding Motor Rating (kW) 22

Coolant application No

Following the identification and survey of the grinding train in Step 1, a design criterion as well
as a plan for implementation were formulated (Step 2). However, due to the scale of operation
required to implement the technology, the bureaucratic complexities and the associated costs of
reserving the grinding train for the tooling experimentation, it was determined that the initial
implementation of the superabrasive technology on track would need to be trialled on a smaller

scale. Therefore, the use of a manually operated grinding trolley was explored.

The commercially available manually operated grinding trolleys which were evaluated for
possible use were the Vertical Track Grinder (MV3) as well as the Frog and Switch Grinder (MC3).
The MV3 grinder (Figure 28) is a grinding machine which utilises a conventional alumina face

grinding wheel to grind the railhead, as well as welded joints and on the rail running surface.
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NS
Engine

Figure 28: Image of the Vertical Track Grinder (MV3) used for face rail grinding

On the other hand, the MC3 grinder (Figure 29) is also a conventional peripheral grinding

machine which is used for the grinding switches and frog points, crossings, and stock rails.

Peripheral
wheel

Figure 29: Image of the Frog and Switch Rail Grinder (MC3) used for peripheral rail grinding

In parallel to the observation of the grinding train, a suitable superabrasive grinding wheel was

developed in collaboration with Tyrolit. The major design criterion of this wheel was its suitability

for use in the face as well as peripheral grinding orientations. Likewise, it was further determined

that neither the motors of the manual grinders (MV3 or MC3) were equipped to produce the high

speeds required for superabrasive grinding. Therefore, a spindle drive was developed with the

additional capability for modular substitution of a single current spindle drive within the grinding

train buggy.
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It was essential that the high speed spindle drive also had the capability for the increased wheel
speeds required for the optimum performance of the superabrasive grinding wheel. Additionally, a
further design criterion was the ability to include the declogging mechanism developed for the
superabrasive grinding method. Finally, though the initial plan was to incorporate the superabrasive
grinding system onto the frame of the commercially available grinding trolley, it was later

determined that the spindle drive would require a more robust frame.

Following the design criteria discussed above, a decision was made to develop a mobile grinding
trolley which could accommodate the design requirements and be used on the test track available at

the University of Sheftield. The development of this Mobile Grinder is presented in Chapter 5.

2.7.1.2 Field Observations of Grinding

In order to develop a field test approach, several factors were considered. A major challenge
which is typically encountered when planning a field test approach is the on-track access for the
researcher. This is due to the safety risks and the complexities of the rail network infrastructure
owners and managers. However, access to perform temperature measurements was secured on two
grinding sites. An added benefit of performing field measurements was chance to discuss with the
rail grinding operators and to obtain information on the typical parameters used as well as how these
parameters are achieved with the existing equipment. The temperature measured during both field

grinding observations are elucidated further in Chapter 3.

The first field grinding temperature assessment was carried out during the routine maintenance
of an in-service mainline track which was located in Medellin, Colombia. In this campaign, the
grinding operation was performed on a passenger railway line by a grinding train both owned by

Metro dé Medellin.

Temperature measurements were further performed in a second field grinding assessment which
took place on tracks located at the Drax Power Plant. The grinding was performed by a road-to-rail
vehicle which utilises grinding wheels that are of a similar size to those utilised in the laboratory

grinding experiments.
2.7.2 Laboratory Testing Approach

It has been established that the inordinate application of the process parameters of the grinding
operations may result in adverse temperature influences on the rail surface which could lead to the
formation of martensitic WEL on the surface of the rail. To assess the influence of the temperature
induced on the rail surface, it is beneficial to perform temperature measurement on the grinding

zone.

The laboratory testing aspect of the research was focused on benchmarking the conventional
grinding of rail and providing a comparison against the superabrasive grinding technique.

Performing the rail grinding operation within a laboratory setting allows for the control of the
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grinding environment (as is possible within a Computerised Numerical Controlled Machine) and
enables the variance or fixing of multiple parameters which may be difficult to achieve in real life
grinding train operations. Likewise, carrying out trials in this manner negates the requirement for

sample extraction for further surface integrity assessments.

Under the laboratory testing approach, grinding trials were performed using a CBN
superabrasive grinding as well as two conventional AlOy grinding wheels which are designed for
face and peripheral grinding orientations. The aim of this grinding trial was to perform grinding
passes on samples of full-sized rail in order to record the force and temperature generated during
each pass. Each grinding trial was an iteration of the previous test, thus, not all measurement
techniques were applied across all trials. The temperature measurement approaches employed in
each trial are presented in the Table 6.

Table 6: A list of the grinding trials and their corresponding techniques used for temperature measurement

Grinding Trial Measured Output (Measurement Technique)

Superabrasive (Peripheral) Grinding | Temperature (Thermal camera);

Temperature (Thermocouples)

Conventional Face Grinding Force (Load cells / force plate);

Temperature (Thermal camera)

Conventional Peripheral Grinding Force (Load cells [ force plate);

Temperature (Thermal camera);

Temperature (Thermocouples)

The effects of induced temperature on the rail following the grinding operation may be visible
on the rail in the form of grinding burn. Likewise, to investigate the surface integrity of the ground
rail sections, the surface roughness of the rail was measured following each grinding trial.
Additionally, to observe the possible presence of thermally-induced martensitic WEL, samples were
extracted from three regions across the rail to be prepared for further microstructural analysis on the

cross-section of the rail.

2.8 Summary

In this chapter, the literature review has been conducted to provide a brief overview of the
general grinding process. Given the broad utilisation of grinding in several industries, the literature
review is whittled down to the context of the application of grinding in rail maintenance. Due to
the complexities associated with implementation, temperature measurement is a condition

monitoring practice that is often not explored in the grinding process.

However, the typical workpiece materials present in rail grinding operations are steels which are

ground in dry conditions. Therefore, as the grinding temperatures approach the austenitizing
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temperatures, rail grinding materials are more susceptible to white etching layer (WEL) formations
due to the thermo-mechanical impacts of inordinate grinding parameter interactions. In relation to
the rail industry’s drive for improved grinding performance through increased material removal rate
(MMR), the review of the literature addressed the state of the art of High Performance Grinding
(HPG) approaches.

A major driving force of HPG technologies such as High Speed Grinding (HSG), Creep Feed
Grinding, High Efficiency Deep Grinding (HEDG), and VIPER Grinding is increasing economic

profitability through the incorporation of innovative manufacturing technologies into the grinding.

The introduction of superabrasive grinding tools for the purpose of rail grinding is explored
within this research project. Likewise, the induced temperatures in the grinding tool/material
interface remains of particular interest, particularly in relation to the integrity of the material post-
grinding, so methods for assessing this were analysed. With this, the thermomechanical effects of
the use of superabrasive tooling in the rail grinding process must be understood. Thus, the review
of the literature has also explored the utilisation of the temperature measurement technologies.
Technologies such as thermocouples, optical fibres and thermography are considered for use in
actual rail grinding. The challenges which have been identified for investigation in this thesis are

presented as questions as below:

e  Whatis the benchmarking performance of the use of superabrasive in rail grinding against
conventional tooling with respect to surface integrity and temperature?

e How can superabrasive grinding be implemented into current rail grinding practices such
as on a grinding train?

e How can the in-situ measurement of temperature be applied to augment the

implementation of superabrasive tooling in rail grinding?
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3 Rail Grinding and Temperature Measurement in A Field Setting
(Grinding Train)

This chapter concerns an investigation into grinding temperatures measured during actual rail
grinding operations in the field. Multiple routine grinding operations were observed during
grinding campaigns initiated by Metro dé Medellin in Medellin, Colombia as well as the Drax
Power Station in Selby, North Yorkshire, UK.

3.1 Temperature Observations at Metro dé Medellin

As part of a 2-week research visit made to the National University of Colombia in Medellin
(UNAL), a routine grinding operation was observed. The field observations were done in additional
collaboration with Metro dé Medellin who granted access to the track during their night-time

routine maintenance operation.

The lines A and B make up the railway portion of the Metro dé Medellin Integrated Mass
Transport System, which also comprises of other lines which also include cable car lines (Metrocable
Lines K, J, L, H, M and P), trams and electric bus services. The railway lines A and B span over 23
km and 5 km respectively, with the former running from North to South Medellin and the latter
running from the centre to the Western part of the city. The railway Line A currently has an
estimated annual tonnage passing of 20 — 25 MGT (Mega Gross Tonnes), while Line B has an
estimated traftic of 10 — 12 MGT per year.

Due to the high tonnage frequency on the tracks at Metro dé Medellin, issues related to fatigue
cracks, shallow shelling and rail corrugation are often observed in the rail [81]. As such, in their
grinding campaigns, more aggressive grinding practices may be required to excoriate the damage
and to maintain the rail profile, with a combination of preventative and corrective grinding

occurring every few months. As such, one of such grinding campaigns was observed.

40




Grinding Experiment Locations

o

Gilberto Echeverri Mejia Bridge
O Metro De Medellin Depot

Figure 30: Location of Metro dé Medellin depot and subsequent grinding trial on the Line A (North-South)

An overnight grinding campaign was carried out by Metro dé Medellin on the southbound
section of the A railway line. The grinding train commenced its journey from the Metro dé
Medellin depot, located in Bello, a suburb of the city of Medellin. However, the maintenance
operation was carried out on a section of active passenger railway situated in the beneath the Gilberto

Echeverri Mejia Bridge and bordering the Medellin River.
3.1.1 Grinding Equipment — Harsco RGH10C

This section presents the equipment employed in the research conducted on the Metro dé

Medellin. This includes the machine tools as well as the auxiliary tools used during the trials.
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Figure 31: The Harsco RGH10C rail grinder employed for the grinding operation in Medellin Colombia

For this grinding operation, a single-car Harsco Track Technologies RGH10C transit rail
grinder was employed. The rail grinding train is depicted in Figure 31. A typical rail grinder is
equipped with grinding modules which can adapt to targeted grinding patterns and rail profiles for
grinding rail switches and crosses. The manufacturer specification of the RGH10C transit rail

grinder is presented in Table 7.

Table 7: Details of the machine specifications of the Harsco RGH10C

Parameter Specification
Maximum Travelling Speed (km/h) 80

Maximum Towing Speed (km/h) 100

Number of Stones 10

Range of Grinding Head Angle (°) 75 (Gauge) to 45 (Field)
Wheel size (mm) 150

Travel Velocity Range (km/h) 1.6-13

Water hoses are located on the front and back of the grinding train for spark suppress to reduce
the risk of fires. This conventional rail grinder was composed of one working car equipped with 10
aluminium oxide (AlOy) grinding wheels — 5 wheels are placed in an array on either side of the train
for both the inner and outer rails. Each array of wheels is covered by side curtains in order to prevent
the grinding sparks from impacting the track. It was anticipated that the side curtains would impact

the temperatures recorded. This is further discussed later in the chapter.

For proprietary reasons, it was impossible to obtain images of the wheel arrangements on the
RGH10C grinding train. However, the grinding was performed using 150 mm coarse AlOx wheels
with the average grain density of about 16 grain/cm?. In order to grind different facets of the rail
profile, the active contact surfaces of the grinding wheels were set up in varied attack angles in an

end-face contact with the rail as it moved longitudinally along its surface.
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In following the recommendations through studies presented by Grassie [5, 12] as well as Satoh
and Iwatuchi [14], the grinding operation was carried out as a preventive practice. This practice was
done to restore the rail to its optimal profile and to arrest initiated surface microcrack growth before
devolution into accelerated growth. However, studies have shown that the formation of hardened
martensite on the rail surface may occur as a result of the generated localised temperatures and
subsequent rapid cooling. As such, the interaction of the associated grinding parameters plays a
significant role in achieving a desired outcome of the grinding operation. The governing parameters
which were utilised in this Metro dé Medellin grinding campaign include the applied grinding
pressure, the grinding train velocity, the prior condition of the grinding wheels as well as their angle
and rotational velocity. The basic operating parameters and the environmental conditions of the rail

grinding process are detailed in Table 8 and Table 9.

Table 8: An overview of the basic operating parameters of the observed rail grinding operation on the Metro
dé Medellin A-line

Parameter Value

Material removal per 3 passes (mm) | = 1 (with conventional stones)

Train travel velocity (km/h) 5

No of passes 15 passes per rail (inner and outer rails)
Operating Conditions Rain

Table 9: Environmental Conditions recorded during the grinding campaign witnessed in Medellin

Environmental Conditions Value
Average Air Temperature ("C) 20.7
Average Relative Humidity (%) 86.7

A pre-operation appraisal of the process with the operators determined that the shallow depths
of cut might cause a difficulty in controlling the depths. Therefore, the typical practice employed
by the grinding operator was to estimate the equivalent material removal for every 3 passes as shown
in Table 8. In the rail grinding industry, the achieved depth of cut is determined by the applied
grinding pressure [82]. Each grinder is equipped with a maximum grinding loading pressure, which
is symbolic of a percentage of the available power in the grinding motors. As such, in order to

achieve a grinding pass, a percentage of the maximum loading pressure is applied.

In the Metro dé Medellin grinding campaign, 19 grinding passes were recorded. Based on the
discussions with the grinding operators, it was understood that 15 of the passes assessed were

conducted on the inner rail while the remaining 4 passes were performed on the outer rail.
3.1.2 Analysis Equipment

a) Temperature Measurement
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To conduct in-process temperature measurements during grinding, a FLIR-E95 24° thermal
camera was employed. In this trial, the camera was held by hand due to the nature of the test
environment. The camera’s object temperature range was set to ‘0-650 °C’, to account for the
possibility of recording the higher temperatures which may fall within the austenisation temperature
range where phase transformation occurs to cause the formation of the martensitic WEL on the
surface material. The stored thermal information was initially analysed using the FLIR Tool+
software on a computer. The camera also possessed a spectral range of 7.5 to 14 um, a thermal
sensitivity of 40 mK at 30 °C and an infrared resolution of 464 x 348 pixels. A thermal progression
was recorded through a video imaging mode at an image frequency of 30Hz. This allowed for
continuous measurement of the grinding region from the start to end of each pass done. Two
approaches were applied in order to direct the camera at the rail surface. They included the

following:

e Direct the camera at a certain region on the rail to be ground to observe the temperature
progression as the grinding train traverses that point. To achieve this, applying this
approach required prior knowledge of which rail was to be ground. However, due to the
language barrier (Spanish and English), this approach was initially limited.

e The second approach was to direct the camera to the region where the grinding stones

are located and follow their action across the rail during the grinding operation.

In general, both approaches were limited as a result of the thermal camera having to be held by
hand. This was due to the complexities associated with getting the camera mounting equipment
(tripod) onto the grinding site. This affected the stability of directing the camera to the desired

region with ease.
b) Data Analysis

The files obtained by the thermal camera were saved as mp4 files. To analyse the obtained data
in robust manner, each file was initially analysed in both Python and MATLAB software
respectively. A python code was written to process the video files using publicly available python
modules such as OpenCV, Numpy and Pytessaract to allow for image processing, application of
functions, artificial intelligence for image recognition, as well as assessment and storage of numbers
in the video files. The numerical data files obtained using Pytessaract were individually analysed to

filter out erroneous predictions which were flagged up in the plotting phase.

Following the numerical data extraction, the corresponding MATLAB code was used to plot the
recorded temperature progression per pass along with the associated thermal video. A total of 19
thermal video files were recorded and those not presented in the result section can be found in in

Appendix E. Each video taken corresponded to a performed grinding pass made.

It should be of note that the results presented from this Medellin study would vastly be aftected

by the following factors:

44




e continuous relocation of the thermal camera [ variation of the distance of the thermal
camera from the grinding stone-rail contact area

e The environmental conditions of temperature and humidity (Table 9).

3.1.3 Results and Analysis

A series of thermographic video recordings were made for each grinding pass observed. Each
video was observed frame-by-frame and further analysed through the use of the aforementioned

image recognition applications in MATLAB.

An example of the measured temperature progression of the first observed pass through the
software analysis is shown in the plot presented in Figure 32. To describe the thermographic images
presented in this section, it should be noted that the value shown in Label 1 is indicative of the
maximum instantaneous measurement of the region upon which the cursor shown in Label 4 is
directed. An on-the-ground grinding personnel situated in the central track spacing is indicated by
Label 2. Label 3 depicts the opposite tracks of the Line A railway, where the grinding campaign took
place, while Label 5 shows the grinding train used in this campaign. Likewise, Label 6 illustrates the
rail upon which the grinding operation was performed. Finally, the temperature scale which is
shown Label 7 indicates the maximum and minimum recorded temperature of the surrounding
environment. The value taken as the maximum temperature during each pass is the value which

was displayed by the indicator in Label 1.

45— [+ Maximum Temperature (°C) |
+ Minimum Temperature (°C)

a
S
T

IRE
|
i
1
'

.

Measured Temperature (°C)
I
l
i
i
!
'
'
\
1
i
'
1,
!
i

»
8
I

&

Time (s)
Figure 32: A still image of the RGH10C grinding train and rail as well as temperature progression of
grinding (Pass 1)
During the first pass, which is also shown in Figure 32, the location of recording using the
thermal camera on the opposite set of tracks across from the tracks which underwent grinding. This

was due to the initial health and safety advice. Therefore, it is likely that the distance from the track
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being ground may have negatively influenced the maximum recorded temperature values which
may have been recorded in this manner. In addition to this Pass 1, the recorded temperature

progression of the other measured grinding passes in this campaign are presented in the next section
(3.1.3.1).

3.1.3.1 Analysis of Footage of Temperature Readings

The corresponding plot of the temperature progression of the first pass (Pass 1) which is
presented in Figure 32 shows peaks at the start of the recording correspond to the moments where
the grinding train was in front of the camera. As the train traverses away from the direct line of

vision of the camera, the recorded temperature decreases till the end of grind.

By running the video file through the MATLAB code, the maximum temperature identified
was 43.4 °C and the recorded values varied around an average of 32.6 “C. The temperature range
which was observed here (15.4 —43.4 °C ) contradicts the range of temperatures expected based on
the study carried out by Zhang et al. [73], who from their numerical heat transfer simulations
predicted grinding temperature ranges of 395.4 — 510 °C for a range of 11 — 15 kW grinding motor

power.
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Figure 33: The final thermal image of the grinding Pass 2 and a plot of the corresponding temperature
progression recorded at the Metro dé Medellin line (after adjustment of camera position)

The final frame of the footage as well as the corresponding temperature progression plot of the
second pass (Pass 2) is presented in Figure 33. In this image, the grinding train is shown at its final
stop following the completion of a grinding pass. Assessment of the thermal video of Grinding Pass

2 using the MATLAB code shows that a maximum temperature of 65.1 °C was recorded.
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However, further frame-by-frame analysis of the raw thermal footage of Pass 2 indicated that
temperatures of above 130 °C were measured by the thermal camera at various instances. One of
such instances where this maximum was identified by the thermal camera is shown in the still in
Figure 34. The exact temperature recorded could not be displayed due to the calibration of the
thermal camera. As such, the exact values of any temperatures measured that exceeded 130 °C could
not be displayed by the camera. In the image presented in Figure 34, a dispersing cluster of hot spots
can be observed leading away from the indicated grinding contact zone. This dispersing cluster is
understood to be the grinding sparks, steel dust and debris which were expelled as a result of the
contact between the rail and the grinding wheel in operation. Despite the sparks curtain which was
utilised on the grinding train, the grinding sparks generated during the grinding passes were

observed at a distance beyond the boundary of the sleepers.
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Figure 34: A close-up of the contact zone during the grinding operation of Pass 2.

Following these initial recordings of Passes 1 and 2, it was decided that a more optimal
measurement might be attained at a closer distance to the rail being ground and inherently towards
the grind contact zone. As such, based on this assessment, for Passes 3 the camera was set up closer

to the rail tracks to be ground.

The third grinding pass (Pass 3) was carried out in the forward direction. However, in a similar
fashion to the recording done in the previous grind, the camera was directed at the location of the
grinding wheels and the grinding action was followed from start to end from across the tracks. The
temperature progression of this third pass is shown in Figure 35. Similar to what was observed in

the previous pass, analysis of the thermal video indicates that temperatures higher than 130 °C were
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recorded during the pass. When the thermal video was put through the MATLAB analysis, the
maximum observed value was 80.5 “C. However, frame-by-frame inspection also showed that the

threshold of >130 °C was also achieved in this pass.
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Figure 35: The final thermal image of the grinding Pass 3 and a plot of the corresponding temperature
progression recorded at the Metro dé Medellin line

For the Passes 4 to 11, the camera cursor was focused on the railhead of the inner rail at the start
of the recording and traversed along on the railhead, following the visibly hottest region to the end
of the grinding action. As a sample, the temperature progression of Pass 4 is presented in Figure 36.
The highest peak observed indicates when the camera is at the shortest distance to the camera. This
temperature behaviour is common in the thermal images of the grinding passes (Pass 4-11) which
were recorded in this manner. In Pass 4, the maximum temperature observed by through the
MATLAB code was 130 °C; however, the frame-by-frame inspection shows that the maximum
recorded temperature is the threshold of >130 °C. This is also common for the subsequent Passes

5-11 which were recorded in this orientation.
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Figure 36: The final thermal image of the grinding Pass 4 and a plot of the corresponding temperature

progression recorded at the Metro dé Medellin line.

The subsequent Passes 5-11 can be found in Appendix C. In Passes 16 to 19, the camera was
held steady and focused on the outer rail. The temperature progression plots show a level reading
on the rail as the recording starts. However, the temperature values recorded are higher than the air
temperatures. This is attributed to the temperature buildup as the number of passes increased.
Further on as the time increases, these progression plots indicate a sudden reduction (trough) in the
temperature values. The troughs observed in the passes in which measurements were attempted on
the outer rail show a reduction in the temperature. This is due to the train body obscuring the rail
from the view of the thermal camera. Therefore, the reduced readings may be regarded as the
temperature of the train body. Following the passage of the train, the rail temperatures appear to
reduce but do not immediately return to their original readings (> 40 “C). An example of the
temperature progression of one of the passes (Pass 16) with the thermal camera focused on the outer

rail is shown in Figure 37, while subsequent Passes 17 to 19 may also be found in the Appendix C.
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Figure 37: The final thermal image of the grinding Pass 16 and a plot of the corresponding temperature
progression recorded at the Metro dé Medellin line

3.1.3.2 Post-Grind Condition of Rail

The initial conditions of the rails prior to the grinding operation are shown in Figure 38. Prior

to grind, the surface was characterised by periodic asperities which are believed to be early stages of

rail corrugation wear. If left unchecked, these features will exacerbate and may lead to detachment

of material from the rail head.

Figure 38: Initial rail surface conditions of rail prior to grinding operation on the Metro dé Medellin tracks.

Due to the rails being in-service, it was impossible to perform the typical post-grind analyses of

the rail surfaces. However, the condition of the rail during the grinding passes is presented in Figure

39. The mid-grind rail condition shown in Figure 39 shows some ground facets as well as the facets

which require further passes to complete the grinding of the facet.
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Figure 39: The mid-grind condition of the railhead during the grinding operation at Metro dé Medellin.

The post-grind conditions of the rail can be observed in the figures presented in Figure 40 (a)
and (b).

Figure 40: The post-grind conditions of the rail after the grinding operation conducted on the Metro dé
Medellin tracks.
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3.2 Temperature Observations at Drax Power Station

Multiple train lines serve the Drax Power Station which is located in Selby, North Yorkshire
UK. The Drax plant (Figure 41) is the largest renewable power station in the UK which converts
biomass into electricity and receives a daily freight tonnage of up to 30,000 tonnes. Routine

grinding campaigns are undertaken on the tracks in order to maintain and reprofile these tracks.

Location Of Grinding Trials: Drax

&

Drax Train Lines

Location of Grinding Campaign
7

LinesA&B
(]

Drax Power Station

Figure 41: Location of the Drax Power Station and the Grinding Campaign Location on Tracks L201A &
L201B.

The switches on the curved L201A and L201B tracks (Figure 42) leading up to the Drax Power
Station were recently changed from the standard R260 to a premium rail HP335 grade. This grade

is characterised by a higher hardness which results in lower plastic deformation in comparison to
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the standard R260 grade. As a result of its higher hardness, the HP335 rail is subject to less wear and

therefore requires a grinding at a less frequent rate.

Figure 42: HP335 Rails on the Tracks L201A and L201B on the Drax Power Station Railway Line

As part of a research collaboration with British Steel, access was granted to observe the grinding
campaign of the L201A track in the area close to the power station. The condition of the rail prior
to grinding is shown in Figure 43. The rail’s running surface was characterised by a snakeskin-like
pattern on the railhead. If left unchecked and unground, these surface asperities may transform into

spalling defects which may develop along the rail length and transverse defects on the railhead.

The rail grinding campaign was performed to remove any mill scale as well as the snakeskin-like
defects on the rail head using the face grinding approach, while any lipping defects were deburred
using the peripheral grinding wheels. At Drax, the ideal frequency of grinding would be every three

months; however, this is dependent on the availability of the grinding equipment.
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Figure 43: Condition of HP335 rail surface prior to grinding action at Drax Power Station, showing
snakeskin-like asperities on the rail head.

The grinding operators describe the grinding campaign as a basic Network Rail corrective
grinding operation which was done to remove the millscale and the snakeskin defects present on
the railhead. Other severe defects such as spalling would require reprofiling of the rail at higher
depths of cut.

3.2.1 Grinding Equipment — Harsco Mdser Road/Rail Grinder

In the Drax grinding campaign, a Harsco Méser Road/Rail Grinder (RO-V149) was utilised
(Figure 44). The grinding machine is typically favoured for use in urban and industrial areas, due to

its reduced noise levels (up to 75 dB) and its ease of adaptation from the road onto rail tracks.

Similar to the large RGH10C grinder observed in Metro dé Medellin, this Road/Rail grinder is
also used to grind crossings, switches as well as rail curves. As highlighted by the grinding operators,
the difference between this Road-to-Rail grinder and a typical grinding train is the ability to change
parameters such as the wheel speed, pressure and feed rate during the grinding process. This difters

from grinding trains, where the wheel speeds are fixed for grinding operations.

A portable Digital Cross-section Measurement System (DQM) is used to scan the rail profile
prior to and after the grinding operation. The RO-V149 was equipped with a laser scan which
informs the operator of the achieved rail profile. As such, the grinding parameters may be adjusted

to achieve the target profile in-situ.
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Figure 44: The Harsco Méser Road/Rail Grinder (RO-V149) used in grinding operations at the Drax Power

Station

The manufacturer’s technical specifications for this Harsco Méser grinder are detailed in the

Table 10 below.

Table 10: Manufacturer-supplied specifications of the Harsco Mdser Road/Rail grinder

Parameter Specification
Maximum Travelling Speed (km/h) | 20

Maximum Working Speed (km/h) | 0-5

Number of Stones 6 (4 cup; 2 peripheral)
Maximum Grinding Power (kW) 7.5/11

Dimensions (m)

5.152 x2.020 x 2.577

Due to proprietary restrictions of the industry partner, it was impossible to obtain the full

operating conditions of the grinding process. However, the obtained conditions are presented in

Table 11. The grinding operation was performed in dry weather conditions, therefore, visibility for

the thermal camera was desirable.

Table 11: Process parameters and grinding conditions of the grinding operation

Parameter Value
Train travel velocity (km/h) 4
Wheel Speed (rpm) 5000
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No of Passes 8 (Gauge to Field)
Power Requirement (%) 60-70

Operating Conditions Dry

The cutting tools which were used during the Drax Grinding campaign were standard AlOy
grinding wheels. The grinder is equipped with 4 cup wheels with two on each side to perform
grinding on the railhead and 2 peripheral grinding wheels on either side for the removal of lipping
defects on the side of the rail or for the adjustment of the gauge. An image of the wheel arrangements
is shown in Figure 45. To grind a complete railhead profile, up to 8 grinding passes are conducted
from the gauge to field. However, the number of passes done on a facet is typically determined by

the grinding operator based on the overall target profile.

(Peripheral grinding) (Face grinding) oy

] —— - ‘
Frog Wheels Cup Wheels | ’V u
B (= -

Figure 45: The arrangement of the grinding wheels employed during the rail grinding operations at the
Drax Power Station

Due to the aggressiveness of the grinding action, high wheel wear is expected during the grinding
of these premium rail. As such, no measures were taken during the grinding operation to alleviate
wheel wear and the wheels are changed often during the grinding operation. The condition of the
face grinding wheel which was taken out of use is shown in Figure 46. The active surface shows the

coarse grits which had performed the grinding action.
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Figure 46: Condition of a used face grinding wheel at end-of-use for the rail grinding operation at Drax
Power Station.

The mid-grind condition of the rail can be observed in Figure 47. The image shows a section of’
the rail which had been partially ground. On this rail, the snakeskin-like pattern is visible beneath
the ground facet. Also observed on the mid-grind condition is a spalling (flaking) defect, which is

generated as a result of high contact stresses.

Snakeskin-like
surface asperities Spalling defect

\

Figure 47: Mid-grind condition of the rail during the grinding operation at the Drax Power Station,
showing rail surface asperities such as spalling.

57




The post-grind condition of a section of fully ground rail is also presented in Figure 48, which
shows that grinding has been performed on all facets across the crown of the railhead. Upon visual
inspection of the length of rail, it was observed that the snakeskin-like defects had been removed
and there was minimal presence of spalling defects. Regions where the spalling defects could not be
eliminated following the grinding of the rail profile were identified and recommended for full

reprofiling.

Figure 48: The post-grind condition of a section of the rail which was ground during the Grinding
Campaign at Drax Power station.

3.2.2 Analysis Equipment

To assess the grinding operation at the Drax facility, the thermal camera utilised and discussed
in Section 3.1.2. Likewise, the analysis of the thermographic video readings was performed using

the same software as also discussed in the Section 3.1.2.
3.2.3 Results and Analysis

During the Drax Grinding Campaign, the temperature progression of 11 grinding passes was
measured. The first recorded pass is shown in Figure 49. The image shows a steady rise in the
temperature from the start to end of grind. This was common for the first 4 passes observed.
Therefore, it was determined that the camera be moved closer to the tracks at a closer viewing

distance but remain within the safe zone along the track sidings.
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Figure 49: The final thermal image of the first grinding pass (Pass 1) and a plot of the corresponding
temperature progression recorded at the Drax Facility

During the Passes 5 to 8, the thermal camera was repositioned and focused such that the thermal

camera was directed at the grinding area and then trailed behind the grinding vehicle as it traversed

along the railhead. At these grinding passes, the highest maximum temperature values were

recorded at 127 °C, 62 °C, 181 "C and 100 °C respectively. Examples of the temperature progression

of these passes (Pass 5, Pass 7) are also presented in Figure 50 and Figure 51.

Measured Temperature (°C)

F

T T == = T T
woH ° Maximum Temperature (*C) & i
*_Minimum Temperature (°C) | =

& - -~
60 5 - e
- - - -
= ” et
4“0 _’_’__,q,-—ﬂf"ﬂ_'_/ Bs0 70 4
20— =
_,_,..—'-'_'_/w T — gl —
= T« = Sl = 2 ersNe
= ’ — - -
! 1 L | 1 T !
5 10 15 20 2 ) s 40
Time (s)

igure 50: The final thermal image of the grinding pass 5 and a plot of the corresponding temperature
progression recorded at the Drax Facility
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Figure 51: The final thermal image of the seventh grinding pass (Pass 7) and a plot of the corresponding
temperature progression recorded at the Drax Facility

Further frame-by-frame analysis of the thermal video recording showing the grinding sparks
generated during the seventh grinding pass (Pass 7) is also presented in Figure 52. The grinding
sparks observed in the grinding passes conducted at Drax appear to have remained close to the

grinding zone, with the furthest sparks being observed within the boundary of the sleepers.
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Figure 52: The grinding sparks generated during the seventh grinding observed at the Drax Facility
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3.3 Summary

The results from the grinding temperatures recorded during field observations of grinding at two
locations have been presented. Through the thermal readings conducted, it has been established that

the thermal camera may be used to ascertain a thermal event during the grinding operations.

Additionally, in comparing the recorded temperatures captured at Metro dé Medellin and the
Drax, it was difficult to determine a trend in the maximum temperatures. It is possible that the
temperatures recorded are representative of the bulk temperatures of the rail during the grinding

operation. However, due to the short contact time between the grinding wheel and the rail, this is
difficult to establish.

The maximum values recorded per pass are presented in Figure 53. The recorded highest values
of the maximum temperature per pass (>130 “C — Metro dé Medellin; 181 °C — Drax) differ greatly
from the maximum temperatures recorded by simulation in the literature where a thermal camera
was employed to measure simulated train grinding passes on a passive machine [73]. Likewise, the
significantly low correlation coefficients of the linear regression analysis performed for the
maximum temperature values (Grinding Train: R* = 0.114 & Adjusted R* = 0.0623; Road-to-Rail
Grinder: R? = 0.0734 & Adjusted R? = -0.0296) indicate that there is likely no correlation between

the recorded maximum temperature and the number of passes with respect to the grinding

operation.
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Figure 53: Maximum temperature values recorded during the grinding operations by grinding train
(Medellin) and Road-to-Rail Grinder (Drax).

Alternatively, the difficulties associated with measuring higher temperatures than the ranges
observed may also be attributed to the bulk temperature of the rail rapidly minimising the thermal
energy generated on the surface before the action of the thermal camera. Therefore, the sampling
frequency of the thermal camera may be insufficient in counteracting the cooling rate of the ground

rail.
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The thermal camera may provide useful information regarding the dispersal of sparks during
grinding passes. This may prove useful for spark suppression endeavours in the industry. The
thermal images of the grinding sparks which were generated by the grinding train at Metro dé
Medellin appeared to be of greater dispersal volume in comparison to the sparks generated by the

Road-to-Rail grinder utilised in Drax.

62




4 Laboratory Grinding Experiments

This chapter concerns the equipment and experimental procedure and techniques related to the
grinding trials which were carried out to resolve the proposed research questions in Chapter 1. Rail
surface grinding trials were performed on two modified Computer Numerical Control (CNC)
machines. A pilot trial as well as subsequent trials based on the initial lessons learned are presented
along with the results obtained. Further to this, the analysis and evaluation of the test data from the
various rail surface grinding experiments are presented and followed by a detailed discussion of

obtained results.

4.1 Experimental Apparatus

This section pertains to the machine tools used to achieve the grinding operations, the grinding
wheels, temperature measuring equipment, possible calibrations of equipment and the identification
of any sources of error. All grinding trials conducted in this section were performed on sections of
standard grade non-heat treated flat bottom R260 rail and profile 60E1 (UIC60). The chemical
composition and properties as specified by EN 13674-1:2011+A1:2017 [83] and produced by
British Steel [84] are presented in Table 12.

Table 12: The basic typical composition and properties of the R260 rail as utilised in the research [83, 84]

. R Hardness
Element C Si Mn S Cr (MPa) (HB)
Weight
0.62- 0.15- 0.008 —
7-1. < 0. > -
perc(i/n)tage 0.80 058 0.7-1.2 0.025 0.15 880 260-300
()

4.1.1 Machine Tools

The CNC machine used at the University of Sheftield was a standard vertical machining centre
which was manufactured by XYZ Machine Tools in the UK. The machine is designed for high
precision and high speed machining of aerospace and mould-making components equipped with

the capability for high speed spindle operations.

4.1.1.1 XYZ 1060 HS Vertical Machine Centre

The XYZ 1060 HS Vertical Machine Centre is a high-speed 3 axis vertical machine which is
typically used in milling operations. The machining centre is presented in Figure 54. Though there
was capability for its use, all grinding trials conducted in this CNC machine were performed in the
absence of coolant. In addition, a single point diamond (SD) dressing tool was attached to the
machine table at select intervals during the conventional grinding trials to renew the stone’s cutting

surface. A dressing tool was utilised to true the grinding wheels to ensure their concentricity. Later
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on, between two grinding conditions, the dresser was also used to remove dull grits and to expose
sharper grits. This type of dresser was also used due to its ease of set up within the grinding machine.
Both conventional grinding tools used in the grinding trials were straight faced wheels, with active
surfaces on the periphery of the wheels, therefore, the point dresser could be aligned and fixed

relative to the active face of the wheel of the different grinding orientations utilised.

Grinding wheel

o

Rail workpiece

Machine
table

SD dressing §  Force
tool Sensors

Figure 54: XYZ 1060 HS Vertical Machine Centre — (a) Facade of the machine, (b) Internal
view of the machine bed and basic set up of the dresser, grinding wheel, rail workpiece and
force sensors.

The manufacturer specifications of the XYZ 1060 HS machine are detailed in Table 13.

Table 13: Details of the manufacturer's specification of the XYZ 1060HS Vertical Machine Centre

Parameter Specification
X-axis Travel (mm) 1,020

Y-axis Travel (mm) 610

Z-axis Travel (mm) 620

Spindle Speed Range (rpm) 5—-12,000
Spindle Motor Power (kW) 21

Power Requirements (A) 71

Cutting Feed Rates (mm/min) 1—43,000
Maximum Table Load (N) 7,845

Spindle Taper BT40

4.1.2 Grinding Tools

4.1.2.1 Conventional Grinding Tools (MV3 Cup Stone & MC3 Frog Stone)

The conventional grinding wheels utilised in this research include the MV3 Cup Stone and MC3

Frog Stone which are shown in Figure 55 (a) and (b). These wheels are commercially available stones
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which are supplied by Aerotech Group and are utilised in Network Rail track maintenance routines
on manually operated grinders. The wheels which are typically utilised on a grinding train are plate
mounted AlOy wheels which are glass fibre wrapped to prevent bursting of the wheel at high speeds.
However, the stones utilised in this research are used within hand operated grinders for both

corrective and preventive track maintenance within the UK rail network.

Figure 55: Conventional rail grinding wheels (stones) utilised in grinding trials - (a) MV3 Cup
Stone and (b) MC3 Frog Stone

The Typhoon MV3 is a cup stone which is used for face grinding operations on the rail head,
welded joints, as well as the rail running surface. The wheel possesses a large active surface area;
therefore, it is designed for use on the vertical track grinders which can tilt up to + 30°. Likewise,
the Typhoon MC3 grinding stone is used for peripheral and/or face grinding operations as well as
the removal of lipping on the railhead. Typically, the MC3 stone is used on the manually operated
Frog and Switch Grinders.

In general, these grinding stones are particularly useful for the manually operated grinding of
switches and crosses across the UK rail network. Both wheels are composed of brown Aluminium
Oxide (AlOy) abrasives. AlOy abrasives are suited for these operations as a result of desirable
properties such as high friability, which improve the durability of the grinding wheel through the
resharpening of the grains. This in turn reduces the generated grinding forces and may reduce the

overall wheel wear.

The specification for the MV3 Cup Stone is 1220R5B, while that of the MC3 Frog Stone is
A14Q4BF. These specifications indicate that both grinding wheels are resin bonded; however, the
MC3 Frog Stone is a reinforced resinoid wheel in order to allow for increased cutting speeds.
Likewise, both wheels are of comparably similar grades of high hardness (R and Q), which is
desirable as a result of diminished susceptibility to wheel wear. At first use, the MV3 Cup stone was
O 150 mm in diameter and 64.45 mm in thickness, while the MC3 Frog Stone was @ 250 mm in

diameter and 40 mm in thickness.
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The methodologies of the grinding experiments for which the MV3 and MC3 stones were
adapted and primarily utilised are detailed in Section 4.2.

4.1.2.2 Superabrasive Grinding Tools

Although typically employed for precision machining, a commercially available superabrasive
(CBN) grinding wheel was selected for use due to its high resistance to wheel wear. A CBN
grinding wheel (Figure 56) was utilised during the preliminary grinding tests in order to explore the
declogging methods as well as the high speed grinding techniques which are later explored in the
subsequent grinding trials discussed in 4.3.1. The retailer-supplied (Abtec Abrasives) specification
of the wheel used was B252, which represents the grit size of the directly plated single abrasive layer
that 1s electroplated onto a steel hub.

Mt 4

Figure 56: Electroplated CBN grinding wheel utilised in grinding trials.

Due to the short grinding lengths and times, it was anticipated that the superabrasive would
undergo minimal wheel wear. As such, a single wheel was employed for both the pilot trial as well
as the subsequent trial which involved the superabrasive grinding. At first use, the superabrasive

wheel was @ 156 mmn in diameter.

4.1.3 Auxiliary Tools

4.1.3.1 Thermocouples
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In this study, commercially available K-type thermocouples (diameter 0.5mm) of chromel-
alumel base metal were selected for the measurement of the temperature distribution. This
thermocouple type was chosen based on their wide operating temperature range (-200 - 1100 °C)
while exposed-end thermocouples were chosen for the increased junction sensitivity (=41 uV/°C)
and quicker response in comparison to other thermocouple end configurations. Though the
thermocouples were calibrated by the manufacturer, further checks were performed to assess the
current state of calibration of the thermocouples to be used in the grinding trials. For this,
thermocouple was placed at a set temperature within an oven calibrated oven and its measured

output compared with the oven temperatures.
4.1.3.2 Thermal Camera

To augment the use of thermocouples in this grinding trial, thermography was carried out during
the passes of each grinding parameter condition. Measurements were performed through the use of
the FLIR E-95 advanced thermal camera (Figure 57 (a)). For the Pilot Trial which is discussed
turther on in Section 4.2.1, the thermal images using the E-95 camera were analysed using the FLIR
Tools software. When carrying out measurements using the thermal camera, it was established that
the camera lens must be in direct line of sight with the area being assessed. This was due to the glass
window of the machine which was observed to have obscured the view of the lens and distorted the

viewing image.

°C -
.ﬁ_Spotmeter

b

Railhead Active
8 i Grinding

Wheel
Surface

Figure 57: (a) FLIR E-95 thermal camera and (b) corresponding thermal image obtained in its use during a
grinding pass

Therefore, during its use, the FLIR E-95 thermal camera was held by hand through the side

window of the CNC Machine. An example of the thermal images obtained using the camera is also

shown in Figure 57 (b). It should also be noted that for each recording taken, an attempt was made

to direct the measurement tool (spotmeter) towards the visible grinding contact zone.

In subsequent grinding trials (conventional grinding), for health and safety reasons, it was
determined that a different thermal camera be employed for thermographic readings. Therefore,

subsequent thermographic readings were carried out using the MicroEpsilon Thermoimager TIM
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160 (Figure 58 (a)). An advantage of this camera is its portability and ease of mounting within the
enclosure of the CNC machine. The readings obtained during the corresponding grinding passes
were analysed using the camera’s accompanying computer software, which was TIM Connect. An
example of the image obtained using the Thermoimager is presented in Figure 58 (b). With this
camera, three regions were measured, with Area 1 corresponding to the moving hottest spot (the

grinding contact area) while Areas 2 and 3 correspond to fixed areas on the rail surface.

-

Railhead
»~ ¢

-

Figure 58: (a) MicroEpsilon Thermoimager TIM 160 and (b) corresponding thermal image obtained
during a grinding pass

4.1.3.3 Force Measurement

To calculate the grinding forces generated, a force plate system was developed. The force plate
system consisted of a steel top plate, steel base plate, four three-axis force sensors and a signal
amplifier. The force sensors used were load cells produced by Interface Force Ltd. which were each
rated up to a capacity of 200 N and fixed between the steel plates. The locations of the force sensors

are depicted in Figure 59.

Sensor 3, F; Sensor 2, F,

Sensor 4, F, Sensor 1, Fy

Figure 59: Position of force sensors used to measure the total component forces on rail sample

The implementation of the force plate system required the design of multiple fixtures to
accommodate the two grinding orientations adopted in the experiments. The plates were designed

for placement on two orientations of the grinding wheel:
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e Orientation 1 — Horizontal Grinding: This rail placement orientation concerned the
trials where face grinding was performed. As such, the rail was oriented in the vertical
(upright) position. The base of the rail workpiece was fixed onto the force plates, which
were then attached directly to the machine table through the use of T-slot fixtures. This
configuration is further discussed in Section 4.2.2.1 which details the grinding trial
where the conventional cup wheel was employed.

e Orientation 2 — Vertical Grinding/Horizontal placement of the rail: For grinding trials
where the rail was to be placed horizontally, the bottom force plate would be connected
to an angle plate support which was fixed to the CNC machine table. This configuration
was primarily adopted for the superabrasive grinding trials which is discussed in Section
4.2.1 and the conventional peripheral grinding trials presented in Section 4.2.2.2. As
later shown, the sensors were situated such that the rail workpiece was fixed centrally

relative to them.

Fixtures were designed to measure the grinding forces and to inherently quantify the grinding
pressure which was exerted during the grinding process. The force data acquisition was carried out
using the National Instruments Flexlogger software. The three-component forces for each load cell
(Fy, F2, Fs and Fy) were recorded as an output. As such, the combined force for each axis is calculated

using the Equations 13, 14, 15:

ZFx=F1x+F2x+F3x+F4x 13
ZF:V :F1y+F2y+F3y+F4y 14
D B =Fiyt Pyt oy + 15

4.1.3.4 Post-grind Analysis

The post-grind assessment of the rail surface was carried out through the investigation of the
surface integrity of the ground rail. Surface roughness measurements were carried out using two
measurement apparatus. Following each set of grinding passes, a roughness measurement was taken
using the Mitutoyo Surftest SJ-400 profilometer which is shown in Figure 60 (a). The first set of
readings were obtained following each pass (or parameter combination). In this case, a quick average
roughness (R,) and ten-point roughness (R,) measurements were taken along the longitudinal
direction (in the direction of grind) and axially (perpendicular to the direction of grind). Roughness
measurements were taken at 3 regions on the ground surface. These locations are also detailed in
Figure 60 (b).
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Figure 60: (a) Photograph of the surface profilometer being used on the rail surface following a grinding
pass; (b) the ground rail surface with locations of roughness measurement

Additionally, secondary roughness measurements to assess the final state of the rail surface
following the grinding trials using each stone. The secondary roughness measurements were
performed using the Alicona RL focus variation microscope (Figure 61). The portable nature of this
microscope allows for this measurement tool to be employed for use on full size rail on tracks.
However, due to its size, the placement of the Alicona measurement tool was not feasible for use
within the CNC machine enclosure. Therefore, the microscope was used on full-size rail samples

subsequent to the grinding trials.
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Figure 61: Set up of the Alicona RL focus variation microscope used for secondary roughness
measurements

Sectioning was performed on the ground rail to extract samples for microstructural analysis. For
the rail which had been subjected to superabrasive grinding, a sample was extracted from each
grinding facet which corresponded to each grinding condition and sectioned along the longitudinal
cross-section to allow for etched optical microscopy. To expose the cross-sectional microstructure,
the samples were etched using 2 % Nital. Optical microscopy was performed using the Nikon
Eclipse LV150 light microscope. The obtained micrographs are presented in the corresponding

sections for each related grinding approach.

Following the observation of the microstructure through optical microscopy, microhardness
tests were carried out to characterise the subsurface of the polished sample and to ascertain the
presence of WEL which was first observed through optical microscopy. The microhardness tests
were performed through the use of a Struers Duramin-40 microhardness indenter which performed
indents using a 0.3 kg load to measure the hardness from the near surface into the bulk material,

thus providing a depth profile of the metallurgical sample.

The cutting face of the MV3 Cup Stone was observed using the AM7915MZTL DinoLite Edge
Digital Microscope. The images taken were done using the Extended Dynamic Range feature

(EDR), which compiles images from various exposure levels.

71




4.2 Test Methods
4.2.1 Peripheral Grinding with Superabrasive Wheel

In order to establish a means to incorporate temperature measurement apparatus within a rail
section, a preliminary machining trial was planned within a laboratory setting. To assess the viability
of the thermocouple insertion method, a grinding trial was carried out on the XYZ 1060 CNC
machine which is described in Section 4.1.1 using the commercially available superabrasive grinding

wheel which is also discussed in Section 4.1.2.

4.2.1.1 Sample Preparation and Configuration

To perform this preliminary grinding trial, the selected workpiece used was a standard 300 mm
long full-sized, flat-bottomed rail workpiece of R260 grade. To evaluate the grinding temperature
as close to the surface of the rail as possible, k-type thermocouples were embedded near to the
surface. 8 blind holes were drilled 12 mm apart in a linear array along the underside of the rail head
to various depths from the top surface and such that the bottom ends of the holes were situated
directly beneath the facet towards the centre of the rail. Additionally, a through-hole was also drilled
in as a reference for dimensioning and was not employed for thermocouple input. A single
thermocouple was placed within each blind hole and secured into position using a highly conductive
epoxy resin adhesive. To enable adequate space of movement for the thermocouples, a cutout was
made on the foot of the rail, so that the thermocouple wires could be easily passed onto the data
acquisition module. The depth of each allocated thermocouple from the workpiece top surface is

also presented in Table 14.

Table 14: Thermocouple locations relative to the surface of the rail workpiece.

Thermocouple ID H T1 ‘ T2 ‘ T3 ‘ T4 ‘ T5 ‘ Té6 ‘ T7 ‘ T8

Depth from rail

0.55 0.6 0.65 0.7 0.8 0.9 1 1.5
surface (mm)

The grinding facets as well as the location of thermocouple placement for the rail are presented
in Figure 62). Prior to drilling and to prepare the rail sample workpiece, a skimming pass was made

on the rail to ensure uniformity of the rail surface before thermocouple embedment.
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Workpiece A

Figure 62: Schematics of (a) the thermocouple placement and test pass configuration on the ground rail
workpiece (b) cross-section of location of thermocouple hole in rail Invalid source specified..

The trial was carried out within the XYZ 1060 High Speed CNC machine discussed in Section

4.1.1.1 1n the horizontal peripheral grinding orientation. Employing the superabrasive wheel which

1s detailed in Section 4.1.2.2, a BT40 tool holder grinding tool used to adapt the grinding wheel to

the spindle of the machine tool. Using the superabrasive grinding tool, single peripheral grinding

passes were performed at four parameter combinations. The parameters used in this pilot study are

detailed in Table 15. Temperature data was captured using the National Instruments data module

and was transferred via USB onto a PC using the Labview software. A hybrid schematic of the

experimental set-up and the rail section employed in this preliminary grinding trial are detailed in

Figure 63.

Thermal
Camera

. o| Data Acquisition
Module
Superabrasive
i grinding wheel
i v
N Inserted
i thermocouples PC
-l
Rail workpiece Reference

through-hole

Figure 63: Experimental configuration in XYZ machine tool depicting the rail workpiece,

superabrasive grinding wheel and thermocouples for temperature measurement.

73




An example of the temperature output obtained from a single grinding pass is shown in Figure
64. For all temperature plots, the temperature progressions as recorded by the eight embedded
thermocouples during the grinding operations for each parameter are plotted against time. The plots
show the temperature in “C as measured by the thermocouples prior to the onset of the grinding
pass (time prior, t,), during the pass (time during, ts) and in the aftermath of the grinding pass (time
after, t,). The indicators T1 — T8 signify the 8 thermocouples which were embedded beneath the

rail head at various depths from the top surface.
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Figure 64: An example plot of the thermocouple output of temperature against the time
elapsed

A series of grinding passes were performed at various interactions of parameters. Although the
values of spindle speeds in km/hr represent the industry standard parameters for rail grinding, the
values have been converted to surface speeds to be consistent with possible calculations. This
conversion was performed using Equation 16 below.

_ VUspindle "7 " ds 16

Us 6000

where Vgpinqie 1s the spindle speed in m/s and dg is the wheel diameter in mm. The conducted
passes were classified into Low Spindle Speed-Low Feed Rate (LSS-LFR), Low Spindle Speed-
High Feed Rate (LSS-HFR), High Spindle Speed-Low Feed Rate (HSS-LFR) and High Spindle
Speed High Feed Rate (HSS-HFR). The LSS parameter corresponds to a surface speed vg =
6000 rpm, while HSS corresponds to vy = 12000 rpm; likewise, the LFR and HFR values

selected for this study were v, = 10,000 mm/min and v,, = 43,000 mm/min respectively. The
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parameter combinations of the tests performed correspond to two values of specific material removal
rate which are calculated using Equation 17. The specific material removal rate Q',, provides an
indication of the efficiency of the grinding process in relation to the energy consumption and allows
for a comparison between different grinding conditions. Through the combination of the depth of
cut a, and the feed rate v,,, the specific material removal rates achieved in this superabrasive grinding

trial were Q',, = 16.7 mm3/mm s and Q',, = 71.7 mm3/mm - s.

Qw =ae vy, 17
The tests performed at LSS-LFR conform to the current industrial rail grinding practices which
generate low material removal rates; however, the tests carried out at HSS-HFR conform to HSG
practices, thus enabling the comparison of temperatures with both opposing parameters and the

variations in-between.

Table 15: Grinding parameters employed in the grinding trial with thermocouple embedment.

LSS-LFR LSS-HFR HSS-LFR HSS-HFR
v, (rpm) 6000 6000 12000 12000
vy (mm/min) 10,000 43,000 10,000 43,000
No of Passes 5 5 5 5
a, (mm) 0.1 0.1 0.1 0.1
Q'y (mm?’/mm-s) 16.7 71.7 16.7 71.7

Grinding was performed on the rail head and the grinding passes were made at a constant depth
of cuta, = 0.1 mm. Five consecutive passes were carried out for the four parameter interactions in
the grinding trial leading to a total depth of cut of 0.5 mm. All grinding passes were performed with
the same direction of grind; however, only the passes related to the HSS-HFR test configuration
were made directly above where the thermocouples were situated as previously shown in Figure 62.
The test parameters combinations which were used during this grinding trial are outlined in Table
15.

4.2.1.2 Declogging Implementation for the Prevention of Wheel Loading

As aresult of the dry grinding approach, which is typically employed in rail grinding applications,
the introduction of superabrasive tooling necessitates a means to prevent wheel loading (the
adhesion of workpiece material to the wheel surface). As such, a novel method of declogging has
been developed at The University of Sheftield. Trialled applications of this method have presented
the potential for the reduction of wheel loading which in turn reduces the propensity for the

formation of WEL in the rail surface following a grinding operation.

As such, for the successful utilisation of the superabrasive grinding wheel, the declogging material
was directed towards the contact zone of the wheel and the rail workpiece surface. Due to the nature

of the intellectual property, further description may not be made of the novel declogging methods;
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however, the range of relatively low temperatures which were observed can be attributed to this

declogging mechanism.

4.2.2 Conventional Rail Grinding Trial to Benchmark Temperature

Measurement Approaches within CNC Machine

To assess the implementation of temperature measurement techniques for conventional rail
grinding, laboratory grinding trials were developed. The aim of this grinding trial was to compare
the recorded temperatures with the expected temperatures based on the grinding forces. Therefore,
the generated grinding forces were measured during each grinding pass, while the grinding
temperatures were measured using thermocouples as well as a thermal camera. The following

grinding approaches were achieved in this grinding trial:

e Face grinding with conventional cup wheel (MV3)

e Peripheral grinding with conventional frog wheel (MC3)

The grinding parameters which were adopted in this study were chosen based on the range of
parameters and the Specific Material Removal Rates which are employed in actual rail grinding
operations. Likewise, for all passes, the values of the feed rate and the depth of cut were fixed in
order to allow for the direct comparison of the recorded forces of the different trialled orientations

which are discussed in the chapter.

For each grinding condition, multiple passes were carried out to achieve a total depth of cut of
0.1 mm from the rail surface. This is similar to what i1s adopted in actual rail grinding, where, in
order to achieve a desired depth of cut, the grinding operation is performed with an array of grinding
wheels running concurrently across the track length. To vary the wheel speed, the two values were

selected to ensure that the operating speeds remained within the manufacturer recommendations.

With both grinding approaches investigated in this study, the feed rate v, was fixed at 2000
mm/min. This value falls within the range of the forward speeds that might be expected during the
operation of the manually operated grinders which are propelled forward by human intervention.
Though the selected feed rate may be considered low for the operations on grinding trains, resultant
grinding force and their effect on the surface microstructure of the ground rail still provides a basis

for comparison.
4.2.2.1 Face Grinding with Conventional Cup Wheel

To perform this grinding trial, a 300 mm rail sample was prepared in a similar configuration as
in Section 4.2.1.1. The grinding wheel used to achieve this face grinding trial was the MV3 cup
stone which was previously discussed in Section 4.1.2.1. Unlike in the face grinding approach which
1s employed on the grinding train, where the normal grinding force is controlled and the depth of

cut, and material removal are the desired outputs of the grinding process. In this grinding trial, the
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thermal camera was employed as the temperature measurement approach. Force measurement was
achieved using Orientation 1, where face grinding was performed on a flatbottomed rail workpiece
which was oriented in the upright position. The set-up of this grinding trial is shown in Figure 65.

The image shows the following details:

1) The cup grinding wheel as per the details demonstrated in Figure 55 (a)
2) Thermal camera directed at the grinding contact zone

3) Force sensors

4)  Top and bottom force plates fixtures

5) The rail workpiece clamped onto the plate fixtures
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Figure 65: (a) Schematic and (b) photograph of the rail workpiece set-up using conventional cup wheel for

face rail grinding within a CNC machine
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The surtface grinding parameters which were adopted in the face grinding trials are also detailed
in Table 16. For each parameter combination, the passes were performed consecutively to enable
the understanding of the accumulation of temperature with increasing passes. These parameters
were selected as the benchmark for the conventional grinding of rail within the CNC machine.
Using the conventional face grinding method with a cup wheel, a total of 4 grinding passes were
conducted at a wheel speed of 2000 rpm, while another 4 grinding passes were made at a wheel

speed of 3000 rpm.

Table 16: Surface grinding parameters for the rail grinding trials with a conventional face grinding wheel

Wheel Feed rate, a, Total Specific
Wheel Type Speed Vw (mm) ae MRR, Q,
vs (rpm) (mm/min) (mm) | (mm?/mm-s)
Cup Stone 2000 2000 0.025 0.1 0.83
(MV3) 3000 2000 0.025 | 0.1 1.25

4.2.2.2 Peripheral Grinding with Conventional Frog Wheel

This grinding trial was designed to investigate the eftect of the measured temperature generated
in the use of conventional frog wheels for the grinding of rail within a CNC machine and to record
the grinding forces. Again, the modified XYZ 1060HS Vertical Machine Centre was used as the
machine tool in this grinding trial. However, due to the configuration required which was in order

to achieve peripheral grinding, a more complex approach (Orientation 2) was required.

The design of the rail sample in this grinding trial did not deviate from that which was described
in the Pilot Trial in Section 4.2.1. However, the mounting fixtures were adapted in this trial. The
rail section to be ground was mounted onto an angle plate support which was fixed to the machine
bed. An independently fixed support was designed to support the top of the rail as it was fixed in
the horizontal position. Figure 66 shows the set-up of the test components as utilised in this grinding

trial. The image shows the following details:

—_

The frog grinding wheel as per the details demonstrated in Figure 55 (b)

\®]

Diamond dresser mount

=]

Top and bottom force plates fixtures

N

Rail workpiece

ul

Thermal camera directed at contact zone

)
)
)
)
)
)

)

Rail head support
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(a)

Figure 66: (a) Schematic and (b) photograph of the rail workpiece setup using a conventional frog wheel for
peripheral rail grinding within a CNC machine
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Table 17 details the surface grinding parameters which were selected for the peripheral grinding
trials. Again, the passes were carried out consecutively for each parameter combination.

Table 17: Surface grinding parameters for the rail grinding trials with a conventional peripheral grinding

wheel
Wheel a, Specific
ec Feed rate, v,, Total a,
Wheel Type Speed ) (mm) MRR, Q,,
Vs (rpm) (mm/min) (mm) (mm’/mm-s)

Cylindrical 2000 2000 0.025 0.1 0.83

Peripheral Stone 125
(MC3) 3000 2000 0.025 0.1 :

4.3 Experimental Results and Analysis
4.3.1 Pilot Trial — Peripheral Grinding with Superabrasive Wheel

Section 4.3.1 considers the viability of the temperature measurement approaches employed in
the superabrasive grinding process. The section considers the recorded temperatures using the

embedded thermocouple approach against the temperatures recorded with thermal camera.

4.3.1.1 Temperature Data in Superabrasive Grinding

This section concerns the results of the temperature readings of during the grinding trials
conducted using the superabrasive grinding wheel. The recorded temperatures for the eight
embedded thermocouples are shown in each plot. These are represented by the indicators T1-T8,
where T'1 is represents the thermocouple depth which is closest to the rail surface at 0.55 mm, while
T8 represents the thermocouple which is furthest from the surface at 1.5 mm. The temperature
plots are indicative of a response in the thermocouples to the grinding operation. The maximum
recorded temperatures for each pass conducted at the different grinding conditions LSS-LFR, LSS~
HFR, HSS-LFR and HSS-HFR are presented in Figure 67.
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Figure 67: Maximum temperatures recorded by embedded thermocouples during the grinding passes
conducted at grinding conditions LSS-LFR, LSS-HFR, HSS-LFR and HSS-HFR.

Figure 68 and Figure 69 show the respective plots of the temperature against time for the initial
and final grinding passes which were carried out with the Low Spindle Speed - Low Feed Rate
(LSS-LFR)) grinding conditions. The spindle speed of the passes conducted was 49 m/s, while the
feed rate was 1000 mm/min. It should be noted as previously depicted in Figure 62 and discussed
in Section 4.2.1.1, that the grinding passes conducted with the LSS-LFR parameters were
performed on the facet which was furthest away from the grinding facet beneath which the
thermocouples were located. This distance away from the thermocouples is likely to have had a

diminishing effect on the measured temperatures in the LSS-LFR facet.

Though the grinding facet was furthest from the location of the thermocouples, a distinct
response is recorded for the LSS-LFR plots. This is depicted by the distinct rise in the recorded
temperature as the grinding action commences just after 20 seconds into the recording. Likewise,
an increase in the measured temperature from start to finish of grinding pass is consistent for all eight

thermocouples.
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Figure 68: Temperature progression of workpiece subsurface during the initial grinding pass as recorded by
eight thermocouples under the grinding conditions of Low Spindle Speed and Low Feed Rate (LSS-LFR)
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Figure 69: Temperature progression of workpiece subsurface during final grinding pass as recorded by eight
thermocouples under the grinding conditions of Low Spindle Speed and Low Feed Rate (LSS-LFR)

Temperature measurement by the thermocouples was initiated shortly after the application of
the declogging mechanism began. As such, the coldest temperature was recorded in thermocouple

T1 which was closest to the surface (0.55 mm). The plots also show that the measured temperature
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per thermocouple generally increases with the increased depth of the thermocouple from the
surface. Likewise, the temperature measured furthest from the surface at 1.5 mm (T8) may be
regarded as closest to the bulk temperature of the rail section. The initial and final passes also show
that the largest temperature gradient was recorded in thermocouple T8, which is the thermocouple

depth which was located furthest from the grinding surface.

For the thermocouple T8, there is approximately a 2 °C increase between the pre- and post-
grind temperatures recorded by the thermocouples in both the first and final passes. For all
thermocouple measurements, the starting temperature values recorded during the final pass is
approximately 5 °C higher than the starting temperatures recorded during the initial pass. This
increase is attributed to the accumulation and build-up of induced temperature by the grinding

action of each subsequent pass.
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Figure 70: Temperature progression of workpiece subsurface during the initial grinding pass as recorded by
eight thermocouples under the grinding conditions of Low Spindle Speed and High Feed Rate (LSS-HFR)

84




36

Tt T5
T2 T6
3l T3 —T17
T4 —T8
%)
o —
[<5]
232) 1
p
3
3 |
& 30 Sl
8 ’7 ™ —— = _:_“:ﬁuﬁ
228 o B g
3 ] S
o ‘ e
o J ‘ =
26 I r
= l:ﬁ ==
24 —
0 5 10 15 20 25 30
Time (s)

Figure 71: Temperature progression of workpiece subsurface during the final grinding pass as recorded by
eight thermocouples under the grinding conditions of Low Spindle Speed and High Feed Rate (LSS-HFR)

The thermocouple-recorded temperatures for the first and final pass of the grinding tests under
the Low-Spindle Speed-High Feed Rate (LSS-HFR) grinding conditions are shown in Figure 70
and Figure 71. As with the tests conducted with the prior grinding conditions, temperature
responses area also observed in the thermocouples during the LSS-HFR grinding passes. As depicted
in Figure 62, the grinding passes of this grinding condition were performed in the facet adjacent to
the facet where the thermocouples were located. As such, the increase in temperature is from the

start of grinding operation is distinct.

With the thermocouple which is closest to the surface (T1), the maximum temperature recorded
in the first pass is 23.2 °C, while the maximum temperature it recorded in the final pass was 28.3
°C. On the other hand, the maximum temperature measured by T8 in the first pass was 28.4 °C,
while the maximum temperature it recorded in the final pass was 34.4 °C. Additionally with the T8
thermocouple, both the initial and final LSS-HFR plots indicate a rapid increase in temperature at

the highest gradient from the start of the grinding action to its end.
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Figure 72: Temperature progression of workpiece subsurface during the final grinding pass as recorded by
eight thermocouples under the grinding conditions of High Spindle Speed and Low Feed Rate (HSS-LFR)
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Figure 73: Temperature progression of workpiece subsurface during the final grinding pass as recorded by
eight thermocouples under the grinding conditions of High Spindle Speed and Low Feed Rate (HSS-LFR)

The temperatures recorded by the thermocouples during the initial and final passes conducted
in the grinding parameter conditions of High Spindle Speed — Low Feed Rate (HSS-LFR) are
presented in Figure 72 and Figure 73. Similar to the set of passes conducted with the LSS-HFR, the
grinding facet of the passes conducted in the HSS-LFR grinding combination was directly adjacent
to the location of the thermocouples as depicted in Figure 62. The common characteristics of the

temperature progressions shown in the HSS-LFR plots presented in Figure 72 and Figure 73 also
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show an initial decrease in the recorded temperature when the grinding action commences,
followed by an increase in the recorded temperatures to a maximum (during the grinding pass), and

then a gradual reduction as the measurement is ended.

The decrease in temperature at the start of the grind is attributed to two influences of the
declogging method. The first is the cooling of the surface and subsurface as the declogging material
is applied on the grinding surface in the moments prior to the commencement of the grinding
action. Secondly, the declogging material aftects the contact of the abrasive grits and allows for
sharper grits to perform the grinding action. This in turn reduces the induced grinding forces on
the rail sample and inherently reduces the thermal input into the ground surface. This decrease in
temperature is shortlived, lasting up to 10 s. Furthermore, during the grinding action, the
temperature gradients observed in the deepest thermocouples (T7 and T8) are significantly lower
than the other thermocouples (T'1-T6) which are closer to the surface. The deepest thermocouples
(T7 and T8) indicted a minimal response to the grinding action, as the difference in temperature
from the start of grind to its end is approximate to 2 °C. It is therefore surmised that the
thermocouples. It is therefore likely that the temperature effect of grinding action is less significant

at the deepest depths where the thermocouples were placed.
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Figure 74: Temperature progression of workpiece subsurface during the initial grinding pass as recorded by
eight thermocouples under the grinding conditions of High Spindle Speed and High Feed Rate (HSS-HFR)
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Figure 75: Temperature progression of workpiece subsurface during the final grinding pass as recorded by
eight thermocouples under the grinding conditions of High Spindle Speed and High Feed Rate (HSS-HFR)

The plots of the temperatures recorded during the first and final passes of the grinding tests
conducted under the grinding conditions of High Spindle Speed — High Feed Rate (HSS-HFR) are
presented in Figure 74 and Figure 75. It should be noted that the grinding facet for this set of tests
directly above the location of the thermocouple which are depicted in Figure 62. As such, in
comparison to the previously presented tests, higher temperature responses were expected and
observed as shown in the plots. In addition, for all observed grinding passes which were performed
at the HSS-HFR grinding conditions, a direct rise in the temperature is observed in all

thermocouples up to a maximum.

Prior to the start of the grinding pass, an overall decrease of 1-2 °C is observed in all
thermocouples upon commencement of temperature recording and the concurrent application of
the declogging material while all thermocouples measured temperature values which were similar
to one another until the start of the grinding pass; however, the recorded values deviate from one

another as the grinding pass commences.

The resulting thermal images of the thermographic readings which were obtained during the
pilot trials detailed in Section 4.2.1 are presented in the form of still images which were extracted
from video recordings. In the images obtained, a highlighted band of the active surface of the wheel
in grinding action against the rail workpiece 1s shown. Likewise, the highest temperature values are

observed at the contact area between the grinding wheel and the grind zone.

The thermal images of the initial and final grinding passes which were conducted with the
grinding condition of Low Spindle Speed — Low Feed Rate are presented in Figure 76 (a) and (b).

As indicated by the temperature scale, the range of maximum temperatures measured did not exceed
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50 °C. This is in contrast with the range of grinding temperature values which are expected to

generate in the grinding sparks which are also visible around the contact zone.

Figure 76: Thermal images of the initial (a) and final (b) grinding passes under grinding conditions at
Low Spindle Speed and Low Feed Rate

The thermal images of the initial and final passes which were conducted at the grinding condition
of Low Spindle Speed High Feed Rate (LSS-HFR) are presented in Figure 77 (a) and (b). For passes
at these grinding conditions, higher contact temperatures were observed, as shown with the

maximum temperatures of 99.3 °C and >130 "C detected in at the first and final passes respectively.

Figure 77: Thermal images of the initial (a) and final (b) grinding passes under grinding conditions at
Low Spindle Speed and High Feed Rate

The thermal images which were generated for the initial and final grinding passes at the High
Spindle Speed Low Feed Rate (HSS-LFR) grinding conditions are presented in Figure 78 (a) and
(b). The maximum temperatures recorded at this parameter combination appear to be the lowest

recorded using the thermal camera.
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Figure 78: Thermal images of the initial (a) and final (b) grinding passes under grinding conditions at
High Spindle Speed and Low Feed Rate

The thermographic images of the first and final passes conducted at the grinding conditions of
High Spindle Speed High Feed Rate (HSS-HFR) are presented in Figure 79. As previously
mentioned in this chapter, the passes which were conducted at these grinding conditions conform
with the High Speed Grinding (HSG) practices; therefore, the temperatures recorded by the thermal
camera can therefore be compared against the temperatures recorded by the thermocouples as they

were located directly beneath the facet upon which the HSS-HFR passes were conducted.

Figure 79: Thermal images of the initial (a) and final (b) grinding passes under grinding conditions at
High Spindle Speed and High Feed Rate

4.3.1.2 Surface Roughness Data

The experimental surface roughness (R, and R;) of the various facets which correspond to the
grinding conditions were obtained. As indicated in Figure 80, the roughness measurements were
obtained in the longitudinal and transverse directions with respect to the grinding motion. An

average of at least three measurements were obtained per grinding condition.
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Figure 80: Schematic of the rail head to depict the transverse and longitudinal directions for surface
roughness measurements

The surface roughness values which were measured following the final pass of each grinding
condition are presented in the Figure 81 below. The roughness values measured for the performed
grinding conditions were found to be 2.43 um (LSS-LFR), 3.21 ym (LSS-HFR), 2.68 um (HSS-
LFR) and 3.10 um (HSS-HFR). The highest average transverse roughness value is observed in the
passes conducted at the grinding condition of Low Spindle Speed-High Feed Rate (LSS-HFR);
however, these values are slightly higher than those recorded for the passes conducted at High
Spindle Speed- High Feed Rate (HSS-HFR).
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Figure 81: The post-grind surface roughness (R.) which were measured following various grinding
conditions

4.3.1.3 Microstructural Analysis

Micrographs of the longitudinal cross-section of the rail samples which were ground using the
superabrasive grinding approach are presented in this section. The figures presented indicate the

presence of the martensitic WEL layer to varying degrees above the pearlitic microstructure in the
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bulk material. The measured thicknesses of the WEL are summarised in Table 18. The individual

observations on the obtained micrographs are presented.

Table 18: Summary of the maximum thicknesses of WEL for samples ground at various grinding conditions

Grinding Condition Maximum Measured WEL (um)
LSS-LFR 2.36
LSS-HFR 9.67
HSS-LFR 2.21
HSS-HFR 4.44

The optical micrograph of the rail section which was ground under the grinding conditions of

LSS-LFR is presented in Figure 82. The micrograph is characterised by the pearlitic microstructure

in the bulk material as well as a martensitic layer at the top of the microstructure. The observed

martensitic layer was continuous across the cross-section, with a measured maximum thickness at

2.36 ym.

Figure 82: Optical micrograph of the longitudinal cross-section of the R260 rail surface layer after grinding
with superabrasive grinding wheel under the LSS-LFR grinding conditions.

Figure 83 presents the optical micrograph of the longitudinal cross-section of the sample ground

with the grinding condition of LSS-HFR. The micrograph indicates the presence of the martensitic

WEL in a continuous layer on the top surface. This martensitic layer was measured at a maximum

thickness of 9.67 ym. Jagged grinding grooves are also observed on the top surface along the cross-

section. For this LSS-HFR sample, the grinding grooves observed are the most prominent of the

grinding conditions. This corresponds with the highest surface roughness measured at 9.67 pm.

92




Figure 83: Optical micrograph of the longitudinal cross-section of the R260 rail surface layer after grinding
with superabrasive grinding wheel under the LSS-HFR grinding conditions.

The optical micrograph of the longitudinal cross-section of the sample which was ground under
the condition of HSS-LFR is presented in Figure 84. Across the top surface, deposits of martensitic
WEL can be observed and was measured at a maximum thickness of 2.21 um. The HSS-LFR

micrograph also shows the presence of grinding grooves on the top surface.

Figure 84: Optical micrograph of the longitudinal cross-section of the R260 rail surface layer after grinding
with superabrasive grinding wheel under the HSS-LFR grinding conditions.

The optical micrograph of the grinding facet on which the HSS-HFR grinding condition was
conducted is shown in Figure 85. The figure shows the presence of pockets of discontinuous
martensitic WEL, of which a maximum thickness of 4.4 um was measured. The presence of grinding

grooves was also observed on the top surface layer of the HSS-HFR sample.
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Figure 85: Optical micrograph of the longitudinal cross-section of the R260 rail surface layer after grinding
with superabrasive grinding wheel under the HSS-HFR grinding conditions.

4.3.2 Face Grinding with Conventional Cup Wheel
4.3.2.1 Temperature Data in Conventional Face Grinding

The data obtained by the thermal imaging of the grinding passes are presented in this section. In
contrast to the thermography equipment used in the superabrasive grinding process, the thermal
measurements of the grinding area were obtained using the Thermoimager camera. With this
camera, it was possible to record values of temperature at three different regions on the rail. An

overview of the maximum temperatures recorded for each pass is shown in Figure 86.
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Figure 86: The maximum temperature per pass as recorded by thermal camera for conventional face
grinding passes carried out at 2000 rpm and 3000 rpm.

It 1s observed that the grinding temperatures recorded for passes conducted at 3000 rpm are
generally lower than those recorded in the passes conducted at 2000 rpm. With the exception of the
final pass, the maximum temperatures recorded during the trial conducted at 2000 rpm tend to a

general increase with the increasing number of passes. This is congruent with the thermal model
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observed in the literature which indicates that the maximum temperature per pass will ratchet up
with increasing number of face grinding passes at a constant wheel speed [73]. Similarly, the grinding

temperatures recorded for the passes conducted at the wheel speed of 3000 rpm also indicate an

overall increase in the grinding temperature per pass.

The recorded temperature progression for the Areas 1, 2 and 3 are presented in each individual
plot per pass. The progressions as recorded by the thermal camera for the grinding trial performed
in the face grinding orientation are presented individually for each pass. The progression of the

temperatures recorded by the thermal camera during the first pass is presented in Figure 87.
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Figure 87: Recorded temperature of the grinding contact zone as recorded by a thermal camera during the
first face grinding pass conducted at 2000 rpm.

The temperature progression of the second grinding pass which was performed at 2000 rpm and

recorded by the thermal camera is presented in Figure 88.
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Figure 88: Recorded temperature of the grinding contact zone as recorded by a thermal camera during the

second face grinding pass conducted at 2000 rpm.

The temperature progression of the third grinding pass which was performed at 2000 rpm and

recorded by the thermal camera is presented in Figure 89.

200 T T T
| —Area 1

180 + | Area 2||
Area 3

Temperature (°C)
S B &= o
< (e < <
T T T T
| 1 | |

(o2
<
T
|

40

20 1 _ i - I | |
0 5 10 15 20 25 30 35
Time Elapsed (s)

Figure 89: Recorded temperature of the grinding contact zone as recorded by a thermal camera during the
third face grinding pass conducted at 2000 rpm.

The temperature progression of the fourth grinding pass which was performed at 2000 rpm and

recorded by the thermal camera is presented in Figure 90.
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Figure 90: Recorded temperature of the grinding contact as recorded by a thermal camera during the fourth

face grinding pass conducted at 2000 rpm.

The temperature progression of the first grinding pass which was performed at 3000 rpm and

recorded by the thermal camera is presented in Figure 91.

55

— Area 1
Area 2

50 Area 3]

= P
< W
T T

Temperature (°C)
v
T

30 |

25

. . = e e - : | |
0 10 20 30 40 50
Time Elapsed (s)

Figure 91: Recorded temperature of the grinding contact zone as recorded by a thermal camera during the
first face grinding pass conducted at 3000 rpm.

The temperature progression of the second grinding pass which was performed at 3000 rpm and

recorded by the thermal camera is presented in Figure 92.
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Figure 92: Recorded temperature of the grinding contact zone as recorded by a thermal camera during the
second face grinding pass conducted at 3000 rpm.

The temperature progression of the third grinding pass which was performed at 3000 rpm and

recorded by the thermal camera is presented in Figure 93.
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Figure 93: Recorded temperature of the grinding contact zone as recorded by a thermal camera during the
third face grinding pass conducted at 3000 rpm.

The temperature progression of the third grinding pass which was performed at 3000 rpm and

recorded by the thermal camera is presented in Figure 94.
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Figure 94: Recorded temperature of the grinding contact zone as recorded by a thermal camera during the
fourth face grinding pass conducted at 3000 rpm.

4.3.2.2 Force Data in Face Grinding

In this section, the resultant total forces of the individual grinding passes conducted are
presented. The component grinding forces acting on the rail are depicted in Figure 95, where F, is
the axial forward force along the direction of grind, F; is the tangential force and F, is the normal

force applied on the grinding interface.

Figure 95: Depiction of the component grinding forces (Fa, Fn, F¢) exerted during the grinding of rail using
conventional face grinding.
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A summary compilation of the component grinding forces recorded during the passes conducted

at 2000 rpm and 3000 rpm are shown in Figure 96 and Figure 97.
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Figure 96: Progression of the grinding forces measured during the face grinding passes conducted at 2000
rpm
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Figure 97: Progression of the grinding forces measured during the face grinding passes conducted at 3000
rpm

A global overview of the relationship between the measured maximum tangential and normal

component forces and the increasing grinding depth for the grinding passes conducted at 2000 rpm
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and 3000 rpm is presented in Figure 98. The magnitude of the maximum tangential grinding forces
recorded during the four grinding passes conducted at 2000 rpm included 192.4 N, 233.3 N, 153.8
N and 342.5 N respectively, while the maximum normal grinding forces recorded include 449.1
N, 477.2 N, 590.3 and 692.3 N respectively. Likewise, the maximum tangential forces recorded
during the four grinding passes carried out at 3000 rpm included 350.0 N, 266.7 N, 291.8 N and
425.2 N respectively, while the normal grinding forces recorded were 597.4 N, 656.7 N, 777.3 N,
and 1230.7 N respectively. The progressions of these force values are presented in the Figure 98

below.
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Figure 98: The maximum force per pass recorded during the passes conducted at 2000 rpm and 3000 rpm

The resultant component forces recorded during the 4 grinding passes which were performed at
2000 rpm are presented from Figure 99 to Figure 102. Likewise, the corresponding component
forces recorded for passes performed at 3000 rpm are presented from Figure 103 to Figure 106. In
order to identify the passes, it should be noted that each pass is named in the format “xxxx-xx-
xxxx-Pass x”7, which signifies the convention of “‘wheel speed’ - ‘feed rate’ - ‘depth of cut’ — ‘Pass

>

number’”.

The progression of the component grinding forces over time, as recorded during the first
grinding pass at 2000 rpm, 2000-2-0.025 Pass 1’ is shown in Figure 99. The maximum exerted
force 1s recorded tangential (F;) to the wheel. The general behaviour observed in the plots of the

recorded tangential forces is expounded upon.

As the grinding pass commences, the front of the grinding wheel comes in contact with the edge
of the rail section, all components of the grinding forces increase rapidly. Likewise, the plots show

an increased amount of noise in the force signal in the first few seconds of the grind. The recorded
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tangential force F; remains steady for about 3 seconds and begins to increase as the full diameter of

the grinding wheel interacts with the rail. As the wheel exits the cut, Fy decreases to a minimum.

For each pass, it is also observed that the tangential force F; changes from negative to positive as the

grinding stone disengages from the rail at the end of the grinding pass. This signifies the reduction

in the workpiece resistance to the rotation action of the wheel as it exits the rail surface.

The normal force F, increases from the start of grind to a maximum. This maximum is attained

when the full diameter of the wheel is in contact with the rail. The force F, then decreases rapidly

as the wheel exits the grinding pass. Additionally, a significant amount of noise is observed in the

force signals at the start of the grind.
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Figure 99: The component grinding forces measured during the first grinding pass ‘2000-2-0.025-Pass 1°.

The component forces recorded during the second pass at 2000 rpm are shown in Figure 100.
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Figure 100: The component grinding forces recorded during the second grinding pass ‘2000-2-0.025-Pass 2’

The component forces recorded during the third pass at 2000 rpm are shown in Figure 101.
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Figure 101: The component grinding forces recorded during the third grinding pass ‘2000-2-0.025-Pass 3’

The progression of the component forces recorded during the fourth grinding pass conducted at

2000 rpm are shown in Figure 102.
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102: The component grinding forces recorded during the fourth grinding pass 2000-2-0.025-Pass 4°

The progression of the component forces recorded during the first grinding pass conducted at

3000 rpm are shown in Figure 103.
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Figure 103: The component grinding forces recorded during the first grinding pass ‘3000-2-0.025-Pass 1’

The progression of the component forces recorded during the second grinding pass conducted

at 3000 rpm are shown in Figure 104.
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Figure 104: The component grinding forces recorded during the second grinding pass ‘3000-2-0.025-Pass 2’

The progression of the component forces recorded during the third grinding pass conducted at

3000 rpm are shown in Figure 105.
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Figure 105: The component grinding forces recorded during the third grinding pass ‘3000-2-0.025-Pass 3’

The progression of the component forces recorded during the fourth grinding pass conducted at

3000 rpm are shown in Figure 106.

105




400 T T T T 1 2000 T 1 oo T T T

T
Toml F, Totsl F,

650 -
300 1500 -

200 000 - 4

850 -
500 -

= asor

F (N
F, ()
1
—~
L
F_(M)

a00 -
100 500 -

350
200 - b 1000 — b

300

-300 500 - 4

L L L L L . L L L L .
0 10 20 30 4 S0 60 70 0 1 20 3 40 s &0 70 0 10 20 40 50 60 T
Time Elapsad (s) Time Elapsed (s) Time Elapsed (s)

Figure 106: The component grinding forces recorded during the fourth grinding pass ‘3000-2-0.025-Pass 4’

4.3.2.3 Surface Roughness Analysis

The post-grind surface roughness measurements for the ground sample following the passes
conducted at 2000 rpm are presented for three regions C, B and A along the railhead. These regions
correspond to the entry of the wheel into the grind, the stable grinding period, and the exit of the

wheel into the grind respectively. These regions are depicted in Figure 107.

Transverse

Figure 107: Designated regions of surface roughness measurements across the rail section subsequent to
Face Grinding

Figure 108 presents the surface measurements R, of the rail subsequent to grinding at 2000 rpm.
The trend observed for the transverse measurements indicates an increase in the transverse
roughness from start of the pass (Region C) to the end of the pass (Region A). The surface roughness
values recorded were 0.21 um, 0.55 um and 0.57 ym from the Regions C, B and A respectively.
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Figure 108: Surface roughness of rail sample subjected to face grinding at 2000 rpm

4.3.2.4 Post-Grind Workpiece Surface

Images of the surface rail head following the grinding passes are presented in this section. For the
rail head images presented, the motion of the grinding wheel was from the right side to left. Figure

109 shows the condition of the surface of the rail after the grinding passes conducted at 2000 rpm.

The condition of the rail surface following grinding passes which were conducted at 3000 rpm

is also presented in Figure 110.

Figure 110: Image of the rail workpiece surface after grinding passes conducted at 3000 rpm.

Both images obtained indicate the presence of oxidised grinding burn on the ground surfaces at
different amounts. Areas of this grinding burn are observed on the sample ground at 2000 rpm.
Visually, the occurrence of grinding burn appears to be more prominent across the rail surface which
was ground at 3000 rpm. The colours observed of the grinding burn range from the normal colour
of the rail to yellow grinding burn and then blue burn. Therefore, based on the burn classification
presented by Lin et al. [35], it is deduced that the darker coloured surface areas (blue, dark blue)

would have exceeded the austenitising temperatures during the grinding passes.

4.3.2.5 Post-Grind Microstructural Analysis

In order to assess the eftect of the temperatures induced during the grinding operation on the

surface integrity of the ground rail, metallurgical post-grind analysis was performed. Due to
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limitations associated with the extraction of samples from the rail, metallurgical samples were
obtained only from the rail which had been subject to conventional face grinding at 2000 rpm. The
polished and etched cross-sectional samples were obtained from the Region A on the rail, which is
described in Figure 107 as the region in which the grinding wheel exits the grinding pass. This area
was selected in order to observe the appearance of the grinding burn reported in the previous section

as well as any possible WEL that may have occurred.

Sectioning was performed in the longitudinal and transverse directions relative to the direction
of the forward grinding motion of the wheel. In the context of the rail sectioning that was carried
out, the longitudinal direction corresponds to the direction which is parallel to the forward motion
of the grinding wheel during a pass, while the transverse direction corresponds to the direction

which is perpendicular to the length of the rail.

Figure 111 presents the optical micrographs of the longitudinal cross-section of the rail which
was ground at 2000 rpm. The measured average thickness of the WEL observed in the longitudinal

cross-sections was 268 um.
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Figure 111: Longitudinal cross-sections of the rail surface conventional face grinding at 2000 rpm (10x and

20x magnifications respectively) showing the presence of WEL with average thickness of 268 ym.

The transverse cross-sections of the rail surface ground at 2000 rpm are also presented in Figure

112. The average thickness of WEL measured in the transverse cross-section was 211 ym.
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Figure 112: Transverse cross-sections of samples obtained from the rail (10x and 20x magnifications
respectively) showing the presence of WEL with measured average thickness of 211 pm.

A white layer which appeared to be unaftected by the etchant was observed at the surface of the
cross-sectioned samples assessed. This is identified as the martensitic WEL which had formed during
the grinding process. In the longitudinal cross-sections, a sub-layer is also observed between the re-
hardened WEL and the pearlitic microstructure of the bulk material. This layer is not visible in the

transverse direction.

Microhardness testing was carried out to ascertain the characteristics observed in top surface layer
of the cross-sectioned samples. A load of 0.3kg was applied to carry out the indentations. The

microhardness and depth profile obtained is presented in Figure 113.
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Figure 113: Hardness profile of longitudinal sample obtained from ground rail and a depiction of the
location of the indents on the sample

The depth profile of the longitudinal sample indicates high hardness values of 850 HV 3 close to
the surface of the sample followed by a drastic drop in hardness to about 200 um from the surface.
The general trend from 200 um further into the bulk material remained at an average of 299 HV 3
as 1s consistent with the bulk hardness range of R260 rail.

4.3.2.6 Post-Grind Condition of Grinding Wheel

Figure 114 and Figure 115 present the edge and the centre of the active surface of the MV3
grinding wheel which performed the conventional face grinding trials. This imaging condition was
carried out following the passes conducted at 2000 rpm. The brown-coloured areas in the figures
(red oval indicators) represent the bond material of the wheel, while the black regions (green
indicators) indicate the active AlOy grains. The white regions (indicated in yellow) are deduced to

be the loaded wheel on which the rail workpiece material was smeared.
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Figure 114: Condition of the edge of the MV3 grinding wheel following the grinding passes performed at
2000 rpm
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Figure 115: Condition of the centre of the MV3 grinding wheel following the grinding passes performed at
2000 rpm
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The simulation study by Zhou et al. [85] postulated that the abrasive grains located towards the
centre of the face grinding wheel do not actively participate in the cutting action during a grinding
pass but are mainly engaged in ploughing and smearing actions; whereas the grains situated closer
to the edge of the grinding wheel largely achieve the cutting action on the workpiece surface. This
therefore gives basis to the increased amount of loaded material which is observed in the central area

of the wheel, as the cutting edges of the grains are loaded with the rail workpiece material over the

course of the grinding pass.

4.3.3 Peripheral Grinding with Conventional Peripheral (Frog) Wheel
4.3.3.1 Temperature Data in Conventional Peripheral Grinding

The temperature data collected for the passes conducted at this grinding orientation include
those gathered by the thermocouple as well as those gathered by the thermal camera. A summary of
the maximum temperatures recorded by the thermocouples and the thermal cameras during the

passes conducted at 2000 rpm and 3000 rpm are presented in Figure 116.
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Figure 116: The maximum temperature per pass as recorded by thermocouple and by thermal camera for
conventional peripheral grinding passes carried out at 2000 rpm and 3000 rpm

Opverall, the values of the maximum temperature per pass as recorded by the thermocouples are
lower than the values measured by the thermal camera. The induced thermal energy of the grinding
pass is dissipated from the ground surface into the subsurface of the rail by conduction, therefore it
appears that the thermal energy is released into the bulk of before it is captured by the embedded
thermocouples. Therefore, the thermal camera is able to measure slightly higher temperature values

before dissipation from the surface.

The progression of the temperatures recorded by the 8 thermocouples for each grinding pass
conducted using the conventional peripheral grinding wheel are also individually presented

alongside the temperatures recorded by the thermal camera. The placement locations of the

113




embedded thermocouples T1-T8 are described in Section 4.2.1.1, where T1 corresponds to the
thermocouple which is closest to the rail surface and T8 corresponds to the thermocouple which is
placed farthest into the bulk material. For the thermal camera readings, Area 1 corresponds to the

grinding contact zone, while Areas 2 and 3 correspond to static points on along the railhead.

The plotted temperature progressions observed by the thermal camera and thermocouple for
every pass depict three distinct stages over the course of the grinding pass. In the plots of the
thermocouple readings, the first stage observed is a rapid increase in the temperature as the grinding
commences, followed by a maximum temperature and then a stage of slow cooling. The pattern of
behaviour observed by the thermal camera differs in the rapid rising and cooling of the observed
grinding zone. By virtue of the slow cooling observed at the end of grind, it is surmised that the
thermocouple measurements do not immediately return to room temperature. As the
thermocouples are embedded beneath the rail surface, the thermal energy induced in grinding is
primarily lost by conduction. On the other hand, the exposed ground rail surface loses the thermal
energy through convection and radiation in the air. Therefore, the thermal camera which is directed

at the exposed surface of the rail will observe the dissipation of heat more rapidly.

Figure 117 presents the temperature progression of the initial pass conducted at 2000 rpm.
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Figure 117: Recorded temperature of the rail subsurface as recorded by thermocouples and rail grinding

contact area as recorded by a thermal camera during the first grinding pass conducted at 2000 rpm.

The progression of the temperature as recorded by the eight thermocouples as well as the thermal

camera during the second grinding pass conducted at 2000 rpm is presented in Figure 118.
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Figure 118: Recorded temperature of the rail subsurface as recorded by thermocouples and rail grinding
contact area as recorded by a thermal camera during the second grinding pass conducted at 2000 rpm.

Figure 119 shows the progression of temperatures which were recorded by the thermocouples

and the thermal camera during the third pass conducted at 2000 rpm.
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Figure 119: Recorded temperature of the rail subsurface as recorded by thermocouples and rail grinding
contact area as recorded by a thermal camera during the third grinding pass conducted at 2000 rpm.

The progression of temperatures recorded by the thermocouples and the thermal camera during

the fourth pass performed at 2000 rpm are presented in Figure 120.
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Figure 120: Recorded temperature of the rail subsurface as recorded by thermocouples and rail grinding
contact area as recorded by a thermal camera during the fourth grinding pass conducted at 2000 rpm.

The temperature progressions which were recorded by the thermocouples and the thermal

camera during the first pass conducted at 3000 rpm are presented in Figure 121.
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Figure 121: Recorded temperature of the rail subsurface as recorded by thermocouples and rail grinding
contact area as recorded by a thermal camera during the first grinding pass conducted at 3000 rpm.

Figure 122 shows progressions of the temperature which were recorded by the thermocouples

and the thermal camera during the second pass conducted at 3000 rpm.
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Figure 122: Recorded temperature of the rail subsurface as recorded by thermocouples and rail grinding
contact area as recorded by a thermal camera during the second grinding pass conducted at 3000 rpm.

The progression of the temperatures recorded by the eight thermocouples and the thermal
camera during the third pass conducted at 3000 rpm are shown in Figure 123.
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Figure 123: Recorded temperature of the rail subsurface as recorded by thermocouples and rail grinding
contact area as recorded by a thermal camera during the third grinding pass performed at 3000 rpm.

Figure 124 presents the recorded grinding temperature as recorded by the array of thermocouples

as well as the thermal camera during the fourth grinding pass conducted at 3000 rpm.
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Figure 124: Recorded temperature of the rail subsurface as recorded by thermocouples and rail grinding
contact area as recorded by a thermal camera during the fourth grinding pass conducted at 3000 rpm

Thermocouple measurements were not obtained for the passes conducted during the
conventional face grinding trial. Therefore, in comparing the temperatures recorded by the thermal
camera, it is observed that the range of grinding temperatures recorded in the peripheral grinding
passes (2000 rpm: 54 — 104 °C; 3000 rpm: 76 — 136 “C) appear to be less than the range of maximum
temperatures recorded in the conventional face grinding trials ( 2000 rpm: 72 — 194 °C; 3000 rpm:
53 =275 °C). This is attributed to the grinding forces which are generated during the conventional

face grinding passes. The grinding forces observed for the peripheral grinding passes conducted are

presented in the next section.
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4.3.3.2 Force Data in Conventional Peripheral Grinding

The grinding force output is a vital parameter which is related to the specific grinding energy.
The components of the grinding force acting on the grind zone during the grinding passes are
detailed in this section. Initially, the evolution of the maximum forces recorded per pass are
presented for the two grinding wheel speeds explored in the study. Following this, the progression
of the component forces for the individual passes are then detailed. The orientation of the normal
and tangential grinding forces F, and F, which act on the rail during the grinding pass carried out

using a peripheral grinding wheel is depicted in Figure 125.

YL

Figure 125: The orientation of the component grinding forces F, and F,. which act on the rail and grinding
wheel interface during a peripheral grinding pass.

As shown in Figure 125 and based on the orientation of the rail and the wheel, the component
forces which are active during the grinding pass include the normal and the tangential forces. The
component force which acts in the downward direction is potentially related to the vibrations of the
spindle and the CNC machine. Therefore, prior to the grinding trials, it was predicted that the
forces would be close to zero. The based on the observed force readings, the downward forces are
considered negligible relative to the other two component forces F, and F; and will not be focused

on in this study.

A summary of the progression of the component forces F, and F; which were recorded during
each pass conducted at 2000 rpm and 3000 rpm are presented in the Figure 126 and Figure 127

below.
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Figure 126: Progression of the grinding forces measured during the peripheral grinding passes conducted at
2000 rpm.
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Figure 127: Progression of the grinding forces measured during the peripheral grinding passes conducted at

3000 rpm.
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To establish a global overview of the relationship between the grinding force and the increasing
depth of cut up to a total a., the progression of the grinding forces is presented with respect to the
maximum recorded force per pass. The maximum values of the force components F, and F,
measured during the passes which were conducted at the grinding wheel speeds of 2000 rpm and

3000 rpm are presented in Figure 128.

The magnitude of the maximum tangential grinding forces recorded during the four grinding
passes conducted at 2000 rpm included 105.7 N, 118.4 N, 123.8 N and 124.5 N while the normal
grinding forces included 173.5, N181.7 N, 192.7 N, and 212.9 N for the four respective grinding
passes. Likewise, the maximum tangential forces recorded during the four grinding passes carried
out at 3000 rpm included 202.4 N, 118.2 N, 135.8 N and 147.4 N, while the normal grinding
forces recorded were: 344.8 N, 102.3 N, 54.4 N and 253.4 N for the four respective grinding.

With each pass, the results showed a gradual increase in the values of F, and F, measured during
the four passes conducted at 2000 rpm. On the other hand, the results show differing force responses
between F, and F, in the passes conducted at 3000 rpm. The plot further indicates a sharp decrease
in the maximum F, at 3000 rpm until the third pass, followed by an increase in the grinding force
in the fourth pass. Likewise, the evolution observed for F, at 3000 rpm depicts an initial decrease in
the maximum force from the largest value in the initial pass followed by a steady increase in the

passes thereafter.
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Figure 128: Evolution of the maximum grinding forces with the number of peripheral grinding passes
conducted at wheel speeds of 2000 rpm and 3000 rpm.

In the results previously presented for the face grinding approach (Section 4.3.2.2), a steady
increase in the maximum grinding force per pass is observed for all component forces generated at
both 2000 rpm and 3000 rpm. This is not observed in the passes conducted in the peripheral
grinding orientation. The grinding forces observed in the peripheral grinding orientation show a
steady increase in the grinding forces per pass for the passes conducted at 2000 rpm and an initial

decrease in the grinding forces recorded at 3000 rpm followed by an increase as the passes progress.

The plots of the grinding forces recorded during the passes performed at the rotation of 2000
rpm are presented from Figure 129 to Figure 132. The three distinct stages which are common for
all force plots obtained from the grinding passes conducted at 2000 rpm are depicted in Figure 129.
These include stages 1 and 3, where the grinding wheel is not in engagement with the rail surface
and the grinding forces remain at a pregrind threshold. Stage 2 signifies the period of upgrinding.
At the start of stage 2, the tangential grinding force F, initially falls to a value below the pregrind
threshold and steadily increases above the pregrind threshold throughout the remainder of the
grinding pass. On the other hand, as the wheel engages the rail workpiece at the start of grinding
pass, the normal grinding force F, increases to an initial maximum and decreases until halfway
through the pass, where the normal force appears to generally increase once more until the pass is
completed. At the end of stage 2, a rapid reduction is observed in the tangential and normal grinding

forces due to the disengagement of the grinding wheel from the rail workpiece.
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Another notable observation which is common to the plots of the tangential and normal forces
for the passes ground at 2000 rpm is the increased amplitude of the force signal which occurs after
halfway into the grinding pass. It is in this period of increased amplitude that the maximum grinding
force per pass is recorded. This period of increased grinding force amplitude is attributed to the local
action of the abrasive grits as the cutting edge is dulled. The thermal energy generated by the friction
action of the wheel and the rail surface causes the softening of the surface material, which may lead
to smearing of the abrasive grits and diminishes the cutting action of the cutting edge. The
diminished cutting action leads to further rubbing and ploughing which in turn increases the
grinding forces. The period of increased grinding force amplitude ceases after a duration of about
three seconds then the grinding forces return to their prospective trajectories until the grinding pass

is completed.

The progression of the normal and tangential component forces (F; and F,) which were recorded

during the first grinding pass conducted at 2000 rpm are shown in Figure 129.
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Figure 129: The component grinding forces recorded during the first grinding pass ‘2000-2-0.025-Pass 1’

Figure 130 shows the progression of the normal and tangential component forces (F; and F,)

which were recorded during the second grinding pass conducted at 2000 rpm.
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Figure 130: The component grinding forces recorded during the second grinding pass ‘2000-2-0.025-Pass 2’

Figure 131 shows the progression of the normal and tangential component forces (F; and F,)

which were recorded during the third grinding pass conducted at 2000 rpm.
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Figure 131: The component grinding forces recorded during the third grinding pass ‘2000-2-0.025-Pass 3’

The progression of the component grinding forces recorded during the fourth grinding pass

conducted at 2000 rpm are presented in Figure 132.
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Figure 132: The component grinding forces recorded during the fourth grinding pass <2000-2-0.025-Pass 4’

The plots of the grinding forces recorded during the passes performed at the rotation of 3000
rpm are presented from Figure 133 to Figure 136. Similar to the passes conducted at 2000 rpm, the
force plots are observed in the stages 1, 2, and 3, with stage 1 and 3 being the periods where the
grinding wheel is not in contact with the rail surface. The highest values maximum grinding forces
are recorded in the first and fourth passes. The corresponding tangential and normal force plots of
these two Passes 1 and 4 are also observed to have significantly higher amounts of noise across their
respective grinding passes than the plots of the Passes 2 and 3. Due to the noisy signal which is
observed in Pass 1 and Pass 4, it is difficult to fully elucidate on the force behaviour that may have
occurred during these passes. Meanwhile, the grinding forces observed for Pass 2 indicates an
undulation of the tangential grinding force from a maximum at the start of the engagement of the
grinding wheel then to a reduction to a minimum, followed by an increase until the end of the
grinding pass. A similar undulation is observed in the tangential forces recorded for Pass 3; however,
at the start of the pass, the grinding force appears to be below the threshold in the negative direction.
This indicates an initial resistance of the workpiece surface to forward motion of the grinding wheel.
When this workpiece resistance is overcome by the grinding wheel, the global grinding forces begin

to increase.

The progression of the component normal and tangential component grinding forces (F, and F,)

recorded during the first grinding pass conducted at 3000 rpm are presented in Figure 133.
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Figure 133: The component grinding forces recorded during the first grinding pass ‘3000-2-0.025-Pass 1°

The progression of the component normal and tangential component grinding forces (F, and F,)

recorded during the second grinding pass conducted at 3000 rpm are presented in Figure 134.
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Figure 134: The component grinding forces recorded during the second grinding pass ‘3000-2-0.025-Pass 2’

The progression of the component normal and tangential component grinding forces (F; and F,)

recorded during the third grinding pass conducted at 3000 rpm are presented in Figure 135.
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Figure 135: The component grinding forces recorded during third grinding pass ‘3000-2-0.025-Pass 3’

The progression of the component normal and tangential component grinding forces (F; and F,)

recorded during the fourth grinding pass conducted at 3000 rpm are presented in Figure 136.
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Figure 136: The component grinding forces F. and F. recorded during fourth grinding pass ‘3000-2-0.025-
Pass 4°

4.3.3.3 Post-Grind Workpiece Surface Analysis

The condition of the rail facets which were ground at 2000 rpm and 3000 rpm can be observed
in Figure 137. With Region A indicating the start of the grind and Region C depicting the end of

the grinding pass, visual observation of the rail facets show that the condition of the rail is uniform
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across the grinding facet of the section ground at 2000 rpm. Grinding burn, which is signified by
the darkening of the ground surface is observed on the facet ground at 3000 rpm. Based on the
classification by Lin etal. [35], the grinding burn observed in the fact ground at 3000 rpm is classified
as yellow-blue. It is also observed that the grinding burn appears to gradually increase from the start
(Region A) to end (Region C) of the grind.
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Figure 137: Condition of rail facets subsequent to rail grinding passes at 2000 rpm and 3000 rpm.

4.3.3.4 Surface Roughness Analysis

The post-grind surface roughness of the rail samples after the grinding at 2000 rpm and 3000
rpm are presented. The regions from which the surface roughness measurements were obtained are
presented in Figure 138. These measurements were obtained from three different regions A, B, C
across the rail, which correspond to the start of grind (as the peripheral wheel begins its cutting
action on the rail head), the stable grinding period and the end of grind (where the wheel exits the

rail head) respectively.

Transverse

Figure 138: Designated regions of surface roughness measurements across the rail section subsequent to
Peripheral Grinding

For the passes conducted at 2000 rpm, the transverse roughness values which were measured
across the length of the rail from the start (A) to end of the grinding pass (C) were 1.1 um, 1.05 um
and 1.15 um respectively, while the transverse roughness values for the passes conducted at 3000
rpm were 0.98 pm, 1.02 ym and 0.99 pm from the start (A) to the end of pass (C) respectively. The
surface roughness values measured appear to be up to double the average surface roughness values
measured in the face grinding orientation; however, the roughness values measured following the
peripheral grinding passes show lesser variance in the results. The surface roughness measurements
obtained from the regions A, B and C on the rail head after the grinding pass at 2000 rpm are
presented in Figure 139.
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Figure 139: Surface roughness of rail surface subject to peripheral grinding at 2000 rpm

The surface roughness readings obtained from the regions A, B and C on the rail head following

grinding at 3000 rpm are shown in Figure 140.
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Figure 140: Surface roughness of rail surface subject to peripheral grinding at 3000 rpm

4.4 Discussion of Results

The results for the performed grinding trials have indicated that there is a decrease in the
measured temperature when grinding is changed from superabrasive grinding to conventional
grinding. The lack of data has led to comparisons not being possible between the same form of
grinding temperature measurement across all tests. Temperature measurement was performed using
thermocouples and the thermal camera in the superabrasive grinding trial, but due to the insufficient
placement of thermocouples, the only comparison that can be made is with the temperature

measurements of the HSS-HFR tests.

However, in the conventional face grinding trials, temperature measurement was done solely by
the thermal camera while both thermocouple embedment and thermal camera equipment were

utilised in the conventional peripheral grinding. As such, while it is not possible to make a direct
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comparison between them, it is clear that all the three temperature measurement methods are able
to provide valuable information about the grinding behaviour, most especially with respect to the

progression of grinding passes.

The identified colours of the burn are also related to excessiveness of the temperatures induced,
as more oxidations occur with increasing temperature. A significantly higher amount of grinding
burn is observed on the surfaces ground at higher wheel speeds. This is common in both types of
conventional grinding operations and is attributed to the higher grinding temperatures which have

occurred at the higher wheel speeds.

Analysis of the surface quality has shown that though the temperature values measured by the
measurement apparatus may be low, surface grinding burn and WEL can still occur in the ground
surface. This is because the measured temperatures may not have been entirely representative of the
extent of grinding burn which occurred on the conventionally ground rail materials. Based on the
grinding burn classifications presented by Lin et al. [35], the apparent grinding burn which was
observed on the surfaces of the conventionally ground samples indicate that the grinding
temperatures may have exceeded 735 °C in the face ground material and may have been between
600 — 735 °C in the peripheral ground material. Likewise, the presence and thicknesses of WEL
which were observed in the conventional face grinding samples is further indication of temperatures

in excess of 600 °C.

The transverse surface roughness has been shown to be consistently higher than the longitudinal
readings. The conventionally ground samples have also indicated lower surface roughness values
than the superabrasive grinding samples, but all values have remained within what is acceptable in

the rail industry.

The experiments conducted have shown that the in-situ observation of the temperature
progressions through any these measurement media may provide insight for the operator about the

related grinding parameters to avoid detriment to the surface quality.

4.5 Summary

Laboratory experiments have been conducted to implement thermocouple embedment,
thermography and force measurements for the grinding of rail samples within a CNC machine.
Through superabrasive and conventional face and peripheral grinding, these methods of
temperature measurement have been established as viable; however further testing may be required
in order to make more direct comparisons at different parameter combinations for the same type

grinding trial.
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5 Trolley Based Grinding

As established in the literature review, the optimal use of superabrasive wheels lies within the
High Speed Grinding (HSG) practice, wherein high wheel speeds are employed. For the
superabrasive grinding wheel, assessment of the chip thickness as shown in Equation 1 depicts the
effectiveness of chip removal at high wheel speeds. The maximum undeformed chip thickness
decreases with increasing wheel speed. On a local level, this is due to the reduced grinding width of
the grain which minimises the ploughing action and increases the sharpness of the grain. This in
turn reduces the grinding force as well as the radial wheel wear in typical peripheral grinding

operations, which also leads to the reduction of roughness of the ground rail [86, 35].

Findings in the study by Singleton et al. [4] showed a potential for improved productivity and
tool life in rail grinding. Subsequently, trials were conducted to develop a superabrasive tool which
is sufficient for use the face grinding orientation. Other findings from this study showed the
susceptibility of superabrasive grains to wheel loading under dry grinding conditions, where
adhesion of the workpiece material occurred in the pores which encompassed the grains. Therefore,
a declogging mechanism was developed to mitigate the wheel loading which can occur in the use

of superabrasive grinding on the rail.

From the grinding observation exercises which were introduced in Chapter 2, it was determined
that the grinding trolley to be developed be a palletised module which could possibly be installed
for use on the C21 grinding train in the future. Likewise, it was paramount that the auxiliary
requirements including power and the declogging mechanism be localised in the single unit of the

trolley.

The grinding trolley was designed to not just simulate the interactions between the grinding
wheel and the rail but to perform rail grinding on an actual full size test track. For this purpose, a 10
m full size track panel was obtained to enable grinding trials to be conducted within the location of
the trolley development. The constructed track panel can be observed in Figure 141. An enclosure
was constructed around the track panel in accordance with health and safety guidance. The access
to a test track allowed a controlled test environment and ensured easier access to the ground rail for

post-test analysis. This is further discussed in the Health and Safety Considerations in Section 5.5.
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Figure 141: The track panel set-up developed for the use of the grinding trolley.

5.1 Design Requirements

Following the initial assessment of the face (MV3) and peripheral (MC3) grinding trolleys which
were discussed in Chapter 3, it was determined that in order to utilise superabrasive grinding tool
with either trolley, a more robust system was required. To achieve the wheel speeds required to for
superabrasive grinding, a spindle drive with higher rotational speed capacity would be required. The

superabrasive grinding tool would require rotational speeds of over 9000 rpm.

In addition, it was determined that the energy required to operate the superabrasive should be
less than or similar to the energy required to operate the conventional grinding stones which are
rotated at 3000 rpm on the grinding train. For this reason, the weight of the superabrasive grinding

tool was considered.

Likewise, in order to achieve this requirement, it was essential that the machine body be robust
enough to support the weight of the required spindle as well as any auxiliary equipment (e.g.,

declogging) that may be required.

5.2 Spindle Motor

A spindle drive was selected based on a requirement for interchangeable use with both
superabrasive and conventional grinding tools. In addition, it was essential that the achievable

rotational speed of the spindle drive be sufficient to achieve superabrasive grinding. As such, a
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commercially available GMN Paul Miiller Industrie GmbH & Co. spindle was purchased. The
manufacturer specifications for this spindle drive are detailed in Table 19.

Table 19: Manufacturer specification of spindle motor utilised in Grinding Trolley

Specification Value

Maximum achievable spindle speed (RPM) | 16,000

Available Torque (Nm) 29.4

Current (A) 93

Spindle Designation HCS 230g - 16000/18 | HSK-A63

Further calibration of the spindle has been performed and configured to the National instruments
remotely controlled CompactRIO software to restrict the spindle to an initial spindle speed of 6000

rpm for the initial grinding tests with conventional wheels.

5.3 Trolley Design

Images of the trolley indicating the primary components are presented in Figure 142 and Figure
143.The grinding trolley consists of the grinding stone spindle, a spindle drive motor and a hydraulic
control system. The spindle drive and positioning actuators are connected by valves within a
hydraulic circuit to the hydraulic motor with which its angle of rotation across the rail head is

controlled.

For the safe operation of the spindle and deployment of the wheel, a pressure vessel is connected
to the “port” for tool clamping. The pump is interlocked to alternatively lock the hydraulics when
the spindle is in operation and to disconnect the spindle electronics and engage the hydraulics during

a tool change sequence.
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Figure 142: Image of the grinding trolley and some of its primary components for the performance of
grinding operations

Spindle
drive

Cutting tool
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Figure 143: A close-up image of the spindle arbour and connected spindle drive

5.4 Grinding Wheel Design

In the initial commissioning of the trolley, the conventional AlO, grinding wheels (MV3 and
MC3) which have been introduced in Chapter 4 will be utilised. This will provide a benchmark
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against the superabrasive grinding to be subsequently performed with the trolley. The bespoke
grinding wheel produced for use with the grinding trolley is shown Figure 144. The grinding wheel
designed by Tyrolit is a tapered wheel which is capable of both face and peripheral grinding
orientations. This improves the efficiency of the wheel and ensures that the same wheel can be used
when the grinder head is adjusted. The designated fixture used to attach the wheel to the spindle
drive were two clockwise and anti-clockwise HSK63A arbours whose usage is dependent on the

direction of rotation required.

Figure 144: Bespoke grinding wheel designed by Tyrolit for the Grinding Trolley

5.5 Health and Safety Considerations

To enable the commissioning of the grinding trolley for testing, the following categories of

considerations were observed.

1) Track Panel Enclosure:
The track panel enclosure was comprised of gabion cages filled with ballast material
as well as sleepers on both sides. The wooden sleepers were included as the initial
barrier for possible high velocity material which may be expelled during the grinding
process. Additionally, the sleepers could aid in absorbing potential noise during the
grinding operation.

2) Spindle Operation:
The National Instruments CompactRIO software has been programmed for the
remote operation of the spindle. The remote operation of the trolley was configured
to enact a safe start-up and spindown sequence of the spindle remotely from a
distance from the track panel enclosure.

3) Lifting Plan:
A bespoke lifting beam was designed and manufactured to safely lift the grinding

trolley from its storage location to and from the track panel and onto rail in the field
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environment in the future. The designed beam is also comprised of four lifting plates
which will be attached to two parallel platform edges of the trolley. An image of the
lifting beam is presented in Figure 145.

i

Figure 145: Image of the grinding trolley and the lifting beam fixture

5.6 Proposed Test Method

The trolley would be employed to perform both conventional and superabrasive grinding. Across
the rail profile, two sets of grinding trials will be carried out with one side of the rail being used to
perform superabrasive grinding and the other for the conventional grinding trials. Within each
segment, the two grinding orientations of face and peripheral grinding will be employed. Face
grinding will be performed on the rail crown while peripheral grinding can be performed on the

facets close to the rail gauge. The propose testing orientations are depicted in Figure 146.

Following the grinding trials, sections will be extracted from the ground rail for surface integrity
analyses. These include surface roughness measurements and metallographic evaluation. To
perform metallographic analysis, samples will be sectioned, mounted and polished for optical and
scanning electron microscopy. In addition, if the length of rail is fully utilised, the rail may be

replaced for further tests.
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Segment A
Segment B

Figure 146: The peripheral and face grinding orientations of the wheel and spindle during the rail grinding
trials

The use of the trolley presents economic benefits based on the increased material removal rate
which can be realised through the use of superabrasive grinding. Likewise, the grinding trolley
provides an avenue for the adoption of superabrasive grinding for material removal on harder rail
and difterent rail grades in or out of service. Further areas of opportunity of the grinding trolley are
as an attachment for a road rail vehicle for local grinding, where affected track regions are not easily

accessible by the larger grinders (trains).
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6 Discussion of Findings
6.1 Post-Grind Workpiece Surface Integrity of Superabrasive Grinding

The pearlite microstructure of the rail material can be observed in the optical micrographs of the
longitudinal cross-section of the rail. On the top surface of the rail, a transformed microstructure
can be observed and determined as the White Etching Layer (WEL). The WEL is identified as a
white-appearing martensitic layer which was resistant to the chemical immersion etching which was
carried out to reveal the microstructure of the rail samples. During the grinding process, the rail
material undergoes an austenitic phase transformation from the pearlitic matrix microstructure into
martensite as a result of the rapid cooling (quenching) from the high temperatures generated in the

process.

The passes which were made at low feed rates exhibit lower thicknesses of WEL (2.36 um, 2.21
um) when compared to the thickness of the passes conducted at high feed rate (9.67 um, 4.4 um).
This indicates an increase in the cutting forces and grinding temperature which induces larger WEL.
This contradicts what is expected based on the literature which purports that higher feed rates would
result in reduced thermal effects due to quicker chip thickness formation and reduced abrasive grain
interaction at one time. However, when considering the spindle speeds at passes conducted at the
same feed rate, it can then be surmised that largest amount of WEL is generated at lower spindle
speeds as the larger grinding forces which are induced with higher engagement of the active abrasive

grains with the rail workpiece material at lower wheel speeds.

The WEL thicknesses values generated by the superabrasive grinding tests signify lower
thicknesses of one two orders of magnitude when compared to the typical WEL thicknesses of up
to 50 um which have been reported following the grinding of similar rail grades using conventional
wheels [87, 22, 88, 80]. The WEL which were observed on the top surfaces of the samples ground
using the superabrasive grinding were non-continuous across the running surface. As reported by
Mesaritis et al. [89], the discontinuous pockets of WEL on the top surface are also likely to be
delaminated during further run-in passes without solely contributing to detrimental eftects such

defects or poorer surface quality.

In the micrographs presented for all superabrasive grinding conditions (Figure 82, Figure 83,
Figure 84, Figure 85), the absence of plastic deformation is also observed. By their intact appearance,
it is surmised that the pearlitic microstructure beneath the WEL was largely unaffected during the
grinding operation and was not significantly mechanically deformed. This is a consequence of the
comparably reduced forces generated during the superabrasive grinding passes. However, to further
confirm the absence of plastic deformation, the interface between the WEL and the bulk material
may be assessed through SEM.

The range of surface roughness values (2.43 — 3.10 um) which were observed following the

various conditions using superabrasive grinding (Figure 81) are lower than has been reported in the
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literature for conventional grinding of similar rail grades, such as Zhang et al. [16] who simulated
transverse roughness values of up to 6 ym in the first pass and over 4 um in a third grinding pass and

recorded longitudinal roughness values of up to 14 ym in experiments.

With samples with the constant feed rate and varied spindle speed, it is observed that the
transverse roughness values are nearly comparable (LFR: 2.43 ym and 2.68 um; HFR: 3.21 um and
3.10 um). However, with varied feed rate and constant spindle speed, it is observed that the passes
conducted at high spindle speed generate noticeably higher surface roughness values. The feed rate
appears to have greater influence on the roughness values than the spindle speed for the
superabrasive ground rail. Based on the chip thickness equation in Equation 1, this may be attributed
to the increased speed ratio v/v,,, which causes an increase in the chip thickness thus causing higher

roughness values.

6.2 Post-Grind Workpiece Surface Integrity in Conventional Face Grinding

In this section, the conditions of the surface integrity factors pertaining to the face grinding
operations are discussed. These factors include the surface finish (through surface roughness) and

the surface metallurgy.

The observed surface conditions of the rail heads shown in Figure 109 and Figure 110 are
indicative of the presence of grinding burn at the two grinding conditions performed on the rail at
2000 rpm and 3000 rpm. This grinding burn is characterised by an oxidised layer which causes the
discolouration of the rail surface due to the induced high grinding temperatures. The images show
a gradual increase in the appearance of grinding burn from the start to the end of the grind. This is
attributed to the build-up of thermal energy on the grinding wheel as it is traversed across the
railhead. Likewise, the grinding temperatures will increase with the increasing grinding force across
the grind [73]. Additionally, the range of burn colours observed on the railhead from normal to

yellow and blue burn are consistent with increasing temperatures across the railhead.

Visual observations show that grinding burn is higher on the surface which was ground at 3000
rpm than in the sample ground at 2000 rpm. A likely cause of this is the reduced aggression factor
which occurs at higher wheel speeds. The presence of grinding burn on the surface ground are
attributed to the aggression of the grinding operations and correlates with the loaded grinding wheel
conditions observed. A reduced aggression factor can increase the propensity for dulled grains on

the grinding wheel.

When compared to the feed rates of typical rail grinding on trains which were conducted in a
range of 3-15 km/h (50,000 — 250,000 mm/min), the laboratory face grinding trials were conducted
at comparably slower feed rates (2000 mm/min). The slower feed rates are likely to cause more
frictional interaction between the rail surface and the grinding wheel. This interaction will therefore

induce high temperature which will generate the consistent band of WEL across the railhead.
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Previous studies such as that of Zhou et al [80] have also established a link between the
appearance of surface burn, WEL and the induced grinding temperature. Their study showed that
along with increasing burn, the increase of the normal grinding force and the wheel speed can also
lead to an increase in the thickness of the WEL. Though the WEL thicknesses were observed in the
cross-section after the surface was ground at 2000 rpm, it is difficult to make a direct comparison
against the WEL thicknesses reported in the literature for similar wheel speeds as the influences of
the 2000 rpm nor the 3000 rpm were impossible to distinguish in this study. However, the

measured forces may provide an insight into the formation of the WEL in the Section 6.4.

The WEL observed in the longitudinal and transverse cross-sections of the rail are consistent
with the features expected by the reduced feed rates at which the face grinding trial was carried out.
The temperatures generated by the friction interaction of the grinding wheel and the rail surface
thereby resulting in thermal softening of the rail surface. Rapid cooling of this softened layer caused
the formation of a rehardened WEL on the top surface. A heat-affected zone (HAZ) is also observed
in the optical micrographs of the longitudinal sample. The sublayer which is observed in the
longitudinal samples appear to be Brown Etching Layer (BEL), a feature which has not been widely
reported but has been identified by Newcomb and Stobbs [90] and investigated by Li et al. [91],
who proposed that this sublayer may have been generated due to plastic deformation and shear-
induced ferritic dislocations. This BEL is characterised by distinct interfaces to the WEL and the
bulk matrix. This layer may constitute a layer which did not undergo the full martensitic
transformation which began at the top layer; however, further analysis through depth profile nano-
indentation and Transmission Electron Microscopy (TEM) may be required to adequately

characterise this layer.

The range of transverse surface roughness values (0.21 — 0.57 pm) which have been reported in
Figure 108 for the rail sample machined by conventional face grinding proved contrary to the higher
surface roughnesses expected based on findings in the same literature as mentioned in the previous
section. Based on the study by Zhi et al. [92], the low surface roughness values are a likely
consequence of the smoother surface generated by the increased local interactions of the abrasive
grits on the surface of the rail workpiece as a result of the reduced feed rates which were employed
in this study. Furthermore, these increased interactions of the grits are likely to lead to higher
induced temperatures, which cause thermal softening and in turn exacerbate the adherence of the
softened material onto the wheel surface. In addition, the increasing surface roughness values from
the beginning of the pass to the end of the pass are also a likely indication of the interaction of the
surface of the grinding wheel at the start of the pass where it has not achieved the full depth of cut

compared to the end of grind, where the full depth of cut has been reached.
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6.3 Post-Grind Workpiece Surface Integrity in Conventional Peripheral
Grinding

At a constant feed rate, two grinding facets were machined using the conventional peripheral
grinding tool at 2000 rpm and 3000 rpm. As discussed in the previous section, grinding burn
manifests on a ground surface when a certain temperature threshold has been exceeded during the
grinding pass. Therefore, the observed surface conditions of the rail head facets shown in Figure 137
provide an indication of the amount of grinding burn which may have occurred during the passes
conducted at 2000 rpm and 3000 rpm. By virtue of the visibly unburnt (and normal colouring)
surface which was observed on the facet ground at 2000 rpm, it can be deduced that the sample did

not undergo grinding burn after four passes.

Adversely, yellow to blue grinding burn can be observed on the rail head sample which was
ground at 3000 rpm. With respect to the rail grinding burn patterns presented by Li et al. [35], it
has been determined that the grinding temperatures of between 600 — 735 °C may have caused the
grinding burn behaviour which were observed on the ground surface of the facet ground at 3000
rpm. In addition, on the surface ground at 3000 rpm, it is observed that the grinding burn becomes
more apparent from the start of the grinding pass (Region A) to the end of the grinding pass (Region
C).

This phenomenon of increasing grinding burn from the start of pass to end is similar to what was
observed in the samples which were ground in the face grinding orientation. However, the
magnitude of visible grinding burn which is observed in the peripherally ground samples are
noticeably lower than those ground in the face grinding orientation. This is because the grinding
contact area of peripheral grinding orientation is smaller (grinding wheel width of 40 mm) when
compared to that of face grinding (maximum available contact width of 128 mm). In accordance
with Equation 7, the grinding temperature induced on the workpiece is expected to increase with
larger grinding lengths; therefore, it can be deduced that the presence of grinding burn would be of

higher intensity in the rail samples on which face grinding was performed.

6.4 Force & Temperature Analysis — Face Grinding

The maximum forces recorded for the passes generated using the face grinding orientation are
shown in Figure 98. For both sets of grinding passes which were performed at 2000 rpm and 3000
rpm, the recorded forces show an upward trend and tend to increase with the increasing number of
passes. The continual increase of the grinding forces is likely due to the increase in worn abrasive
grits. Based on the work by Zhou et al. [80], it is also expected that an increase in the normal
grinding force would increase the induced face grinding temperatures. Likewise, as expected, the
dominant force which acted on the grinding area was the normal force, as the maximum normal
grinding forces were observed to be higher than the tangential grinding forces. This is largely

attributed to the weight of the grinding wheel which acts downward onto the rail workpiece surface.
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Figure 98 also shows that the normal grinding force monotonically increases with each consecutive
pass in the face grinding trials, while fluctuation is more characteristic of the tangential forces per

pass.

With respect to the individual force progression plots which are presented in section 4.3.2.2, it
is observed that the maximum tangential grinding forces occur when the grinding action
commences at the start of the pass and the tangential forces progress from a negative value and climbs

to a positive by the end of the grinding pass.

Prior to the initiation of the grinding action for each pass, the rotating grinding wheel is stepped
down from an initial position which corresponds to the surface of the rail to the assigned depth of
cut. Therefore, the high tangential grinding forces which are observed at the start of the force plot
for each grinding pass corresponds to the initial resistance of the edge of the rail workpiece to the
run-in action of the leading edge of the face grinding wheel. This effect of reaction to grinding
wheel run-in which was observed in the tangential force progression plots was not a prominent
occurrence with the normal grinding forces. In the field applications such as the grinding train, the
Road/Rail vehicle as well as the grinding trolley, the mechanism of introducing the grinding wheel
to run-in and run-out involves dropping the grinding wheel onto the railhead; therefore, the

observed effect of a sudden increase in the tangential force at a grinding pass is unlikely to occur.

In addressing the force progression beyond the run-in effect, it can also be observed that the force
signals presented for the grinding passes conducted at 2000 rpm and 3000 rpm become noisier with
the increasing number of grinding passes. Likewise, for both sets of grinding passes, it is observed
that the normal grinding force F, rapidly increases to a maximum and followed by a rapid decrease

to the threshold minimum at the end of the grinding pass.

The increase in the grinding forces as the number of passes increase is indicative of increased
thermal input onto the surface. As shown in Equations 4, 6 and 7, the increase in the normal
grinding force increases the local normal force acting on the abrasive grain and increasing the area
of interaction between the grain and the workpiece material. Additionally, the increasing grinding
forces will exacerbate the occurrence of wheel wear by loading, which occurs when the softened
workpiece material begins to adhere to the exposed abrasive grits of the grinding wheel. Continuous
wheel loading increases with increasing normal grinding force [93]. This is evidenced by the post-

grind condition of the loaded grinding wheel presented in Figure 114 and Figure 115.

During the face grinding trials which were conducted, only the thermal camera could be
implemented to capture information about the grinding temperature. The maximum temperature
progression which is shown in Figure 86 indicates that the grinding temperature generally increases
with each additional pass conducted at 2000 rpm and 3000 rpm. As the maximum grinding force
plot presented in Figure 98 indicated that the grinding forces recorded for the passes carried out at

3000 rpm were higher than those for passes conducted at 2000 rpm, it was expected that the
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recorded temperature behaviour would be mirrored. However, Figure 86 shows that with the
exception of the final pass (Pass 4), higher temperatures were recorded for the first three passes
conducted at 2000 rpm. While there is a chance that the thermal camera may have contributed to
this deviation from the force-temperature relationship, the cause of this may be deduced through

turther grinding tests with increased number of passes.
6.5 Force & Temperature Analysis — Peripheral Grinding

When the grinding wheel comes in contact with the rail surface, the grinding forces increase. As
with the first pass, the largest forces peaks are recorded at the start of the pass. In the passes conducted
at both 2000 rpm and 3000 rpm, the maximum tangential grinding force F, is achieved within the
first 5 seconds of the grind. The normal grinding force is an important process parameter which is
controlled in grinding with typical rail grinders. However, this not the case with manually operated
grinding trolleys. Therefore, it is essential to understand the force behaviour which is observed when

grinding with the wheels used on these machines.

The normal grinding forces F, (downward pressure) observed in both sets of passes at 2000 rpm
and 3000 rpm increase up to maxima and then decrease till the end of the pass. Likewise, for most
passes, the normal force presents a noisy signal at the start of the grind, with the noise reducing as
the pass progresses. This is likely due to the activity of the abrasive grains as they are rapidly subjected

to smearing of the workpiece material, thus supressing their cutting action.

Likewise, the increase in the normal force up the maxima is attributed to the reduced action of
the abrasive grains as they are loaded. The loaded abrasive grains will cause a ploughing action, which
in turn further increases the normal grinding force. From the achieved maxima, it is observed that
the normal grinding forces decrease till the end of grind. This is due to the exposure of new cutting
grains on the active grinding surface. With freshly exposed grits, the grinding action generates more
chip formation which in turn causes a reduction in the grinding force. With each new pass, the same

phenomenon is observed to continue with an increased maximum normal force per pass.

As 1s typical with field grinding applications, a grinding force (also known as ‘grinding pressure’)
is applied to achieve a desired depth of cut. However, the results indicate a variation in the force
behaviour as the grinding pass progresses. The short span of time in which the grinding force varies

is sufficient to adversely influence the metallographic surface integrity of the rail surface.

A further comparison can be made of the maximum force values recorded for the passes
performed in the face grinding and the peripheral grinding orientation which were presented in
Figure 98 and Figure 128 . For example, in the face grinding trials, the maximum recorded
tangential and normal grinding forces in the fourth pass at 2000 rpm were 342.5 N and 692.3 N
respectively and the maximum recorded tangential and normal grinding forces in the fourth pass at
3000 rpm were 425.2 N and 1230.7 N respectively. On the other hand, in the peripheral grinding

trials, the maximum recorded tangential and normal grinding forces in the fourth pass at 2000 rpm
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were 124.5 N and 212.9 N respectively, while the maximum recorded tangential and normal
grinding forces in the fourth pass at 3000 rpm were 147.4 N and 253.4 N respectively. This indicates
that the grinding forces observed in the conventional peripheral grinding orientation are consistently
lower per pass than those recorded in the conventional face grinding orientation. Therefore, the
reduced forces observed in the peripheral grinding orientation presents a promising basis for the

proposed application with the superabrasive tooling.

The temperature measurements for the peripheral grinding passes conducted at 2000 rpm and
3000 rpm were performed using a thermal camera and thermocouples which were embedded at
various depths between 0.55 — 1.5 mm. To compare the induced grinding temperatures during the
same grinding conditions, the measurements captured by the thermal camera and the array of
thermocouples have been presented in Figure 116. The maximum temperature per pass recorded

by the thermal camera were found to be higher than the than those recorded by the thermocouples.

While the thermocouple readings of the temperatures progression across passes indicate a slight
rise in the grinding temperatures per pass with the passes conducted at 2000 rpm, a distinct rise is
observed in the recorded temperature per pass of passes conducted at 3000 rpm. On the other hand,
it is difficult to establish a similar pattern with the thermal camera’s measurements during both sets

of passes which were conducted at 2000 rpm and 3000 rpm respectively.

However, the temperatures recorded by both measurement apparatuses in the passes ground at
2000 rpm are also shown to be lower than the temperatures measured during passes performed at
3000 rpm. This pattern is similar to the progression of the grinding forces, where higher grinding

forces were observed in the passes conducted at higher wheel speeds.

Comparison to the thermal camera measurements indicate that the range of temperatures
measured in conventional peripheral grinding (41.9 — 104.3 °C at 2000 rpm and 46.2 — 136.7 °C at
3000 rpm) are lower than the range of temperatures measured during the face grinding trials (40.2
—193.5 °C at 2000 rpm and 37.0 — 275 °C at 3000 rpm). This is likely due to the larger contact area
of the face grinding wheel compared to the peripheral grinding wheel. A larger contact area increases
the number of active grits on the on the rail surface; however, this increases the susceptibility to

increased temperatures as the grits are worn in the grinding operation.

It is noted that the thermal camera measured the temperature of the surface and followed the
grinding wheel contact. On the other hand, the thermocouples provided an internal measurement
of the subsurface (at least 0.55 mm from the surface). Therefore, while the temperatures recorded
by both measurement apparatuses may difter in magnitude, it is understood that both sets of

measurements provide a picture of the temperature behaviour during the grinding pass.

Upon individual exploration of the thermocouple readings in a single pass, it was observed that
the deepest thermocouple (T8) appeared to attain the highest temperatures in most grinding passes,

while the thermocouple closest to the surface recorded the lowest temperature values. It appears
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that though magnitudes recorded were lower than were expected in the conventional grinding
passes, this pattern was also common with the measurements conducted during the superabrasive

grinding trial which was performed in the peripheral orientation.

A possible reason for the low measurements obtained by the thermocouple which was closest to
the surface is the immediate loss of heat which occurs at the rail surface which is in contact with air.
The thermal energy is lost quicker to convection and radiation than it is conducted into the
thermocouple. In a study which considered grinding passes conducted at various wheel speeds
which ranged from 2000 — 4000 rpm, the simulations carried out by Zhou et al. [80] showed that
the grinding temperature is attenuated from high grinding temperatures to ambient by the depth of
2 mm from the rail surface. Therefore, the inducement of grinding temperatures can still be
observed at the depths the thermocouples were embedded. Likewise, while the embedded
thermocouples are able to make noticeable readings, a large amount of the induced thermal energy

may have been lost on the rail surface.

Where the thermal camera has been used to obtain information about the induced temperature
on the rail surface, and the embedded thermocouples have provided information on the
temperatures induced in the rail’s subsurface, both sets of readings are difterent but may be utilised
to obtain a better picture of the grinding behaviour with respect to temperature. Furthermore, the
temperatures measured at various depths from the railhead surface may also be applied in
combination with the recorded surface temperatures for use within analytical temperature models
and extrapolated to elucidate on the temperature information which was lost between the surface

and the topmost thermocouple embedded at 0.55 mm.
6.6 Temperature Measurement in the Field Observations

The temperature measurements which were carried out in the field observations have been
primarily discussed within the chapter. The highest grinding temperature (> 180 °C) measured
during a grinding pass was at the Drax facility, where the camera was held by hand. This value was

captured behind the Road/Rail Vehicle.

The plots generated from both the Metro dé Medellin (Figure 35 - Figure 37) and the Drax
Grinding Trials (Figure 49 - Figure 51) show that a maximum temperature reading can be achieved
when a reading is taken at a specific location on the rail as the grinder moves along that point. The
difference in temperatures measured in the laboratory and the field may be due to better control of
the environment and the lower distance of the measurement equipment to the grinding interface in
the laboratory. It is also likely that the higher temperatures would have been recorded in less exposed

environments.

The range of temperatures measured in several passes conducted in the Metro dé Medellin
grinding trial was limited by the capabilities of the thermal camera, as the thermal camera readings

indicated that there were likely temperatures which had exceeded 130 °C. The range of maximum
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temperatures measured in the field trials (39.5 - 130°C, Metro de Medellin; 48 — 181 °C, Drax) fall
within the ranges of temperatures measured during the conventional face grinding trials in the
laboratory (40.2 — 193.5 °C at 2000 rpm and 37.0 °C — 275 °C at 3000 rpm).

Factors such as the high humidity may have impeded the infrared radiation and attenuated the
signal from the object of view to the thermal camera. Likewise, the measurements taken may have
been hampered by the rain which occurred throughout the grinding campaign, which may have

limited the eftectiveness of the thermal camera as a result of light scattering on rain droplets.

In addition, the accuracy of the camera may be affected by the motion of the grinding train. As
the camera position was not fixed, the software of the camera may be unable to provide an exact
temperature reading. Therefore, it is recommended that the thermal camera position be fixed for

possible field temperature measurements in the future.

Another challenge for the utilisation of the handheld thermal camera was the standardisation
across the various passes. A solution would be for the operator to be located at a measured distance
for all tests; however, this has to be within the safe standing distance as stipulated by the health and

safety guidance.

With both the grinding train and the Road/Rail grinder, side curtains were utilised to prevent
grinding sparks from being emitted away from the immediate grinding area. These side curtains are
surmised to have contributed to the possible attenuation of the recorded temperatures and increased

the difficulty of measurement approach.

During the observations at the Drax facility, it was noted that a viewing window was present
beneath the cabin of the Road/Rail Grinder. Due to the proprietary nature of the grinding
equipment, it was impossible to view and assess the window. However, it is recommended that for
a few grinding passes, the thermal camera be mounted and fixed such that it is directed toward the
grinding zone. For a small section of the viewing window, an optical material such Zinc Sulphide

(ZnS) ceramic may be utilised for thermal imaging.
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6.7 Model of the Grinding Temperature

This section pertains to the results obtained through the analytical modelling of the grinding
temperature with respect to the depth from the surface. Based on the equations presented in Section
2.6, MATLAB software was used to predict the maximum temperature rise which may occur
during the superabrasive, conventional face and conventional peripheral grinding operations. These

results are discussed with respect to the experimental findings previously discussed in this chapter.

The depth profiles of the maximum temperature rise Tppq, Which was determined using a
triangular moving heat source expression (Equation 11) are presented for the four parameter

combinations LSS-LFR, LSS-HFR, HSS-LFR and HSS-HFR which were employed in

superabrasive grinding trials.

The temperature-depth profile for the LSS-LFR (6000 rpm; 10000 mm/min) and HSS-LFR
(6000 rpm; 10000 mm/min) are shown in Figure 147.
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Figure 147: The depth profiles of the predicted maximum temperature rise during peripheral superabrasive
grinding passes for LSS-LFR and HSS-LFR

The temperature-depth profile for the LSS-HFR (6000 rpm; 43000 mm/min) and HSS-HFR
(12000 rpm; 43000 mm/min) are shown in Figure 148.
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Figure 148: The depth profiles of the predicted maximum temperature rise during peripheral superabrasive
grinding passes performed at LSS-HFR and HSS-HFR

Due to the lack of force measurements during the superabrasive grinding trial, an arbitrary
tangential force value of 153 N was selected in order to predict the grinding temperature. While the
predicted temperature-depth profiles shown in Figure 147 and Figure 148 provide information
about the temperature decay behaviour from the surface into the bulk material, direct comparisons
cannot be made with the conventional grinding temperature predictions or the actual measured

temperatures.

The parameters related to the face grinding trial have been used to predict the temperature-depth
profiles shown in Figure 149 for four passes conducted at 2000 rpm and 3000 rpm. Similarly, Figure
150 shows the predicted temperature-depth profiles of the grinding temperature during the four
peripheral grinding passes conducted at 2000 rpm and 3000 rpm. To generate these profiles, the
experimental maximum tangential forces which were presented in Chapter 4 have been utilised.
Any additional assumed parameters which have not been mentioned in the thermal model in
Section 2.6 can be found in Appendix D. The fourth pass in both the face and peripheral grinding
passes presented the highest temperatures. The temperatures clearly correspond to the grinding

force patterns observed in the individual grinding methods.
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Through the model, the peripheral grinding temperature has been shown to be highest in the

first pass. However, though the absolute values were lower, this observation is corroborated by the

first pass temperature measured with the thermal camera.
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7 Conclusions and Causes for Further Study

The investigation of the temperatures induced in superabrasive grinding has presented

indications that the application of superabrasive tooling in rail grinding is attainable.
7.1 Conclusions of the Thesis

The peripheral grinding orientation has been determined to be optimal for the application of
superabrasive tooling in rail grinding. This is buttressed by the lower forces observed in the
peripheral grinding orientation when compared to the forces observed in the face grinding

orientation.

The combination of higher wheel speeds and increased feed rates which have been utilised in the
superabrasive grinding experiments conducted show reduced grinding temperatures in the
peripheral grinding orientation. This gives basis to the increased productivity and workpiece quality

which can be achieved through the use of superabrasive tooling in rail grinding,

The conclusions of thesis are discussed based on the research objectives which were presented in
Section 1.2.

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

Through an extensive literature review, the conventional rail grinding practices have

been discussed. Temperature measurement technologies and methods of application such

as optical fibres, thermocouples and thermography have been presented. Likewise, a

temperature model of three types of grinding (peripheral superabrasive, conventional face

and conventional peripheral) have been utilised and discussed. Based on the findings in the

literature, the scope of temperature measurement in this research study was limited to

thermocouple insertion in full-size rail and thermography.

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

The combination of superabrasive grinding with high-speed grinding technology has
been reported by laboratory experiments within a CNC machine. Likewise, through the
incorporation of temperature measurement techniques, the temperature response at varying
depths from the surface have been discussed. The findings show that the process is suitable
for superabrasive high-speed grinding of rail and thus presents improved grinding
performance and surface integrity relative to the use of conventional AlO, wheels.

The findings indicate that the grinding forces increase with increasing wheel speeds. This
is further buttressed by the thermal measurement findings which indicate the increase in the

grinding temperature with increasing number of passes and increasing wheel speeds.
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III.  To measure rail temperature during conventional grinding in field operations.
Two grinding campaigns performed on actual in-use tracks at the Drax Power Station
and Metro dé Medellin were observed. For multiple passes, the measurement of
temperature was performed using a thermal camera in various positions and directions
against the grinding area. Though impeded by the side curtains of the train, temperatures of’
up to 181 °C were recorded by the thermal camera in congruence with the visually optimal

conditions of the rail post-grinding.

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

Post-grind analysis of the microstructure has shown the presence of minimal amounts of
WEL in samples ground by superabrasive grinding. Adversely, larger WEL thicknesses were
observed in samples which were ground using conventional tooling methods. This effect is
attributed to the significantly lower feed rates which were applied for the conventional tools.
In the utilisation of typical grinding wheels used for manual grinding, the surface roughness
values observed for the conventionally ground samples were found to be lower than

reported for typical conventional grinding practices found in the literature.

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

A grinding trolley has been developed with the capability to perform rail grinding on
actual track. The trolley is equipped with a spindle which is capable of operating at spindle
speeds which are sufficient to drive both conventional at low wheel speeds and superabrasive
grinding tools at higher wheel speeds. As such, both conventional grinding trials may be
performed to provide a benchmark for the planned superabrasive grinding trials. A
recommended plan for trialling the grinding trolley has been presented to perform both

superabrasive and conventional grinding on a dedicated test track.

7.2 Causes for Further Study

e A laboratory grinding trial is required to further understand the grinding force behaviour
of superabrasive grinding wheel as it performs grinding passes on the railhead. Although
this was not feasible for the superabrasive grinding trial reported in this thesis, subsequent
superabrasive grinding trials must include the developed force measurements system.

e The use of multiple superabrasive grinding tools sequenced in multiple facets across the
railhead to carry out grinding of the railhead surface in one

e The grinding temperature rise may be modelled from first principle using the grinding

forces recorded in the grinding trials presented in this study as well as analytical models
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utilised in research studies found in the literature. This model may also be utilised to

extrapolate the recorded temperatures to the rail surface.
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9 Appendix A — Thermocouple Time-Temperature Plots

This section concerns the time-temperature plots of the second, third and fourth grinding passes
of the various grinding conditions conducted using the superabrasive grinding wheel as reported in
Section 4.3.1.
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9.3 High Spindle Speed — Low Feed Rate (HSS-LFR)
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10 Appendix B — Thermal Images of Grinding Passes

The additional thermal images recorded in the passes conducted during superabrasive grinding

trial are presented in this section.

10.1 Low Spindle Speed — Low Feed Rate (LSS-LFR)
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10.2 Low Spindle Speed — High Feed Rate (LSS-HFR)
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10.3 High Spindle Speed — Low Feed Rate (HSS-LFR)
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10.4 High Spindle Speed — High Feed Rate (HSS-HFR)
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11 Appendix C — Thermal Images of Grinding Passes Conducted on
Metro dé Medellin Line A
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Pass 11

= T T T T
G120 - * Maximum Temperature (°C)
< ¥ inil Temperature (°C)
% 100 — A
e
L 80— . -
£
&
= 60t -
°
£ - 0
g s e -
$ : -
20 - s — .
1 1 1 1 1 | | | |
5 10 15 20 25 30 35 40 45 50 55
Time (s)

Pass 17

e
&
T

[ =

)

Maximum Temperature (°C)
Temperature (°C)

&
T
'

»
]
T

N
]

Measured Temperature (°C)
8
T

&
T

5 10 15 20 25 30
Time (s)

181




Pass 18

T T I I

* Maximum Temperature 1'C)|-
40 &= i o —
e - . Temperature (°C)

@
&
'

)

8

1
\I
1

»
&
T

N
3
T

Measured Temperature (°C)
I

E
T

Time (s)

Pass 19

a
&

T

* Maximum Temperature 1°C)L

Temperature (°C)

]

1
)
A

&
I
"

Measured Temperature (°C)
'

30— " —
i - 2 B
—
20 ¢
I R N

15

| | | 1 1 i1 1 1

5 10 15 20 25 30 35 40 45

Time (s)

182




12 Appendix D — Analysis Codes

The following MATLAB code was written to analyse the thermal video recordings are presented

in this section.

clear variables

%CHANGE the PATH NAME in line 7 to LEAD TO THE SAME DIRECTORY as where your
%videos and csv files are - THE CODE WILL NOT WORK IF THE VIDEOS AND CSV
%FILES ARE NOT IN THE SAME DIRECTORY - GOOD LUCK

cd("INSERT WORKING DIRECTORY WHICH CONTAINS YOUR CORRESPONDING CSV AND VIDEO" +

" OR THIS IS CODE IS ON TRACK TO NOWHERE")
a = dir('*.csv');
b = cell(1l,length(a));
for i=1:length(a)
val = a(i).name;
b{i} = val;
end

%Choose which video you want to view

vid = input('Video ID: '); % user inputs the video ID

s = strcat('*',vid,"*",".csv'); % this format tells matlab to search for any csv
file with the ID

vid_name = dir(s).name; %this line carries out the search (it's called a wildcard)
tempData = readmatrix(vid_name); %reads the temperature data

frameNumber = tempData(:,1);
maxFrame = length(tempData);

%Subplot set up
axl = subplot(2, 1, 1);
ax2 = subplot(2, 1, 2);

filename = vid; % name of video file in the format 'File name'’

v = VideoReader(filename);

lastFrame = read(v, inf);

numFrames v.NumFrames;

FrameRate = numFrames/v.Duration;

% This is a more accurate way to find the number of frames & it equals that of the
csv files

%It's more accurate because the other method is an estimate, but it's only
%accurate if MATLAB has read all the frames, hence line 29 exists

%All of video was read so has no frames left, so object needs to be reassigned
v = VideoReader(filename);

%#Display the first frame in the top subplot
vidFrame = readFrame(v);

image(vidFrame, 'Parent', axl)

axl.Visible = 'off';

%Load the Temperature Data

time = 1/FrameRate:1/FrameRate:v.Duration; %converts from frame to seconds
tempMax = tempData(:,2);
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tempMin = tempData(:,3); % Allocating these variables to the columns isn't really
necessary, but it helps with legibility

index = 1l:numFrames;
i=2;

%Display the plot corresponding to the first frame in the bottom subplot
hl = plot(ax2, time(1l:index(i)), tempMax(1l:index(i)),'r.");

hold on

h2 = plot(ax2, time(l:index(i)), tempMin(1:index(i)),'b.");

%Fix the axes

ax2.XLim = [time(1) time(end)];

ax2.YLim = [tempMin(index(i))-5 tempMax(index(i))+5];

xlabel('Time (s)', 'FontSize',12)

ylabel('Measured Temperature (°C)', 'FontSize',12)

legend(["Maximum Temperature (°C)" "Minimum Temperature (°C)"], 'FontSize',12,
"Location', 'northeast')

%%Animate
while hasFrame(v)
if i == maxFrame
break
end
pause(1l/FrameRate);

vidFrame = readFrame(v);
image(vidFrame, 'Parent', axl);
ax1l.Visible = 'off';

ax2.YLim = [min(tempMin(1:index(i)))-5 max(tempMax(1l:index(i)))+ 5];

i=1+1;

set(hl, 'YData', tempMax(1l:index(i)), 'XData', time(1l:index(i)))

set(h2, 'YData', tempMin(1l:index(i)), 'XData', time(1:index(i)))
end

M= max(tempMax);
fprintf('The maximum temperature observed is %2f degC. \n', M)

The MATLAB code utilised to predict the temperature-depth profile for superabrasive grinding

passes 1s shown below.

clc

%The rail used in this study will be of grade R260

%Aim of this code is to determine the temperature depth profile of a ground
%rail. It is expected that this will tend to an asymptote

3% 3% 3R 3R 3 3 ¥ X

% Q'=; %Material removal to be utilised

a_e= 0.025/1000; %depth of cut (m)

b_w= (64.45)/1000; %wheel width (m) %%%%%CHE CK%%%%%%

v_w= (0.6*1000)/(60*60); %workpiece feedrate at ©.6kph and 2.58 kph converted to
m/s

F_t=[153, 153]; % Average tangential force in first pass (N)
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F t label = ["6000 rpm Pass 1:"+" F_{t}= "+num2str(F_t(1),3)+" N", "12000 rpm Pass
1:"+ " F_{t}= " + num2str(F_t(2),3) + " N"];

F_t_colour = ["k-s","b-s", "c-s","r-s","k-~", "b-~", "c-~","r-~"];

%%Wheel properties

d_s = 156/1000; %convert grinding wheel diameter from mm to m

re = 25*10"-6; %estimated radius of a reasonably sharp grain (m) (Duscha et al.,
2010)

%6267626%676 76766762676 7676.7676

%Thermal properties
k_w = 51; %W/mK %thermal conductivity of workpiece (@20 deg)
k_g = 240; %W/mK thermal conductivity of CBN grain (Rowe et al., 2013)
rho = 7840; %kg/m3 density of steel
C_ W = 500; %J/kgK specific heat capacity of the workpiece material (Zhou et. al,
2021)
alpha_w=k_w/(rho*c_w); %thermal diffusivity of workpiece (m*2/s)
T _mp= 1400 + 273.15; %melting temp used in the calculation of chip energy of
steels (Rowe et al, 2013)
%derived parameters
1 c= sqgrt(d_s*a_e); %geometric contact length
beta_w = sqrt(k_w*rho*c_w); %thermal effusivity of the workpiece
%beta_g = 0.14*%1079; %Units JI"2*m~4*K~2, from Malkin and Guo et al
Pe=(v_w*1 c)/(4*alpha_w); %According to Rowe et al (2013), the Peclet number
determines the C-factor
if (Pe > 10)
C=1.06;
elseif (0.2<Pe && Pe<10)
C=(0.95/pi)*((2*pi)+(Pe/2))"0.5;
else
C=0.76;

end
%%%

h_ch=(rho*c_w*v_w*a_e)/1_c; %heat conduction coefficient of chips
h_w=(beta_w/C)*(sqrt(v_w/1 _c)); %conduction coefficient for workpiece (W/m"2*K)

h_f=0; %convection coefficient of fluid

t_c=1_c/v_w; %contact time or duration of heating across contact area, unit (s)
%basic thermal rise

%Temperature rise based on net heat into the workpiece

% deltaT = q_w*(C/beta_w)*(1l_c/v_w)"0.5; %

t_1en=0.001:0.001:0.003; %units in (s)
z _1en=0:0.000005:0.0015; %According to Rowe(2013)this should be a range up to the
3mm

T=zeros(length(z_len),length(t_len), length(F_t)); %returns zeros of the length of
matrix

counter_t=0;

for i=1:length(F_t)

if ic=1

Spindle_Speed=6000; %12000rpm for superabrasive grinding
else

Spindle_Speed=12000; %rpm
end
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v_s = Spindle_Speed*(d_s/2)*2*pi/6@0; %convert cutting speed (grinding wheel
velocity) from rpm to m/s

Power= F_t(i)*v_s; %grinding power (W) or (N.ms”-1)
%Assuming that the grinding power is converted into heat
g_t=(Power)/(1l_c*b_w); %total heat flux (W/m"2)

R_ws=(1+(k_g/(beta_w * sqrt(re*v_s))))~-1; %Estimate worpiece-wheel heat flux
ratio (dimensionless)
g_w= R_ws*q_t; %heat flux into the workpiece (W/m"2)
T max= (q_t-(h_ch*T_mp))/((h_w/R_ws)+h_f); %Max temperature for dry grinding
of rail
fprintf('%d is the approximate maximum temperature. \n', T_max);
for j=1:length(t_len) %units in (s)
M=4*q_w*(t_len(j)"(0.5))/sqrt(pi*k_w*rho*c_w);
counter_t=counter_t+1;
counter_z=0;
for k=1:length(z_len) %According to Rowe(2013) this can be a range up to
about 3mm where
counter_z=counter_z+1;

N=(1-(2/3*(t_len(j)/t_c)-((z_len(k)~2)/(6*alpha_w*t_c))))*exp(-
(z_len(k)~2)/(4*alpha_w*t_len(j)));

0=(2*q_w*z_len(k)/k_w)*(1-(t_len(j)/t_c)-
((z_len(k)~2)/6*alpha_w*t_c))*(1-erf(z_len(k)/sqrt(4*alpha_w*t_len(j))));

intValue = M*N -0;

T(k,j, i)= intValue; %maximum temperature of the subsurface

end
end
end
%figure
%plot(t_len,T(1,:))

figure
for m=1:1length(F_t)
semilogx(z_len*1000,T(:,1, m)+ 20, F_t_colour(m)) %The ambient temperature is
taken as 20 degC; 293.15 KELVIN)
hold on
end
legend(F_t_label)
fontsize(20, "points™)
xlabel('Depth below surface (mm)"')
ylabel('Subsurface temperature (°C)")
% Plot

The MATLAB code utilised to predict the temperature-depth profile for face and peripheral

grinding passes is shown below.

clc

%The rail used in this study will be of grade R260

5 %Aim of this code is to determine the temperature depth profile of a ground
%rail. It is expected that this will tend to an asymptote

3% 3% R % X
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3R 3R ¥

% Q'=; %Material removal to be utilised

a_e= 0.025/1000; %depth of cut (m) - 2nd feed rate will be 2.58
b_w= (64.45)/1000; %wheel width (m) %%%%%CHECK%%%%%%
V_w= 0.033333333333333333; % (2.58*1000)/(60*60); %workpiece feedrate (m/s)

F_t=[192.402647, 233.236497, 153.838871, 342.514007, 350.05384, 266.670772,
291.841418, 425.224416]; % Average tangential force in first pass (N)

F_t_label = ["2000 rpm Pass 1:"+ " F_{t}= " + num2str(F_t(1),3) + " N", "2000 rpm
Pass 2:"+ " F_{t}= " + num2str(F_t(2),3) + " N", "2000 rpm Pass 3:"+ " F_{t}= " +
num2str(F_t(3),3) + " N", "2000 rpm Pass 4:"+ " F_{t}= " + num2str(F_t(4),3) + "
N", "3000 rpm Pass 1:"+ " F_{t}= " + num2str(F_t(5),3) + " N", "3000 rpm Pass 2:"+
" F_{t}= " 4 num2str(F_t(6),3) + " N", "3000 rpm Pass 3:"+ " F_{t}= " +
num2str(F_t(7),3) + " N", "3000 rpm Pass 4:"+ " F_{t}= " + num2str(F_t(8),3) + "
N"T;

F_t_colour = ["k-s","b-s", "c-s","r-s","k-~", "b-~", "c-~","r-~"];

%%Wheel properties

d_s = 150/1000; %convert grinding wheel diameter from mm to m

re = 25*107-6; %estimated radius of a reasonably sharp grain (m) (Duscha et al.,
2010)

%6762696%6%.%6.%67676 269676767676

%Thermal properties
k_w = 51; %W/mK %thermal conductivity of workpiece (@20 deg)
k_g = 8.4; %W/mK thermal conductivity of aluminium oxide (Zhou et. al, 2021)
rho = 7840; %kg/m3 density of steel
C_ W = 500; %J/kgK specific heat capacity of the workpiece material (Zhou et. al,
2021)
alpha_w=k_w/(rho*c_w); %thermal diffusivity of workpiece (m*2/s)
T_mp= 1400 + 273.15; %melting temp used in the calculation of chip energy of
steels (Rowe et al, 2013)
%derived parameters
1 c= sqrt(d_s*a_e); %geometric contact length
beta_w = sqrt(k_w*rho*c_w); %thermal effusivity of the workpiece
%beta_g = 0.14*1079; %Units J"2*m~4*K~2, from Malkin and Guo et al
Pe=(v_w*1 c)/(4*alpha_w); %According to Rowe et al (2013), the Peclet number
determines the C-factor
if (Pe > 10)
C=1.06;
elseif (0.2<Pe && Pe<10)
C=(0.95/pi)*((2*pi)+(Pe/2))"0.5;
else
C=0.76;

end
%%%

h_ch=(rho*c_w*v_w*a_e)/1 c; %heat conduction coefficient of chips
h_w=(beta_w/C)*(sqrt(v_w/1_c)); %conduction coefficient for workpiece (W/m”2*K)

h_f=0; %convection coefficient of fluid
t_c=1 _c/v_w; %contact time or duration of heating across contact area, unit (s)

%basic thermal rise
%Temperature rise based on net heat into the workpiece

% deltaT = g _w*(C/beta_w)*(1l c/v_w)"0.5; %
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t_1en=0.001:0.001:0.003; %units in (s)
z_1en=0:0.000005:0.0015; %According to Rowe(2013)this should be a range up to the
3mm

T=zeros(length(z_len),length(t_len), length(F_t)); %returns zeros of the length of
matrix
counter_t=0;
for i=1:length(F_t)
if ic=4
Spindle_Speed=2000; %12000rpm for superabrasive grinding
else
Spindle_Speed=3000; %rpm
end
v_s = Spindle_Speed*(d_s/2)*2*pi/6@0; %convert cutting speed (grinding wheel
velocity) from rpm to m/s

Power= F_t(i)*v_s; %grinding power (W) or (N.ms”-1)
%Assuming that the grinding power is converted into heat
q_t=(Power)/(l_c*b_w); %total heat flux (W/m~2)

R_ws=(1+(k_g/(beta_w * sqrt(re*v_s))))~-1; %Estimate worpiece-wheel heat flux
ratio (dimensionless)
g_w= R_ws*q_t; %heat flux into the workpiece (W/m”2)
T _max= (q_t-(h_ch*T_mp))/((h_w/R_ws)+h_f); %Max temperature for dry grinding
of rail
fprintf('%d is the approximate maximum temperature. \n', T_max);
for j=1:length(t_len) %units in (s)
M=4*q_w*(t_len(j)~(0.5))/sqrt(pi*k_w*rho*c_w);
counter_t=counter_t+1;
counter_z=0;
for k=1:length(z_len) %According to Rowe(2013) this can be a range up to
about 3mm where
counter_z=counter_z+1;

N=(1-(2/3*(t_len(j)/t_c)-((z_len(k)*2)/(6*alpha_w*t_c))))*exp(-
(z_len(k)~2)/(4*alpha_w*t_len(j)));

O=(2*q_w*z_len(k)/k_ w)*(1-(t_len(j)/t_c)-
((z_len(k)~2)/6*alpha_w*t_c))*(1-erf(z_len(k)/sqrt(4*alpha_w*t_len(j))));

intValue = M*N -0;

T(k,j, i)= intValue; %maximum temperature of the subsurface

end
end
end
%figure
%plot(t_len,T(1,:))

figure
for m=1:length(F_t)
semilogx(z_len*1000,T(:,1, m)+ 20, F_t colour(m)) %The ambient temperature is
taken as 20 degC; 293.15 KELVIN)
hold on
end
legend(F_t_label)
fontsize(20, "points™)
xlabel('Depth below surface (mm)')
ylabel('Subsurface temperature (°C)")
% Plot
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