Prifysgol Cymru
% Y Drindod Dewi Sant

< University of Wales
Trinity Saint David

%

Multi-Angle Beam Generation and
Steering via Meander-Line-Coil
EMATSs

by

Sam Hurrell

Supervised by: Professor Peter Charlton, Dr Stephen Mosey

This research was undertaken under the auspices of TWI Technology

Centre Wales

Submitted in partial fulfilment for the award of the degree of Doctor of

Philosophy

University of Wales Trinity Saint David
2025






Abstract

This thesis investigates Meander-Line Coil (MLC) Electromagnetic Acoustic
Transducers (EMATs) for the purposes of Non-Destructive Testing (NDT),
focusing on their theoretical foundations, simulated modelling, and
experimental validations. Whilst the detection of defects was not investigated,
this work thoroughly examines the EMAT’s capability as a conventional
transducer to steer the angle of its oblique ultrasonic waves. This culminates
in the innovative generation of multi-angle bulk waves simultaneously from a
single EMAT. The practical applications of a multi-angle EMAT include the
ability to perform sectoral scans, currently only possible by Phased Array (PA)
Ultrasonic Testing (PAUT). This is beneficial as EMATs are not restricted to
using a coupling liquid for their operation, allowing them to be used on high-
temperature materials or in hazardous areas where a coupling medium is

unacceptable.

The thesis begins with an overview of modern NDT methods (particularly
Ultrasonic Testing (UT)) and explores the principles of electromagnetism
relevant to EMATs. An in-depth analysis of EMATs covers their transduction
methods, design configurations, and historical development, along with their

associated electronic circuitry.

A significant portion of this thesis involves constructing and validating a
2D Finite Element Method (FEM) model of the MLC EMAT using ‘COMSOL
Multiphysics’ and understanding its properties through parametric studies. The
following experimental validation focuses on the MLC EMAT's performance on
non-ferromagnetic workpieces in comparison to the simulations to assess their
accuracy. Further investigations examine the transmitted bulk waves via
parametric studies on both the EMAT's magnetic and coil configurations. This
research concludes with an exploration of generating multi-angle bulk waves
by modifying the transmission signals through EMAT coils. These waves are
analysed using the Fast Fourier Transform (FFT) to extract an individual angle’s
A-scan from the overall complex signal received, demonstrating the feasibility

of this novel approach.
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This study shows that EMATs can accurately steer the direction of their

bulk waves as a function of frequency, supported by reliable simulated
modelling and experimental evidence. The primary outcome of the research is
the proof of concept for simultaneous transmission and reception of multi-
angle waves via EMAT technology. This has the potential to enhance the EMAT’s
defect detection by an increased coverage, the triangulation of these defects

from different angled waves, and a greater range of flaw orientation.



Acknowledgements

| would start by expressing my gratitude to my UWTSD supervisor Professor
Peter Charlton, for his support and guidance over the duration of this study.
His scientific attitude and devotion to research was incredibly influential in the
way | conducted my own. | am grateful also to my co-supervisor Doctor Stephen

Mosey for his technical support and advice on electrical theory and writing.

To my colleagues at TWI Technology Centre Wales (past and present),
the NDT research environment has been a fantastic location to conduct this
study. My thanks goes particularly to Doctor Owen Rees-Lloyd, as his previous
study in EMATs built the foundation for my research. His day-to-day support
guided me both academically and professionally. | would also like to thank
Doctor Richard Lewis for his industrial supervision. His procurement of both
laboratory equipment ensured that this PhD could have taken place. | extend
my thanks to the funding from both Knowledge Economy Skills Scholarship
(KESS 2) and TWI Ltd.

Lastly, | would like to thank my Jenny, whose love and patience towards

me cannot be overestimated.



Contents

[DY=Tol T - A To 1o H TP i
ACKNOWI B ZEM BNES oot e iv
LA o 13 o - o) A PPN i
L0 0 =1 o iv
LG o 11X 1Y viii
NOM BN C AU e e e e ix
Chapter 1 - INtroduUCtioN . ..o e e 1
1.1 MOtIVaAtiON . e 1
1.2, AiMs and ObjeCtiVeS .ottt 5
1.3. Organisation of the Thesis...ccuiiiiiiii e 6
1.4. Contributions of the Thesis .....cciiiiiii 7
1.5, PUBICAtiONS e 8
(OYaT=Y o X =Y A N o Y=Y o 1 N 10
2. L INErOdUCTION et e 10
2.2. Methods of Non Destructive Testing (NDT)....ccooviiiiiiiiiiiiiiiiieeeenn 10
2.2.1. Penetrant Inspection (Pl)...ccooiiiiiiii e 10
2.2.2. Magnetic Flux Leakage (MFL) ...ccoiiiiii e 11
2.2.3. AcoUStiC EMIiSSION (AE) .iveiriiriieiiiii i e 11
2.2.4. Eddy Current Testing (ECT) coviiriiiii e 11
2.3, Ultrasonic Testing (UT) .o e 12
2.3.1. Advantages and Disadvantages of UT .......cooiiiiiiiiiiiiiiiiiiiiieee, 13
2.3.2. Ultrasonic Wave MOdesS .....ouuiiiiiiiiiie et 14
2.3.3. Material Propagation ...cooiiiiiiii 17
2.4, ElectromagnetiCs (v s 19
2.4.1. Maxwell’s EQUAtioNs ..oiiiiiitiiiii e e eaas 19
A | - ¥ -4 1= 22
2 BV AT S e e 26

2.5.1. Transduction Methods....ccoiiiiiiiiii e 26



2.5.2. EMAT Configurations ....ccciiiiiiiiiii e 30
2.5.3. EMAT Advantages and Disadvantages .......cccoceviiiiiiiiiniininnenenn. 34

2.5 4. Electrical CirCUIts «.uuiiiei i e 36
2.6. EMATS in Literature ..o 39
B YU o 41 02 1= T S 42
Chapter 3 - Finite Element Method (FEM) ....coiiiiiiiiiiice e, 43
3L INErOdUCTION . 43
3.2. GOVerning EQUatioNs ..ouiiiii i e e e 44
3.3. Magnet Model ..o 45
3.4, Coils MOEI ... uii e 55
3.5 EMAT MoOdel ceiiiiiii e e e 60
T TR YU 41 0 1T 69
Chapter 4 - MLC EMAT Beam Directivity and Steerability..........................l. 70
AL INErOdUCEION . et e 70
4.2, EXperimental SetUP oo 70
4.3, Beam DireCtiVity .o i e e 74
4.3.1. Simulated ResSUIES ... 74
4.3.2. Experimental Results ...coiiiiiiii 98
4.4. Beam Steerability ...oooiiiii 106
4.4.1. Beam-spread Profiling .....ccoooviiiiiii 107
4.4.2. Simulated Reception EMAT ... 119
TN T V1 101 1. 1= 1 VPP 128
Chapter 5 - Modified Magnetic Configurations..........ccoooiiiiiiiiiiiiiiiiinnn, 130
5L INErOdUCTION e 130
5.2. Vertical Magnetic Configurations .........ccooiiiiiiiiiiiiiiiiiiiiieeees 130
5.2.1. EMAT-2: 1x 40mm Wide Magnet.....c.ccoiiiiiiiiiiiiiiii e 131
5.2.2. EMAT-3: 2x 20mm Wide Magnets ......ccovviiiiiiiiiiiiiiiiiiiceeeeen, 135
5.2.3. EMAT-4: 1x 20mm Wide and 2x 10mm Wide Magnets............... 138

5.2.4. EMAT-5: 1x 10mm Wide Magnet......cccooviiiiiiiiiiiiiiiiiiiieeee e 141



5.2.5. EMAT-6: 2x 10mm Wide Magnets.....c.ccoviiiiiiiiiiiiiiiiiiiieceeans 144
5.2.6. EMAT-7: 3x 10mm Wide Magnets....ccocovriiiiiiiiiiiiiiiiiieieennen 147
5.2.7. EMAT-8: 4x 10mm Wide Magnets ....ccocovriiiiiiiiiiiiiiiiiineieennns 151
5.3. Horizontal Magnetic Configurations ...........cooiiiiiiiiiiiiiiiiien 154
5.4. Beam Steerability with Alternate Magnetic Configuration ............... 164
S TN YU 11 0] 111 o A N 180
Chapter 6 - Modified Coil Configurations ........cocoviiiiiiiiiiiiiiiiiieiens 181
6. 1. INTrodUCTION o e 181
B.2. StEEIING ANGlE o 182
6.3. NumMber of Coils .o 188
6.4, il SPACTN G ittt e e 194
LSS TR YU 1 a1 2 1= T 207
Chapter 7 - Multi-Angle Beam Generation .......ccooviiiiiiiiiii i 208
7. L INErodUCTION o e 208
7.2. Dual-Angle ResUItS oo 210
7.3. Pulse-Echo Signal Filtration .......ccooiiiiiiii e 217
7.4, Triple-Angle ReSUILS c.oiiii i e 223
S TN 11141 1011 2 PPN 227
Chapter 8 - CONCIUSIONS .oiviitii it e e et et e e aa e eaaaas 228
8.1. Summary of Work ..o 228
8.2. Contributions to KNoOWIedge ......cccoiviiiiiiiiiiii 230
8.3. Suggestions for Future Work ......ccoooiiiiiiiiiiee e 231
Bib i O AP Y et 234
AppendiXx A — PUBIiCatioNs e s 241
Appendix B — Beam Steerability Results .......coooiiiiiiiiii 285

Appendix C — Magnetic Configuration Summaries .........cccoeviiiiiiiiiinennnns. 288



Glossary

AC
AE
CFL
CSA
DC
ECT
EMAT
EMF
FEM
FFT
MFL
MLC
NDT
PA
PC
PE
Pl
PLA
PPM
PRF
RLC
RSU
RToA
Rx
SDP
SF
SH
SHM
SNR
SV
ToA
ToF
Tx

ut

Alternating Current
Acoustic Emission
Courant-Friedrichs-Lewy
Cross Sectional Area
Direct Current

Eddy Current Testing

Electro-Magnetic Acoustic Transducer

Electro-Motive Force

Finite Element Method
Fast Fourier Transform
Magnetic Flux Leakage
Meander-Line-Coil
Non-Destructive Testing
Phased Array

Pitch-Catch

Pulse-Echo

Penetrant Inspection
Poly-Lactic Acid

Periodic Permanent Magnet
Pulse Repetition Frequency
Resistor-Inductor-Capacitor
Roller Sperry Unit

Relative Time of Arrival
Reception EMAT

Standard Depth of Penetration
Scale Factor
Shear-Horizontal

Structural Health Monitoring
Signal-to-Noise Ratio
Shear-Vertical

Time of Arrival

Time of Flight

Transmission EMAT

Ultrasonic Testing

viii



Nomenclature
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Chapter 1 - Introduction

1.1. Motivation

During the 19" century, as a result of the industrial revolution, the railway
network boomed as goods could be transported faster, cheaper, in greater
quantities, and across larger distances [1]. This took a toll on the iron rails
(meant as a superior replacement to the wood-steel composite rails) until it
was accepted that they were too brittle and too weak due to their required
replacement every three months. The first steel rails were made in England in
1857, and a steel railroad was trialled in 1862, proving their advantage of
increased strength and flexibility over iron [2]. By the 1900s, the flat bottomed
T-rail (seen in Figure 1.1) had become the most popular rail profile and
continues to be so. Whilst the steel rails today remain strong, they are not
immune to damage and like the previous iron rails, they require regular

inspection to prevent service failure.

Running surface

Side
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Figure 1.1: Flat Bottomed T-Rail [3]

Rail track may possess different types of defects due to being subjected
to different sources of external damage. Such damage includes sudden
compressive loads from the weight of moving trains, thermal fatigue from

changing yearly climate causing expansion, and corrosion (such as rust) from
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environmental exposure. Crack defects can initiate at the track’s surface

boundary and propagate through the material due to various sources of fatigue
stress. These defects grow until reaching a critical crack length, at which the
remaining uncracked material is incapable of supporting the load and thus
rapidly fractures. Such defects have led to train derailment and loss of life [4],
so it is as important as ever to locate these growing defects before they can
reach a critical length. Figure 1.2 shows an example of rail track with various

internal defects that can occur.
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Figure 1.2: Internal Rail Defects [5]

The ability to evaluate the state of a component is a crucial aspect of
industry, as it allows for the detection and measurement of internal features
within material components. Within the context of rail track inspection, this is
a necessity as reliable safety assurances are paramount for the wellbeing of
the general public. Non-Destructive Testing (NDT) methods are used to monitor
the physical state of materials without permanently damaging the material, and
different methods have been employed throughout the history of rail track

inspection [6, 7, 8, 9].
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Rail inspections were originally performed visually by inspectors walking

along the installed track with a Sands mirror [10]. Though accepted as the most
efficient method of inspection at the time, this method was incapable of
detecting internal defects. One such defect is an internal transverse fissure at
the head of the rail, which caused the derailment in Manchester, New York in
1911 that killed 29 people and injured 62 more [11]. This incident brought the
transverse defect into infamy and encouraged other railroads to investigate
their rails for the presence of these internal defects. The result of these
investigations showed that the transverse fissure was prevalent and galvanised
the development of an inspection method that could locate and size internal
defects in the rails. In 1923, Dr. Elmer Sperry started development on a
detector car that could use magnetic induction to scan for rail defects whilst in
motion, and the first working detector car was built in 1927. In 1949, the
modification of the detector car to include Ultrasonic Testing (UT) was offered,
and by 1960 the process of UT had developed to the point of automation so as

to work in tandem with the induction method [3].

Sperry Rail’s transition from magnetic induction to ultrasonic testing led
to the invention of the ultrasonic wheel probe, also known as a Roller Search
Unit (RSU) [12], seen in Figure 1.3. The RSU consists of an assembly of nine
ultrasonic probes within a couplant filled wheel that allows for rolling contact
across a rail’s top surface. Fixed in position relative to the rail’s top surface,
the RSU’s probe assembly consists of probes at different angles to transmit
angled ultrasonic beams into the steel rail (as seen later in Figure 2.13). The
angles within the steel are at 0° (normal to the rail’s surface as seen in Figure
1.3), and both 37° and 70°, each in a forward and backward facing direction.
Three 70° probes in each direction are used to scan the entirety of the rail head
for longitudinal defects, and the 0° and 37° probes scan the rail web for cracks
propagating from the bolt holes. The assembly’s coverage moves laterally
across the rail as the wheel’s outer surface (also called the tyre) rotates onto
the rail and conforms over the rail head. For efficient ultrasonic transmission,
liquid couplant is required between the polyurethane tyre and the rail’s
surface. Whilst in motion, the probes generate ultrasonic waves which travel

through the tyre, into the steel, and reflect off of any internal defects that are
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present (such as those seen in Figure 1.2). The reflected waves return to the

RSU and are received by the probes. A defect propagating in the same
orientation as an ultrasonic wave pathway would likely go undetected, however
multiple waves at different angles allow for a higher probability of detection.

g e ) RSUtyre

- e

70 degree 37 degree [ 0 degree probe
probe probe Il 37 Frw degree probe
coverage coverage coverage . 37 Rev degree probe
[] 70 Rev G, C & F degree probes

Il 70 Frw G, C & F degree probes
Figure 1.3: Sperry RSU Design [13]

The RSU can be used in both a forward and backward direction and can
be mounted onto Sperry trains or manual Sperry sticks [14]. Whilst capable of
running up to speeds of 65km/h, the trains are driven at speeds of 45km/h to
ensure safe and accurate detection of defects making them capable of scanning
150-210km of rail track in a single night. Sperry sticks are pedestrian versions
of the RSU that are manually pushed along the rail to confirm the presence of
the defects detected by the train. Comparing the results from the Sperry train
to the Sperry stick showed a 90-95% success rate in the identification of
defects, and the Sperry stick’s increased accuracy via its low speed enables it
the capability of sizing internal defects [15]. Further development is ongoing
to improve the success rate of the RSU on the Sperry trains in order to minimise

the deployment time for the Sperry stick and staff.

Traditional UT has limitations however, most notably its reliance on a
liquid couplant to facilitate the transmission of the ultrasonic waves between
the probe and material. An NDT method that overcomes this necessity is the

Electromagnetic Acoustic Transducer (EMAT) [16], which utilises eddy current



5
fields induced in an electrically conductive material, within a bias magnetic

field to produce Lorentz forces. These forces, acting near the surface of the
material, generate ultrasonic waves that travel into the bulk material or across
the material’s surface. Different configurations of the magnet and coils are
used to transmit different ultrasonic wave modes. Once such configuration is
the Meander-Line-Coil (MLC) EMAT, which is capable of transmitting angled
ultrasonic waves into the material or across the material’s surface. Studies
have shown that this EMAT configuration is capable of changing the ultrasonic
beam’s angle of propagation by changing its physical design or frequency of the

induced eddy currents (as defined in Figure 2.14) [17, 18, 19].

1.2. Aims and Objectives

The aim of this work was to evaluate the possibility of replicating the Sperry
RSU’s coherent multi-angle ultrasonic methodology with EMAT technology,
specifically investigating the feasibility of transmitting ultrasonic waves at its
angles of 0°, 37°, and 70°. Additionally, the capacity of steering the ultrasonic
bulk waves by changing its angle via frequency. This would overcome the

necessity to manually exchange the UT probes for ones of different angles.

Building on previous work with surface wave MLC EMATs [20], the
novelty of this work incorporated: the steering of angled shear waves
transmitted from an MLC EMAT,; a study on the physical design of the EMAT;
and the transmission of shear waves at multiple angles simultaneously.

Objectives of this study included:

e Design of a Finite Element Method (FEM) model of an MLC EMAT
generating ultrasonic waves within a metallic sample. Due to the
complexities of simulating the magnetostriction mechanism, these
samples would be made of aluminium (for reasons stated in Chapter 3).

e Analysis of the effects of steering on the MLC EMAT’s bulk wave
directivity and magnitude.

e Investigation into the performance of the MLC EMAT when transmitted

with a signal of multiple individual signals simultaneously.



1.3. Organisation of the Thesis

This thesis is structured into eight chapters. Listed below are the purposes of

each chapter followed by a brief summary of what each contains.

Chapter 1 serves as an introduction, providing the historical context that
motivated this work. The general aims and objectives of the study are also
stated, as well as the structure of the thesis and the novel contributions to

knowledge that were a direct result from this work.

Chapter 2 is devoted to the background theory of the relevant
knowledge. The chapter begins with an assessment of modern day NDT
methods, especially a detailed summary of UT. The topic of electromagnetism
is then explored to describe the interaction between the electric and magnetic
fields, providing a foundation to the EMAT’s method of wave transmission and
detection. A large proportion of this chapter is dedicated to the subject of
EMATs themselves, detailing their transduction methods, design
configurations, and electronic circuitry. This chapter closes with a scientific
literature review of the research that has gone into EMATs and concludes with

an overview of the major conclusions drawn from this chapter.

Chapter 3 explains the use of FEM via ‘COMSOL Multiphysics’. This
chapter details the model’s 2D structural geometry and physics interfaces that
enabled the models to simulate the operation of the EMAT. Included also are
parametric studies on the EMAT’s constituent magnet and coils, illustrating the
effect that each has on the EMAT’s overall performance. The chapter closes
with a description of the simulated EMAT model used for the majority of the

thesis.

Chapter 4 provides the results from both the simulated and experimental
testing. The chapter begins with a description of the experimental test setup
and its differences from the FEM model. The samples chosen for both testing
methods possessed geometries that would enable the EMAT’s beam directivity
to be graphed across a range of steering angles. Selected simulations were then
experimentally tested within the laboratory to validate their accuracy, and

those of the simulated results as a whole.
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Chapter 5 continues the work of Chapter 4, but with a focus on how the

EMAT’s beam directivity is affected by changes to the EMAT’s magnetic
configuration. These changes include: the number of magnets used; the width
of the magnet(s); and their orientation. This work was conducted primarily
through FEM modelling, however one of the alternate magnetic configurations

was selected for experimental validation.

Chapter 6 explores the effect that the coils played on the EMAT’s beam
directivity. Numerous parametric studies were conducted including: the shear
wave steering angles; the number of coils within the array; and the coil spacing.
These were carried out in order to push the steering limits set by the previous

two chapters.

Chapter 7 examines the EMAT’s capability to generate multi-angle shear
waves. These used the same simulation setup as the work in Chapters 4 and 5,
however the transmission signals through the coils was altered to produce
separate angled waves simultaneously. This chapter explores the permutation
of angles that could be steered, determined via Fast Fourier Transform (FFT),

and how their results could be filtered and used for real-world applications.

Chapter 8 ends the thesis with a discussion of the major conclusions
drawn, followed by a summary of the work presented, and the suggested

directions for future work to follow.

1.4. Contributions of the Thesis

Within the duration of this work, many unique and novel discoveries were made
in the area of MLC EMATSs for shear wave generation. The contributions of this

work include:

e Astudyonthe relationship between the theoretical steering angle of the
shear wave and: its actual reception angle; its magnitude; and its
coverage. This was achieved through the use of experimentally validated

simulated models.
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A proposed method of simulating an EMAT’s reception signal using

displacement data extracted from the simulations. This negated the
necessity for more complex modelling methods and provided a simple
solution to process results for a higher degree of accuracy.
Parametric studies on the effects that the EMAT’s magnetic field had on
the shear waves across steering angles. These include:

o The width of the magnet

o The number of magnets within a single EMAT

o The directions of magnetisation

o The configurations within pitch-catch setups
Parametric studies on the effects that the EMAT’s coil configuration had
on the shear waves across steering angles. These include:

o The number of coils within an array

o The coil spacing
Evaluation and development of a multi-angle steering MLC EMAT
utilising complex transmission signalling. This work utilises the previous
chapters to create a custom beam directivity with numerous maxima that

could prove capable of defect location.

1.5. Publications

Journal Papers:

1. S. Hurrell, P. Charlton, S. Mosey, O. Rees-Lloyd, R. Lewis. Study on the

steering capability of a meander-line coil EMAT. Insight, 65 (2), February
2023, pp 95-102. Awarded the John Grimwade medal at the 615" annual
BINDT conference September 2024.

Conference Papers:

1. S. Hurrell, P. Charlton, S. Mosey, O. Rees-Lloyd, R. Lewis. Study on the

Beam Directivity of a Steerable Meander-Line Coil EMAT. Presented at
BINDT Telford September 2022.
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2. S. Hurrell, P. Charlton, S. Mosey, O. Rees-Lloyd, R. Lewis. Multi-Angle

Steering of a Meander-Line Coil EMAT. Presented at BINDT Edinburgh
September 2025. Awarded the William Gardner award.
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Chapter 2 - Theory

2.1. Introduction

This chapter presents the background theory and basic principles of EMATS,
whilst simultaneously reviewing the historical literature on their operation and
development within real world applications. The chapter begins with a look into
various NDT techniques, before a more thorough investigation into the
technique of ultrasonic testing. Maxwell’s electromagnetic equations are later
discussed followed by an assessment of magnetic materials, as these topics
directly relate to the transmission and reception of EMATs. EMATs themselves
are reviewed in great detail, specifically their transduction methods,
configurations, and applications, highlighting their primary advantages and

limitations.

2.2. Methods of Non Destructive Testing (NDT)

NDT encompasses a wide variety of inspection methods, capable of measuring
defects at and beneath the surface of materials without creating long term
damaging effects. Different NDT techniques exist in order to detect and
examine different types of defects within a variety of materials. A limitation to
many of these methods are the types of material that can be tested. A thorough
cleaning of the test part or removal of painted coatings may be required to
access the area under inspection. Conversely, the area may need to be coated
in a coupling substance to adhere sensors to the component’s surface and
facilitate their inspection. In most cases however, these NDT methods are both

expensive and cumbersome to employ when inspecting large areas of material.

2.2.1. Penetrant Inspection (Pl)

Pl can be divided into a colouring method and a fluorescence method, but the
working principle is the same. The material to be examined must be cleaned of
contaminants, and a liquid penetrant is applied to seep into any surface-

breaking defects. The excess penetrant is then removed, and a powder-based
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developer applied to make the penetrant-filled defect visible. The colouring

method displays the penetrant-filled defects under visible light, whilst the
fluorescence method displays them under the irradiation of ultraviolet light

[21].

2.2.2. Magnetic Flux Leakage (MFL)

MFL uses magnetic phenomena to detect surface and near-surface defects
within ferromagnetic materials. The working principle is that when a
ferromagnetic material is magnetized, defects cause local distortion of the
magnetic flux resulting in magnetic flux leakages from these defects. Magnetic
sensors can detect this flux leakage, and be analysed to interpret the locations

and depth of the defect [22].

2.2.3. Acoustic Emission (AE)

AEs are the radiation of elastic waves travelling through a material. These are
emitted when the material experiences a sudden change to its structure (such
as cracking, impacting, or plastic deformation). The waves from these defects
propagate through the material as elastically deforming waves, which are
detected by piezoelectric transducers. Unlike NDT methods, AE is a Structural
Health Monitoring (SHM) method, whereby the equipment can be left on the
testing material to continuously monitor for lengthy periods of time. Multiple
sensors are used to triangulate the source of the wave via Time of Arrival (ToA)

[23].

2.2.4. Eddy Current Testing (ECT)

ECT deploys an electrical coil fed by an Alternating Current (AC) to induce
alternating electrical currents into an electrically conductive material. These
included currents are known as eddy currents, and the direction of their
magnetic field is such that it opposes the direction of the changing magnetic
field inducing them (according to Lenz’s law). ECT wuses its coil to
simultaneously induce and measure the eddy currents within the sample via
their electrical impedance. Any variations to the coil’s electrical resistance and

inductive reactance may suggest defects within the material’s structure. This
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method is limited to electrically conductive materials (primarily metallic

materials, graphite, and carbon fibre composites) [24]. Understanding their
electromagnetic principles was crucial to the topic of EMATs and are discussed

in greater detail later in Section 2.5.4.

2.3. Ultrasonic Testing (UT)

UT remains one of the most popular methods of NDT [25]. The working principle
behind this method involves high-frequency sound energy in the form of
ultrasonic waves transmitted from the surface of a material by a transducer.
These waves travel through the material and reflect off of any changes in
acoustic impedance that they encounter. These changes can be caused by
cracks, density changes, or the back surface of the opposite side of the
material. The times that the reflected waves arrive at a receiver are recorded

and graphed on a computer as an A-scan (amplitude against time).

Defect signals indicate the size, depth, and type of damage within the
material. UT can be applied to fields such as flaw detection, dimensional
measuring, and material characterization. It is common for this NDT method to
use a Pulse-Echo (PE) configuration, where a single transducer is used as
emitter and receiver, but it may also be performed via a Pitch-Catch (PC) setup,
where two transducers act as either emitter or receiver. An example of UT used

to detect a defect in a PE setup is seen in Figure 2.1.

r Y

Initial pulse
Back

surface

Crack echo echo

Probe

Plate

Figure 2.1: Ultrasonic Testing Operation Example [26]
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2.3.1. Advantages and Disadvantages of UT

As with all NDT methods, UT holds many strengths and weaknesses compared
to other methods. A list of the key advantages and disadvantages is shown in

Table 2.1.

Table 2.1. UT Advantages and Disadvantages

Advantages Disadvantages

Sensitive to surface/subsurface defects
Surface must be accessible

Used on a wide range of materials
Skill and training required
Best penetration depth for flaw detection
Couplant required

Only single-sided access needed
Complex dimensions are difficult to inspect

Highly accurate for determining flaw size (rough, irregular shape, small, thin, non-
and shape homogenous materials)
Minimal part preparation required Linear defects parallel to sound beam may

go undetected
Instantaneous results
Reference standards required
Detailed images produced

The ultrasonic wave velocity is determined by the elastic modulus of the
material it travels through. The frequency of the ultrasonic wave is set to
determine its wavelength within the material, shown in Equation 2.1. For a
defect to stand a reasonable chance of detection, the frequency chosen must
allow the wavelength to be no more than double the size of the defect. This
means that discontinuities smaller than this distance possess a lower chance of
being detected. The sensitivity therefore increases with frequency, however if
the frequency is too high then sound would tend to scatter from the coarse
grain structure and any small material imperfections. In these cases, lower

frequencies are required for these evaluations [25].

v=fx21 Equation 2.1

where v = wave velocity of a material (m/s); f= frequency of the wave

(Hz); 4 = wavelength (m).

In order to measure with ultrasonic waves at an angle, a wedge is

introduced between the piezoelectric probe and the material’s surface, shown
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in Figure 2.2. The shape of the wedge enables the wave to be refracted into the

material at a single fixed angle, allowing for flaws to be detected from side on.
Depending on the size of the material, the waves could reflect off of the
backwall to improve the detectability of flaws close to the surface.

Probe

Wedge

Beam Pathway

Material

Figure 2.2: Angled UT Probe Diagram

2.3.2. Ultrasonic Wave Modes

There are a myriad of NDT applications via UT and EMATSs, due to the various
ultrasonic wave modes that they can transmit. It is important to understand

these wave modes, how they propagate, and how they are used within NDT.

Within an infinite solid medium, mechanical waves propagate as a ‘bulk
wave’. These are comprised of two wave modes: compression (or longitudinal)
and shear (or transverse). Figure 2.3 shows an illustration of the wave

propagation for both wave modes.

a) Propagation
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Motion

b) Propagation e K -
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Figure 2.3: Bulk Wave Components, adapted from [27]. a) Shear Wave showing particle
motion perpendicular to wave propagation. b) Compression Wave showing particle motion
parallel to wave propagation.
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The particle motion for compression waves is orientated parallel to its

propagation direction. The particles push-and-pull adjacent particles through
elastic interconnection. The particle motion for shear waves is perpendicular
to the propagation direction. This wave mode can only propagate via particles
that are joined together in rigid materials. This means that while compression
waves can travel through solids, liquids, and gases due to the elasticity in these
states of matter, shear waves are constrained to solids only. The wave velocity

of both wave modes is described in Equation 2.2 and Equation 2.3.

v, = EQ-w Equation 2.2
p(L+p)(1—=2p)
E(1 -

Vg = ( ) Equation 2.3
201+

where ve = compression wave velocity (m/s); £ = Young’s modulus
(N/m2); u = Poisson’s ratio; p = material density (kg/m3); vs = shear wave

velocity (m/s); G = shear modulus (N/m?).

The value of the shear wave velocity compared to the compression wave
velocity is approximately 50% within the same medium. This means that the
wavelength of the shear waves is also approximately 50% that of the
compression waves (according to Equation 2.1). This makes shear waves more

sensitive to defects than compression waves.

Within a finite solid medium, boundary conditions are set through the
introduction of the material’s surface. The two bulk wave modes interact with
the material’s surface to form a Rayleigh wave, shown in Figure 2.4. For
Rayleigh waves, the particle motion is elliptical in an anticlockwise direction as
the wave travels from left-to-right. Due to the surface boundary condition,
Rayleigh waves are most concentrated within a depth of one wavelength and
can only propagate in two dimensions (unlike the three dimensions for bulk
waves). This subjects the Rayleigh waves to less attenuation than bulk waves
as distance increases in the same medium. Thus, Rayleigh waves are typically

used for flaw detection at the surface of materials over a larger distance [25].
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Figure 2.4: Rayleigh Wave [27]

When a second surface is introduced within a few wavelengths of the
first, the medium becomes a thin structure that fully constrains the wave within
it. The motion of both bulk waves impose on one another to form one of two
new wave modes: Symmetrical and Asymmetrical. These new wave modes are
known as Lamb waves, shown in Figure 2.5. Similar to Rayleigh waves, the
particle motion is elliptical in an anticlockwise direction near the material’s
surfaces. Due to the decreased volume that they are enclosed by Lamb waves
are capable of propagating over a far greater distance than Rayleigh waves, but
only within thin structures. Rayleigh and Lamb waves are known as ‘guided
waves’ due to their propagation within the materials parallel to its surface. This

makes them well suited to examining plates and pipes over long distances [25].

LAMB WAVES

Figure 2.5: Symmetric and Asymmetric Lamb Waves [27]
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2.3.3. Material Propagation

The further these ultrasonic waves travel from their original source the weaker
they become. This is called ‘attenuation’ and is due to the combined effects of
absorption and scattering. Absorption occurs when the wave energy is lost as
thermal energy from the vibrating the molecules of the material. Scattering is
the randomly directed reflection of wave energy from materials with a coarse-
grain structure. Less energy is scattered from a longer wavelength, therefore
low frequency compression waves are better suited to inspect these types of
materials. Attenuation is defined as the decay rate of the wave as it propagates

through the material, shown in Equation 2.4.

A=Aje ™ Equation 2.4
where A = amplitude of wave after travelling distance x (%); Ao = initial
amplitude (%); o= attenuation coefficient (1/m); x=distance travelled by wave

(m).

The energy lost from attenuation is relatively small compared to energy
lost through reflection from boundaries of different materials. As previously
mentioned, ultrasonic wave velocity is determined by the type of material
being tested. This is due to the acoustic impedance of the material, shown in
Equation 2.5. The boundary where two different materials meet (e.g. the
material’s surface in contact with air) causes a fraction of wave energy to be
reflected due to the differences in acoustic impedances or ‘impedance
mismatch’. The greater the impedance mismatch, the greater the percentage
of energy that will be reflected at the boundary or ‘reflection coefficient’,
shown in Equation 2.6. The remaining energy that is not reflected travels
through the boundary into the second material and is calculated by the

‘transmission coefficient’, shown in Equation 2.7.

Z=pXv Equation 2.5
Zy — Z1\* .

R = ( ) Equation 2.6

T=1—-R Equation 2.7

where Z = acoustic impedance (kg/m?s); R = reflection coefficient; 7 =

transmission coefficient.
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This explains why piezoelectric transduction necessitates the use of a

coupling medium, reducing the energy lost from the transfer of wave energy
from the transducer to the material’s surface. The difference in acoustic
impedances particularly impacts these waves when travelling through their
boundary at an angle. Due to the different acoustic velocities between
materials, a wave passing through the material’s boundary at an incident angle
is refracted at another angle. The angle of refraction is calculated using Snell’s

Law, shown in Equation 2.8.

sinf; sin6,

Equation 2.8
U1 V2

where 87 = angle of incidence (°); vz = wave velocity of material-1 (m/s);

6z = angle of refraction (°); vz = wave velocity of material-2 (m/s).

Snell’s law shows that the greater the ratio of acoustic impedance, the
greater the angle of refraction for a given incident angle. This law applies to
both compression and shear waves and is calculated from their respective

velocities.

At low angles of incidence for compression waves, some energy can
cause particle motion in the transverse direction. This generates shear waves
into the material, in addition to the refracted compression waves. This is called
‘mode conversion’ and can complicate the reading of ultrasonic waves due the
differing acoustic velocities. Snell’s law applies to these mode conversions, and
both the compression wave’s velocity and incident angle can be used to
calculate the angle of refraction for both compression and shear waves.
Equation 2.8 explains why shear waves are refracted less than compression
waves due to their reduced velocity, and Figure 2.6 illustrates this working

principle.

As the angle of incidence increases for compression waves, a greater
proportion of wave energy is mode converted to the shear waves. An angle of
incidence that refracts a compression wave at an angle of 90° into the material
is known as the ‘first critical angle’. Beyond this angle, all refracted wave
energy is mode converted to the shear waves. For angled UT inspection, shear

waves beyond the first critical angle are commonly used to avoid introducing
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compression waves into the material, simplifying the A-scan of the returning

waves.

Figure 2.6: Snell’s Law and Mode Conversion [28]

As the angle of incidence increases further, the refracted shear wave
would begin to lose energy to the surface wave. An angle of incidence that
refracts a shear wave at an angle of 90° into the material is known as the
‘second critical angle’. Beyond this angle, all wave energy is mode converted

to surface waves.

2.4. Electromagnetics

2.4.1. Maxwell’s Equations

Electromagnetic phenomena and forces are characterised and governed by
electromagnetic field equations known as ‘Maxwell’s equations’. They describe
how both magnetic and electric fields coexist and are generated. These

equations are shown in Equation 2.9-Equation 2.11 & Equation 2.13.

2.4.1.1. Gauss’ Laws

Gauss’ Law describes the relationship between an electrically charged particle
and its static electric field. A particle that holds an electric charge generates
an electric field, which becomes weaker the further from the particle you

observe. Written in the differential form, this is represented by Equation 2.9.
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While electric fields originate from electric monopoles, Gauss’ law for

magnetism states that magnetic monopoles do not exist. This is due to a
magnet’s north and south pole forming a dipole, in which a magnetic field can
be thought as wrapping around. Written in the differential form, this is

represented by Equation 2.10.

p

V.E="Y Equation 2.9
€o

V.B=0 Equation 2.10

where F.E = divergence of the electric field (V/m?); pr = volume charge
density (C/m3); €0 = permittivity of free space (F/m); V.B = divergence of the

magnetic flux density (T/m).

2.4.1.2. Faraday’s Law

Faraday’s law of induction describes how a spatially varying magnetic field
interacts with a time varying electric field and vice versa. The law states that a
current will be induced in a conductor when exposed to a changing magnetic
field. The induced current’s magnetic field will oppose the initial changing
magnetic field that created it (according to Lenz’s law of electromagnetic
induction). From Faraday’s experiment of moving a magnet towards and away
from a coil connected to a galvanometer, he concluded that whenever there is
relative motion between a conductor and a magnetic field, the magnetic flux
linkage (defined as the product of the coil’s inductance and the current flowing
through it) within the coil changes. This change in flux linkage induces an
Electro-Motive Force (EMF) across the coil. From this conclusion, two laws were

formulated:

Faraday’s 1% law: any change in the magnetic field of a coil will induce
an EMF. If the coil’s circuit is closed, the induced current will circulate. The
magnetic field may be changed by: moving a magnet to/from the coil; moving
the coil into or out of the magnetic field; changing the area of a coil in the

magnetic field; or rotating the coil relative to the magnet.

Faraday’s 2" law: the magnitude of an EMF equals the rate of change of
flux linkages in a coil. The induced EMF in the coil may be increased by:

increasing the number of turns; increasing the magnetic field strength; or
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increasing the speed of relative motion between the coil and the magnet. These

two laws combined in the differential form are represented by Equation 2.11.

VXE=—— Equation 2.11
At

where 7 x E = curl of the electric field (V/m?); 4B/At = rate of change of

magnetic flux density (T/s).

Modern day applications of Faraday’s laws include electrical generators,
induction cookers, and electromagnetic flow meters. The most well-known
application is the power transformer as it allows the generated magnetic flux
from a primary coil’s current to induce a current within the secondary coil while
the two coils share the same core. The transformer is crucial in electrical power
grids, as the two coils possessing a different number of turns allow for high

initial voltages to be lowered and later raised.

2.4.1.3. Ampere’s Law

The flow of electrons through a long straight wire generates a circular magnetic
field perpendicular to it in free space. The strength of the field is proportional
to the magnitude of the electric current density through the wire, shown in
Equation 2.12.

B='u—01 Equation 2.12
2nr
where uo = permeability of free space (H/m); /= current (A); r = radius

of circular magnetic field around a wire (m).

When current flows through two parallel wires, the magnetic fields
generated by both wires will interact and cause a force on each wire. The
direction of force on each wire is dependent on the direction of current flowing
through the parallel wires: like flow will attract the two wires; and opposite
flow will repel them. In addition to current flowing through a conductor, there
is the added movement of electrons contained within the atoms, known as
‘displacement current density’. This can happen when these atoms become
polarised by an externally applied electric field, known as ‘dielectric

polarisation’, however this value is usually negligible. These two different types
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of electric current in motion both induce magnetic fields and so may be written

together in the differential form, represented by Equation 2.13.

AE
VXB=;10<]Q+£0E) Equation 2.13

where V' x B = curl of the magnetic field (T/m); /e = electric current

density (A/m?); AE/At = rate of change of electric field (V/ms).

Equation 2.9-Equation 2.11 & Equation 2.13 show the generalised

maxwell’s equations. In matter, Equation 2.14-Equation 2.17 apply.

V.E = 4mpy, Equation 2.14
V.B=0 Equation 2.15

14B .
VXE=——— Equation 2.16

c At
VxXB 1(4 +AE) E tion 2.17
<« B == f— uation 2.
c e At a

where ¢ = speed of light (m/s).

2.4.2. Magnets

If a magnet broke in half, it would not separate into a north and a south pole
but instead would become two smaller magnets each with their own north and
south poles. Following this line of reason, a magnet could be broken down to
its individual atoms which would each still possess a magnetic field. The atom’s
electrons orbiting its nucleus create this magnetic field (according to Ampere’s
Law) and its field strength and orientation is known as the “‘magnetic moment’.
The overall magnetic field and net magnetic moment from the pairing of
electrons can result in a wide array of magnetic behaviours in materials,

adhering to Equation 2.18.

B = uH = pougH = uo(H + M) Equation 2.18
where B = magnetic flux density (T); A = magnetic field strength (A/m);
U = absolute permeability of the material (H/m); ur = relative permeability of

the material; M = magnetisation of the material.

The three most common magnetic behaviours within all materials are:
Diamagnetism; Paramagnetism; and Ferromagnetism. In diamagnetic materials,

all the electrons in the atoms are paired thus there is no net magnetic moment.
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When applied with an external magnetic field, the material is repelled due to

the external field inducing an opposite magnetic field within it. A trait of these
materials is that their magnetic permeability is less than that of the
permeability of a vacuum. Such materials include water, carbon, and

superconductors.

In paramagnetic materials, there are unpaired electrons, so all atoms
have incomplete atomic orbitals. The magnetic moment from these unpaired
electrons aligns with an external magnetic field, resulting in attraction between
the material and the external magnet. Only a small proportion of moments align
with the external field, and they cannot retain their magnetisation due to
thermal motion. A trait of these materials is that their magnetic permeability
is slightly greater than that of the permeability of a vacuum. Such materials

include aluminium, titanium, and copper.

In ferromagnetic materials, the spin of the unpaired electrons lines up
naturally without the need for an external magnetic field. These magnetic
dipoles group together and form magnetic domains that each contain their own
individual magnetic field, therefore ferromagnetic materials can be considered
as being made up of many small magnets. In an unmagnetized state, the
material is formed up of multiple domains in random orientations, weakening
or cancelling out a resultant magnetism. An external magnetic field aligns these
domains and once removed hard magnetic materials retain their magnetism
whilst soft magnetic materials do not. A common example of domain
realignment is turning a paper clip into a temporary magnet by rubbing it with
a magnet many times. A trait of these materials is that their magnetic
permeability is much greater than that of the permeability of a vacuum. Such

materials include iron, cobalt, and nickel.

For both diamagnetic and paramagnetic materials, the relative
permeability of the material remains constant. For ferromagnetic materials
however, the relationship between magnetic flux density and field strength is
non-linear. Figure 2.7 shows an example of this non-linear relationship in the

form of a hysteresis loop.
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Figure 2.7: B-H curve for a ferromagnetic material, adapted from [29]

The material begins in an unmagnetized state, until the external
magnetising field is applied and causes the material’s magnetic domains to
align with its direction. As this field strength increases, most of the domains
begin to irreversibly grow into alignment. The gradient of this section
(represented by the linear section of the dashed line in Figure 2.7) allows for
the absolute permeability of the material to be measured. The magnetic flux
density continues to increase and begins to plateau as almost all of the domains
rotate and align with the direction of the magnetic field. Further increase in
the applied field strength causes little increase in the flux density. At this point,
the material has reached magnetic saturation (represented by point ‘a’ in

Figure 2.7).

From the point of magnetic saturation, reduction of the external
magnetising field strength back to zero would not cause the material to become
demagnetised. The material instead retains a residual value of magnetic flux
density (also called remanence) due to the majority of the magnetic domains
maintaining alignment and not returning to their original orientation. This is
the material’s retentivity (represented by point ‘b’ in Figure 2.7). It must be
noted that any difference between the remanence and retentivity may be due

to the material not previously being magnetised to the saturation level. As the
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external magnetic field is further reduced (increasing in the opposite direction)

the material’s remanence reduces to zero. This is due to the reversed magnetic
field reorientating enough domains to cancel out the net magnetic flux within.
The value of external magnetic force required to remove the material’s residual
magnetic flux is known as its coercive force (represented by point ‘c’ in Figure
2.7). As the external magnetic field is reduced further, the material will become
magnetically saturated in the opposite direction (represented by point ‘d’ in
Figure 2.7). The values of both magnetic saturation points would be equal in
magnitude but opposite in direction, as would the retentivity and coercivity
points (represented by points ‘e’ and ‘f’ respectively in Figure 2.7) if the

external magnetic field were increased back to a positive maximum.

As ferromagnetic materials become magnetised, shape change occurs in
either its length or volume due to the magnetic domains aligning with
surrounding magnetic fields, shown in Figure 2.8. The source of the magnetic

field determines the type of magnetostriction that occurs.

e

Figure 2.8: Magnetostriction principle [30]

‘Spontaneous magnetostriction’ occurs when the material transitions
from a paramagnetic to a ferromagnetic material by being cooled through its
‘Curie temperature’. When heated above its Curie temperature, the material
loses its ferromagnetic properties due to the massive amount of thermal energy

randomly aligning the magnetic dipoles. As the material is cooled through this
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temperature point, the dipoles align into domains with their own magnetic field

This results in spontaneous magnetostriction of the domain, where the dipoles
generate their own magnetic field that aligns them. This type of
magnetostriction causes a change in volume for isotropic materials but not
shape. ‘Field-induced magnetostriction’ is when an external magnetic field is
applied to a ferromagnetic material below the Curie temperature. The magnetic
domains in the material align with the external field which causes shape change

via shear strains.

2.5. EMATs

EMATSs are a non-contact method of NDT, that uses a bias magnetic field and a
coil of wire to transmit ultrasonic waves into electrically conductive materials.
Their transduction method makes them capable of transmitting and receiving
a variety of wave modes (listed in Section 2.3.2) without the necessity of a
coupling medium. This enables them to be used in high-speed inspection, high-
temperature inspection, and applications that preclude the use of liquid

couplant.

2.5.1. Transduction Methods

EMATSs consist of a permanent magnet and a coil driven by an AC, that generate
static and dynamic magnetic fields respectively. Together they are capable of
generating ultrasonic waves into ferromagnetic and electrically conductive
materials by a combination of the transduction methods displayed in Equation

2.19: Lorentz forces, magnetisation forces, and magnetostriction forces.

F=F +Fy+Fuy Equation 2.19
where F = total force acting upon tested material (N); F2 = Lorentz force

(N); Fm = magnetisation force (N); Fmag = magnetostrictive force (N).

The primary transduction that the EMAT uses is dependent on the

material type being inspected.
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2.5.1.1. Lorentz Force

When an electric charge travels within a magnetic field there is a resultant
force. An electrically conductive material is composed of a lattice of positive
ions surrounded by a sea of negative electrons. When an electric field is
produced from the coil’s AC, a force is exerted on the material’s electrons
known as a ‘Coulomb force’. This force accelerates the electrons to an average
velocity, which then becomes subjected to Lorentz force due to their motion
while in the presence of a bias magnetic flux density. The combination of the
electric and magnetic forces acting upon the electrons is shown in Equation

2.20.

F, = —(ncev, x B;) — n.eE Equation 2.20
where ne = electron density (C/m?3); e = electron charge (C); ve = average

electron velocity (m/s); £ = electric field strength (V/m).

The speeding electrons collide with the material’s ion lattice and transfer
their momentum to the ions causing movement [31]. The force from the

electrons colliding with the ions is shown in Equation 2.21.

F; = N;Z;(E + v; X Bs) + n.eE Equation 2.21
where N; = ion density (C/m3); Zi = ion charge (C); vi = average ion

velocity (m/s).

The total force of the electrons colliding with the ions is approximately
equal to the Lorentz force acting on the electrons for two reasons: the Coulomb
force acting on both the ions and electrons are equal and opposite due to the
lack of overall electric charge (n.e = N;Z;) thus cancelling each other out; and
the velocity of the ions is so small (v; = 0) that the Lorentz force acting upon
them is negligible. Equation 2.20 and Equation 2.21 can therefore be combined
and reduced to Equation 2.22 which equates to the Lorentz force acting upon

the electrons.

F, = —n,ev, X By = J, X B Equation 2.22
When the AC-driven coil is placed adjacent to an electrically conductive
material, the coil’s changing magnetic field induces alternating eddy currents

in the material with their own magnetic fields. The eddy current’s electrons
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interact with the EMAT’s bias magnetic field to produce Lorentz forces in the

material which (due to the alternating eddy current densities) also alternates.
This alternating force generates ultrasonic waves in the material, whose
frequency is determined by the frequency of the AC. This Lorentz effect also
works in reverse, whereby the movement of charged particles within a
magnetic field produces an electric field, shown in Equation 2.23. The EMAT’s
wave reception works by this reciprocal Lorentz effect, as these dynamic
electric fields result in dynamic magnetic fields which induces dynamic electric
fields within the EMAT’s coil. This enables ultrasonic waves to be received by

EMATSs.

o
Ezd_?xgo Equation 2.23

where du/dt = rate of change of particle displacement (m/s).

2.5.1.2. Magnetisation Force

The magnetisation forces are those that act upon ferromagnetic materials only
due to a spatially varying magnetic field distribution [32]. This is determined
by the magnetic energy density of a magnetised sample within a magnetic field,
shown in Equation 2.24. The magnitude of the magnetisation force is relatively
small compared to the Lorentz force and is typically ignored in simulated
modelling [33]. If the bias magnetic field is tangential to the surface of a
ferromagnetic material, the magnetisation force is of similar magnitude to the
Lorentz force, but opposite in its direction, thus they cancel out [34]. If the
material being tested were solely electrically conductive, there would be no

magnetising force, and the total force would be generated by the Lorentz force.

Fy =-V.Uy =VH.ugM Equation 2.24

where Um = magnetic energy density.

2.5.1.3. Magnetostrictive Force

As previously mentioned, field-induced magnetostriction is a transduction
principle applicable only to ferromagnetic materials, important to the
generation of elastic waves. The static stress from the bias magnetostrictive

force superimposes on the dynamic stresses from the Lorentz forces. These



29
total into a dynamic force that causes dynamic stresses in the material, which

propagate as mechanical elastic waves through the material.

The degree of strain that the ferromagnetic material undergoes in the
presence of a bias magnetic field is dependent upon the material. The materials
are therefore distinguished by their magnetostrictive curves, shown in Figure
2.9(a). This shows the magnitude of the material’s magnetostrictive strain as a
result of the applied bias magnetic field. As with the Lorentz force transduction
method, magnetostrictive forces work in reverse. This is known as the ‘Villari
effect’ [35], and describes the change in a ferromagnetic material’s

magnetisation due to the application of stress.
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Figure 2.9: Static magnetostriction curve and abstolue values of magnetostriction constants
(36]

Without a large current through the coils, the bias magnetic field from
the magnet is assumed to be greater than the dynamic magnetic field from the
coils. The magnetostrictive strain can therefore be approximated locally as a
linear relationship between the magnetic field and stress, as shown in Equation
2.25. This is the most commonly used method of modelling the EMAT’s
magnetostrictive strain. The matrix of piezomagnetic strain coefficients for a

magnetic field directed vertically (in the y-axis) is shown in Equation 2.26.

& = &°H; + sfjoy, Equation 2.25
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-2 0 Equation 2.26

where [,/ =1-6 and j = x,y,z; & = magnetostrictive strain; A; = magnetic

field; o = stress; d;; = piezomagnetic strain coefficients.

dzz within Equation 2.26 describes the behaviour of the material when
the bias magnetic field is parallel to the dynamic magnetic field. This is the first
derivative of the static magnetostriction curve with respect to the magnetic
field and is represented by Equation 2.27. ds: describes the behaviour of the
material when the bias and dynamic magnetic fields are perpendicular to one
another. This value is directly proportional to the total magnetostrictive strain,

and Equation 2.28 shows this value as defined by Ogi and Hirao [37].

d,, = de E i 2.27

zz_dHy quation 2.
3¢

de1 =0 Equation 2.28

y

The absolute values of these two coefficients in relation to the bias
magnetic field is shown in Figure 2.9(b). The maximum magnitude of the
magnetostrictive force produced by the EMAT occurs at the maximum values
of these two coefficients. It is important therefore to consider the value of the

bias magnetic field with respect to the material’s magnetostricitve properties.

2.5.2. EMAT Configurations

The configuration of the EMAT’s magnetic field and coils allows the transducer
to excite different wave modes into the material. As previously mentioned, the
AC-driven coil induces eddy currents within electrically conductive materials.
When the induced eddy currents interact with the magnet’s bias magnetic field,
Lorentz forces are produced within the material which generates ultrasonic
waves. The most common EMAT configurations are divided into two categories:

normal-beam and angle-beam.
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2.5.2.1. Normal-Beam EMATSs

Normal-beam EMATs transmit bulk waves into the material, propagating
perpendicular to the surface they enters. Figure 2.10 shows one of the simplest
and most common configurations of the normal-beam EMATSs: the spiral-coil

EMAT (also known as a pancake-coil EMAT).
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Figure 2.10: Spiral-Coil EMAT, adapted from [38]

Figure 2.10(a) shows the spiral-coil EMAT from a worm’s-eye view, with
the circular coil of wire beneath the cylindrical magnet. Figure 2.10(b) shows
the spiral-coil EMAT from a landscape view, with the coil between the magnet
and the material’s surface. The direction of the AC driving the coil is denoted
by the black arrows in Figure 2.10(a) with their corresponding directions
denoted in Figure 2.10(b) (where the pink dotted circles indicate AC out of the
page and pink crossed circles indicate AC into the page). The eddy currents are
induced in the opposite direction to the coil’s AC and interact with the vertical
magnetic field (denoted by the green arrows in Figure 2.10(b)). Fleming’s left-
hand rule for electric motors can be used to work out the direction of the
Lorentz forces (denoted by the red arrows in Figure 2.10(b)). With the left
hand’s index finger, middle finger, and thumb at orthogonal axes, orientating
the index and middle fingers in alignment with the magnetic field and induced
eddy current respectively results in the thumb aligning with the Lorentz force.
These Lorentz forces generate radially polarised shear waves that propagate
normal to the surface of the material (denoted by the black arrow in Figure

2.10(b)).

Figure 2.11 shows a second normal-beam EMAT: the rectangular-coil

EMAT (also known as a racetrack-coil EMAT or elongated spiral-coil EMAT).



32

Magnetic field
direction

Lorentz force
' direction

Bulk wave
' direction

Figure 2.11: Rectangular-Coil EMAT, adapted from [38]

Figure 2.11(a) shows that the direction of AC through the rectangular-
coils is the same as that of the spiral-coils in Figure 2.10(a), however this
EMAT’s coil runs are straight rather than circular. Figure 2.11(b) shows that the
direction of the vertical bias magnetic field is not constant, but rather it
inverts. This results in the Lorentz forces aligning in the same direction, thus
generating linearly polarised shear waves that propagate normal to the
material’s surface. Figure 2.12 shows the final normal-beam EMAT: the
butterfly-coil EMAT (also known as a symmetrical-coil EMAT, double-spiral-coil

EMAT, or longitudinal wave EMAT).

' Magnetic field
direction
' Lorentz force
direction
' Bulk wave
direction

Figure 2.12: Butterfly-Coil EMAT, adapted from [38]

Figure 2.12(b) shows that the magnet for this EMAT is shaped similar to
a horseshoe magnet to provide a constant horizontal magnetic field, parallel to
the surface of the material. The single coil wraps around each of the magnet’s
poles, essentially forming two spiral-coils in opposing directions. This creates
a uniform direction of AC within the horizontal magnetic field, as show in Figure
2.12(a). The magnetic field and eddy current density (both parallel to the
material’s surface) produce vertical Lorentz forces, that generate compression
waves that propagate normal to the material’s surface. The ability to generate

compression waves allows this EMAT to inspect coarser grain structure
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materials better than the previous two shear wave EMATs. Due to its bias

magnetic field directed tangentially to the surface, this EMAT configuration is
not suitable to inspection of ferromagnetic materials (as explained in Section

2.5.1.2).

2.5.2.2. Angle-Beam EMATSs

Angle-beam EMATSs transmit bulk waves into the material, that propagate at an
angle to the surface they enter. A major advantage EMAT technology has over
other forms of UT is their unique capacity to excite Shear Horizontal (SH)
waves. Unlike conventional Shear Vertical (SV) waves whose particle motion is
perpendicular to the surface plane (in-plane), the particle motion of SH-waves
is parallel to the surface (out-of-plane). This is a guided wave mode typically
used for the NDT of surfaces or plates [39], and is not easily excited by
traditional UT sensors. Figure 2.13 shows the EMAT configuration that is widely

used for exciting SH-waves: the Periodic-Permanent-Magnet (PPM) EMAT.

(a)

Magnetic field
direction

Lorentz force
direction

Bulk wave
direction

Figure 2.13: PPM EMAT, adapted from [38]

Figure 2.13(a) shows the PPM EMAT’s array of permanent magnets that
provide alternating magnetic fields normal to the material’s surface. Looped
around this magnetic array is the coil, with straight runs carrying the AC in a
uniform direction, as shown in Figure 2.13(b). This combination produces
alternating Lorentz forces parallel to the material’s surface, which generates
the SH-waves into the material. The wavelength of the SH-waves is determined
by the spacing of the magnetic array’s alternate spacing (denoted in Figure
2.13(a) as 2d). The magnet’s spacing also determines the angle of propagation
for the SH-waves through the bulk material in both directions (denoted in

Figure 2.13(b) as 6), and their relationship is shown in Equation 2.29.
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1'7S .
Equation 2.29

2d @2dxf)

sinf =

where 8= propagation angle of shear waves (°); d=spacing between two

adjacent magnets (mm).

Figure 2.14 shows the final example of an angle-beam EMAT. This is one
of the most common angle-beam EMATs and the topic of this thesis: the

Meander-Line-Coil (MLC) EMAT.

(a)

Magnetic field
direction

Lorentz force
direction

Bulk wave
direction

L.E.EJ

Figure 2.14: MLC EMAT, adapted from [38]

Figure 2.14(a) shows the serpentine design of the coil, with straight runs
underneath the magnet. Figure 2.14(b) shows that the magnet produces a
normal magnetic field, which interacts with the alternating eddy currents from
the MLC’s alternating directions to produce periodic alternating Lorentz forces
parallel to the material’s surface. This operation is similar to the PPM EMAT,
as both the SV-wave’s wavelength and angle of transmission are dependent on
the coil spacing (denoted in Figure 2.14(a) as 2d)) and the frequency of the AC.
This EMAT configuration is also capable of transmitting compression waves,
and their angle is also calculated using Equation 2.29 by substituting the
material’s shear wave velocity with compression wave velocity. At low
frequencies, the MLC EMAT is able to transmit Rayleigh waves across the
material’s surface, with a wavelength equal to double the spacing of the MLC’s
runs. This EMAT is also capable of transmitting guided Lamb waves on thinly

plated samples.

2.5.3. EMAT Advantages and Disadvantages

Compared to conventional UT methods, EMATs have a number of advantages
and limitations. A list of the EMAT’s advantages and disadvantages is shown in

Table 2.2 and are explained in greater detail in this section.
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Table 2.2: EMAT Advantages and Disadvantages

Advantages Disadvantages

Non-contact wave transduction [40]

Wave mode variety [36] Low transduction efficiency [42]
Does not require a coupling medium Material dependent
Unaffected by rough/coated surfaces Physical size limitations

Variance in surface lift-off [41]

Due to the EMAT’s ability to transmit and receive ultrasonic waves via
its electromagnetic transduction methods, they do not require to be in direct
contact with the material. This allows EMATs to operate on surfaces that may
not only be difficult to reach but also impossible or undesirable to do so (e.g.
materials that are heated to extreme temperatures or within irradiated
locations [43]). The ability to scan without contact also eliminates the need for
any liquid couplant between the transducer and material, simplifying its
deployment. This means that no surface preparation is be required before
scanning, as EMATs are less sensitive to surface conditions (e.g. dirt, oxides,
oils, or paint). EMATs also negate the necessity to clean the material of

couplant or debris post-scanning.

As previously mentioned, the EMAT configuration determines the wave
mode that is transmitted and includes both bulk waves and guided waves
(Rayleigh, Lamb, and SH-wave). The bulk waves can be transmitted normal to
the surface or at an angle without requiring a wedge or any intermediary
boundaries. SH-wave generation cannot be easily done with traditional NDT
methods and has been proven to be superior to bulk waves in certain

applications [44].

EMATs do however have limitations, the primary disadvantage being
their low transduction efficiency. This efficiency decays exponentially as the
lift-off distance between the EMAT’s face-plate and the material’s surface
increases. Reasonable lift-off for EMAT operation is generally limited to O-
3mm. Huang et al [42] have documented an EMAT PC setup to work with both

transducers at a lift-off of 2mm, and that increases in lift-off affected the
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transmitter more than the receiver. This transduction efficiency and

subsequent Signal-to-Noise Ratio (SNR) is hindered further by its frequency and

application.

EMATs are Ilimited to operating on electrically conductive and
ferromagnetic materials due to the EMAT’s transduction method typically
consisting of Lorentz and magnetostrictive forces. This excludes other
materials that UT is capable of inspecting (e.g. plastics, ceramics, and
composites). Specialised training is required operate the EMAT, particularly if
it is in a PE setup (rather than a PC setup). Angle-beam EMATs at low angles
transmit multiple wave modes with a single pulse (as with UT). This can
complicate the reception A-scan with multiple overlapping signals,
complicating result interpretation. The EMAT’s design can also make difficult
to handle, as they are typically larger compared to other NDT transducers.
Additionally, their strong magnetic fields can make their handling near

ferromagnetic materials troublesome and potentially hazardous [45].

2.5.4. Electrical Circuits

The EMAT’s poor transduction efficiency puts a greater emphasis on its
electronic components and circuitry to maximise its efficiency [40]. The EMAT's
coils must be driven by high-power pulsers to increase the eddy currents
densities that they induce. For maximum efficiency, the EMAT’s Resistance-

Inductance-Capacitance (RLC) circuit must be analysed.

2.5.4.1. RLC Circuits

EMAT circuits can be considered to be composed of three primary components:
resistors; inductors; and capacitors, as shown in Figure 2.15. The values of
these three components are dependent on the EMAT’s AC frequency and the
material that it is operating on. When AC flows through each of these
components: resistors dissipate energy; inductors store in energy in a magnetic
field; and capacitors store energy in an electric field. These storages of energy
convert back into electrical current once the polarity of the AC reverses. While

voltage and current are in phase across the resistor (as with a Direct Current
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(DC) circuit), the voltage across the inductor and capacitor causes the voltage

to become out of phase with the current.

Ly Rp

Figure 2.15: EMAT Circuit Diagram [20]

Ohm’s law can be applied to the inductor and capacitor within this AC
circuit, however these give a different type of resistance called ‘reactance’.
Reactance is the opposition to a change of current or voltage due to inductance
or capacitance. In a purely inductive circuit (no capacitive reactance), the
voltage leads current by a phase of 90°. Conversely, the voltage lags behind
current by a phase of 90° in a purely capacitive circuit. The combined effects
of resistance and reactance opposing the AC is called ‘impedance’ and is a
vector quantity expressed in terms of amplitude and phase. The RLC circuit’s
impedance is determined by the values of its constituent components
(according to Equation 2.30) and affects its voltage output (according to

Equation 2.31).

Z =+R?>+ (X, — X)? Equation 2.30

2:7 Equation 2.31

where Z = Impedance (Q); R = Resistance (Q); X. = inductive reactance

(Q); Xc = capacitive reactance (Q); V= Voltage (V).

To maximise its power output (increasing its transduction efficiency) the
EMAT’s RLC circuit must have its inductive and capacitive reactances matched
to equate the circuit’s impedance to its resistance. The precise RLC circuit
design varies depending on the EMAT’s coil configuration and application,
however both reactances are dependent on the frequency of the AC, as shown

in Equation 2.32 and Equation 2.33. The frequency at which the inductive and
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capacitive reactances equate is known as the ‘resonant frequency’, and can be

calculated by combining Equation 2.32 and Equation 2.33 into Equation 2.34.

X, = 2nfL Equation 2.32
Xe = ! E ti 2.33
¢ = 2nfC quation 2.

f, ! Equation 2.34
=— quation 2.

" 2myIC

where fres = resonant frequency (Hz); L =inductance (H); C= capacitance

(F).

Given that the frequency of the transmitted waves are dependent on the
frequency of the AC, the RLC circuit must be designed to have its resonant
frequency equal to the desired frequency of the wave. As discussed later in
Section 4.2, the inductance of the EMAT circuit at a given frequency was
measured using an impedance analyser. This enabled capacitors to be applied

in parallel to the EMAT, improving its transduction efficiency.

2.5.4.2. Skin Depth

The Lorentz force transduction is reliant on the distribution and magnitude of
the induced eddy currents. Eddy currents however are not evenly distributed
throughout the material but are concentrated at the surface of the material.
Their density decreases exponentially as distance from the surface increases.
This phenomenon is known as the ‘skin effect’ and is measured using the
Standard Depth of Penetration (SDP), shown in Equation 2.35. The SDP is
defined as the depth at which the eddy current intensity is 1/e (approximately
37%) that of the surface intensity. The SDP is proportional to the power of the
density decrease: at a depth of 3SDP, the eddy current density decreases to
1/e3 its surface value (approximately 5%). The only variable an operator can
control to change the SDP is the frequency of the AC, as the remaining variables

in Equation 2.35 are material properties.

1

Equation 2.35
VTfuo,

where & = SDP (mm); oe = electrical conductivity of the material (S).

5=
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2.6. EMATs in Literature

EMATs have been to topic of research over many years, due to their advantage
of non-contact transmission and reception of ultrasonic waves. Much work has
gone into optimising their design and studying their effects within given

applications.

Given the MLC EMAT’s bidirectional wave transmission (as shown in
Figure 2.14(b)) the task of achieving unidirectional wave transmission has been
undertaken. Wang et al [46] used two MLCs within a single array, offset by half
a coil spacing and driven by two separate high-power signals out of phase by
90°. This was capable of transmitting both shear and Rayleigh waves in a single
direction at approximately twice the amplitude, agreeing well with
corresponding modelling results. This study also compared the performance of
line-focused coils compared to unfocused and found that the unidirectional
focused coil had a better performance than unfocused. Li et al [47] applied the
same methodology to detect slot defects at the base of a rail track (at a height
of 176mm). The defect response for the unidirectional EMAT was likewise
found to be approximately twice that of the bidirectional EMAT and made
approximately 7-10% stronger by line-focusing. Rather than organising two
separate MLCs in a single array, Shi et al [48] used two regular MLC arrays to
increase the SNR in a PE setup. It was found that the greatest SNR was achieved
by positioning the receiver MLC above the transmitter MLC and horizontally

offset by half a coil spacing.

The use of unidirectional EMATSs is not limited to the MLC configuration.
Kubrusly, Kang, and Dixon [49] investigated the design of PPM EMATs that
would generate SH-waves in a single direction. As with the MLC EMAT, the
arrangement of magnets was stacked at an offset distance equal to half the
magnet spacing. Coupled with a second linear-coil driven by a high-power
pulser out of phase by 90°, SH-waves were transmitted unidirectionally across
the surface of an aluminium plate. A similar study by Sun et al [50] also looked
at a unidirectional PPM EMAT, however its design used arcing magnets to focus

the SH-waves to a single point. This study differed by angling it’s bias magnetic
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field relative to a single coil, which increased the SH-waves in one direction

while suppressing it in the other.

Further development on point-focusing PPM EMATs was documented by
Sun et al [51], whereby parametric studies looked at increasing its SNR as a
receiver EMAT. The work concluded that the two biggest influences on signal
intensity were the lift-off of the coils and the number of magnets in the array.
Studies that have looked into the optimisation of EMATs by parametric study
of their components have been conducted for other configurations. Sun et al
[52] investigated optimising a point-focusing spiral-coil EMAT, whose 2D
axisymmetric model was akin to that of an MLC EMAT. Five parameters were
selected to investigate the EMAT’s, and it was found that the lift-off had the

greatest effect on signal intensity.

The correlation of SNR with lift-off is a recurring conclusion [40, 51, 52],
with studies such as that by Ding et al [55] agreeing that the EMAT’s lift-off
should be kept below 3mm for sufficient SNR. There are situations however
where this limit must be overcome. Petcher, Potter, and Dixon [56] investigated
transmitting Rayleigh waves across a steel rail while at high speeds, with
variations in the rail’s surface that could damage the EMAT. It was found that
the lift-off of the magnet alone could be increased to over 10mm from the
surface, with the coil (protected by a titanium wear plate) skimming across the
rail’s surface. The EMAT’s transduction efficiency is affected more by the coil’s
lift-off than the magnet’s, leading to optimisation of the coil array. Wu et al
[57] performed parametric studies on a spiral-coil EMAT’s design, and was
capable to increase the transduction efficiency by 22.5% on aluminium by
exchanging the coil’s circular Cross-Sectional Area (CSA) for a square. Further
improvements could be made by: decreasing the CSA; decreasing the driving
frequency; decreasing the coil spacing; and by increasing the current within the

coils.

Beyond the two primary components of the magnet and coil, further
improvements have been made to the EMAT’s physical design. Lan et al [58]
also investigated the optimisation of an EMAT via parametric studies, however

an Fe-based 1K107 nanocrystalline ribbon was also applied to the upper surface



41
of the MLC to increase the eddy current density it induced into a metal plate.

The optimised design increased the surface wave amplitude by a Scale Factor
(SF) of ~4.51, and the application of 0.6mm of 1K107 ribbon increased it further
by ~1.35. Iron-based film has been used as a means of increasing an EMAT’s
transduction efficiency in other studies. Dhayalan et al [59] investigated the
application of a soft iron-based alloy beneath the magnet to increase the
magnetic flux density. The use of this magnetic flux concentrator increased the

amplitude ratio of a Rayleigh wave EMAT PC setup by a SF of ~¥2.15 over 100mm.

A large proportion of studies on EMATs in a PC setup have involved the
Rayleigh wave mode, however their shear wave transduction has also been
greatly explored. Xiang and Edwards [60] used racetrack coils with a normal
magnetic field to reflect oblique shear waves off of the backwall of a 60mm
thick aluminium sample, to be registered by a receiver EMAT. It was discovered
via a parametric study of the operating frequency that the shear waves
generated had the greatest magnitude at an angle of 30-40°. This helped to
inform the separation distance between the two EMATSs for the given material.
Jie et al [17] also varied the frequency of an EMAT for the purposes of exploring
the effect that this had on the shear wave directivity and amplitude. Its
frequency was changed over a number of coil spacings to detect fatigue
cracking in a wind turbine’s main shaft. Using the larger coil spacing of 1.6mm,
a maximum amplitude was achieved at an angle of approximately 45°, however
this could be deflected up to 60°. The error in sizing and locating the defect
could be reduced by changing the angle and position of the transmitted beam

for the same line-focused coil.

Within the context of rail track inspection, Dixon, Edwards, and Jian [61]
employed an EMAT system to identify crack defects within the surfaces of rail
track head. Two EMATs in a PC setup were set apart on either end of a rail track
with a corner transverse crack between them. An FFT of the received Rayleigh
wave signal showed that a higher proportion of the lower frequencies
propagated underneath the cracks. Small variations in the Rayleigh wave’s
velocity were also recorded from around the rail head, indicating asymmetry
and thus changes in both microstructure and stress. Further research with this

EMAT setup found a correlation between drops in amplitude over regions of



42
the rail’s head with longitudinal cracks [62]. Li et al [63] used a spiral-coil EMAT

to inspect subsurface cracking of rail track. An increase in frequency decreased
the beam divergence in the EMAT’s normal shear waves and was experimentally
proven to reach a limit at over 3MHz. This narrowing of beam divergence

increased the SNR of the crack’s signal.

Yi et al [64] proposed the use an array of EMATSs to inspect rail track: one
spiral-coil EMAT to detect longitudinal cracks in the rail web or base; one 37°
MLC EMAT to detect transverse cracks around the rail’s bolt hole and its base;
two 60° MLC EMATSs oriented either parallel or perpendicular to the direction
of rail track to detect transverse cracks and longitudinal cracks respectively
within the rail head; and one unidirectional 90° MLC EMAT to detect transverse
cracks at the rail head’s surface. While the overall system could only be
simulated, experimental testing with the spiral-coil EMAT was performed to
locate the depths of the rail’s bolt hole and base. These echoes were detected
after signal averaging and could be measured after cross-correlation algorithm

signal processing.

2.7. Summary

This chapter has explored the operating principle of EMATSs, specifically the
means by which they transmit and receive ultrasonic waves, and how their
design influences the wave modes transmitted. Their place within both NDT
and research has also been discussed, specifying their advantages and

limitations, and their advances within academic literature.
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Chapter 3 - Finite Element Method (FEM)

The purpose of this chapter is to detail the simulated FEM models that were
used throughout the study, specifically regarding: their structural and physics-
based design; the data that was exported; and the conclusions that were drawn

from them.

3.1. Introduction

FEM is a mathematical modelling tool that builds complex and dynamic systems
on a computer, in order to calculate approximate solutions for a given
application [65, 66]. These solutions are calculated by the governing equations
dictated by the given time or space dependent problems. In the case of EMATSs,
these governing equations relate to electromagnetism and solid mechanics.
The models are composed of elemental shapes (usually triangular or
rectangular for 2D models) with node points at each of these element vertices.
The accuracy of the model is improved by increasing the total number of
elements in the areas of interest, albeit at the cost of a larger computational
load and thus longer runtime. Via FEM modelling, time and money can be saved
as entire structures can be recreated, easily modified, and calculated for the
specific outputs, negating the necessity for full experimental testing and user

deployment.

In this context of this work: the system would be of an EMAT transmitting
ultrasonic waves within an aluminium sample, thus the applications would
include electromagnetic induction and ultrasonic wave propagation. The 2D
simulations would allow both the electromagnetic features (magnetic field
lines and eddy current densities) and ultrasonic waves to be visualised within
the aluminium, and values of displacement to be extracted from the surfaces

of the samples. Aluminium was chosen as the sample’s material given that:

1. As a non-ferromagnetic material, the only transduction method
would be Lorentz forces, simplifying the ultrasonic wave generation.

Previous studies have detailed the complexities that arise from
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modelling the EMAT’s magnetostriction transduction, due to their

combination of hysteresis effects and changing magnetostriction
curves with applied or residual stresses in the material [33, 67].

2. Aluminium and other non-ferromagnetic materials are commonly
used in industry and routinely in need of evaluation via NDT.

3. Many scientific papers on the topic of EMATs test on aluminium,

allowing their conclusions to be used as comparisons to this work.

‘COMSOL Multiphysics’ is an FEM analysis software widely accepted by
academic establishments for constructing accurate scientific models and has
been shown to operate accurately in a myriad of scientific papers [68, 69, 70].
COMSOL is also capable of coupling the EMAT’s governing equations together
and solving them automatically. Since the EMAT’s operation hinges on the
interaction between its bias magnetic field and induced eddy current densities,
it was important to analyse these two components separately before
assembling them into a single EMAT model. The physical dimensions for these

components were measured from a real-world experimental MLC EMAT.

3.2. Governing Equations

The two physics interfaces for the EMAT model include electromagnetics and
ultrasonic wave propagation. Each of these interfaces are governed by a
different set of equations, thus the two COMSOL package required were: the

AC/DC module; and the Structural Mechanics module [71].

The AC/DC module is capable of solving the electromagnetic
governing equations, derived from Maxwell’s equations (Equation 2.9-Equation
2.11 & Equation 2.13). These governing equations describe the behaviour of
the electromagnetic fields based upon the model’s chosen physics interface. A
quasi-static approximation is applied to Ampere’s law (Equation 2.13) to
neglect the lagging of induced fields, reducing it to Equation 3.1. The Helmholtz
decomposition theorem can be applied to certain differentiable vector fields
to re-express them to the sum of irrotational and solenoidal vector fields. This

allows for both the magnetic and electric fields to be rewritten in terms of a
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scalar potential and a vector potential, defined in Equation 3.2 and Equation

3.3 respectively.

VX B =uyl. Equation 3.1
B=VxA Equation 3.2
dA .
E=-VV—— Equation 3.3
dt

where A = magnetic vector potential; V= scalar potential.

Using Equation 3.1-Equation 3.3 with Equation 2.18, the simulated model
defines Ampere’s law as Equation 3.4, and Equation 3.5 represents the

divergence of this law.

dA VXA .
]e=6—+VX< —M)—va(VxA)+aVv Equation 3.4
dt Ko
dA i
V.(—JE+avx(VxA)—aVv+]e>=0 Equation 3.5

Equation 3.4 and Equation 3.5 act as simultaneous equations to solve for
A and /e, from which all other electromagnetic values are derived. For time-
dependent magnetic simulations, COMSOL’s default value for the scalar

potential is equal to zero, allowing A and /e to be solved via FEM.

The structural mechanics module is capable of solving the ultrasonic
wave propagation. This governing equation is represented by Equation 3.6, and
is directly solved by FEM. Via FEM, all other quantities in this module can be
derived.

d*u

pF=FV—V.a Equation 3.6

where F, = Force per unit volume (N/m?3).

3.3. Magnet Model

The MLC EMAT used a neodymium magnet (NdFeB) graded at N42, and its
corresponding physical and magnetic properties is stated in Table 3.1. The
magnet was coated with three layers of: nickel; copper; and nickel, for a

smooth surface finish and to improve resistance to corrosion. The magnetic
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face was positioned tangentially to the tested material’s surface (as seen in

Figure 2.14(b)) to provide the EMAT its vertical bias magnetic field.

Table 3.1: N42 NdFeB Magnet Properties [72]

Property Value
Magnetic Dimensions (W x H x D) 20mm x 20mm x 40mm
Remanence 1.317
Coercive Force > 915kA/m
Max. Operating Temperature 80°C

The aluminium sample was designed to be semicircular (for reasons
explained in Section 3.5). This sample was 100mm in radius, with the magnet
positioned at the centre of the surface, as shown in Figure 3.1. The lift-off
between the bottom of the magnet and the sample’s surface was varied in
order to perform parametric studies of the effects that lift-off had on the
aluminium. The entire model was surrounded by a boundary of air, with 20mm
layers at the end in which artificial infinite element domains were constructed.
These infinite element domains were necessary, as they provided a magnetic
insulation boundary at an acceptable distance away from the magnet, so as to

not interfere with the results.
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Figure 3.1: COMSOL 2D Model of N42 Magnet over Aluminium
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From COMSOL’s material library: ‘N42 (Sintered NdFeB)’ was used for the

magnet; standard aluminium (oe = 37.74MS/m) was used for the sample; and
air was used for its respective parts within the model. From the AC/DC module,
the ‘Magnetic Fields (mf)’ physics interface was used to define the magnet’s
magnetisation model as ‘remanent flux density’, and the direction of
magnetisation for the MLC EMAT was positive in the vertical. A free triangular
mesh was used for the finite domains of the model, with a maximum element
size of 0.1mm for both the magnet and the aluminium. The relevant distribution
and mapped meshes were used for the infinite domains. Since the bias
magnetic field was the only variable simulated, the model required only a

stationary study step to compute its effects within the aluminium.

A parametric study was performed to observe how the magnet’s lift-off
affected the magnetic flux density at the aluminium’s surface. Figure 3.2 shows
COMSOL’s 2D plot of the magnetic field within the sample, and Figure 3.3 shows
both the components and magnitude of magnetic flux density across the
aluminium’s surface for a lift-off of Omm.

Surface: Magnetic flux density norm (T).
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Figure 3.2: Colour-plot of Magnet-1

Figure 3.3 shows that the magnetic flux density concentrates at the
edges of the magnet. The orientation of the magnetic field was calculated from
the two components of magnetic flux density using Equation 3.7, where: 0°
points vertically down; +180° points vertically up; -90° points horizontally to

the left; and +90° points horizontally to the right.
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Figure 3.3: Graph of Magnetic Flux Density across the Aluminium Sample’s Surface at Omm
lift-off
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where @z = angular orientation of magnetic flux density (°); Bx = x-

component of magnetic flux density (T); By = y-component of magnetic flux (T).

Figure 3.4 shows the orientation of the magnetic field across the surface
of the aluminium, based upon the results shown in Figure 3.3. From the corners
of the magnet at +10mm, the vertical component of magnetic flux density
inverts from positive (upwards) directly beneath the magnet to negative
(downwards) outside of the magnet. Since the induced eddy current densities
from the coil retain their alternating direction, this inversion of the magnetic
flux density also inverts the alternating orientation of the Lorentz forces that

were beyond the corners of the magnet.

Figure 3.5 and Figure 3.6 show that the maximum value of magnetic flux
density at the surface of the sample decreases as lift-off increases, due to the
lines of magnetic flux spreading over a larger area. The data also shows that
the position of maximum magnetic flux density on the sample’s surface shifts
from beneath the edge of the magnet to beneath the centre as lift-off

increased.
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Figure 3.5: Graph of Magnetic Flux Magnitude across Aluminium Sample’s Surface for

increasing lift-off
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Due to their low transduction efficiency, much work has gone into

optimising the performance of EMATs by altering their structural design [49,
50, 70]. Jia, Ouyang, and Zhang [74] improved the performance of a spiral-coil
EMAT by exchanging its cylindrical magnet for an annular magnet around a
smaller cylindrical magnet. Using the same spiral-coil, this new magnetic

configuration increased the EMAT’s SNR from 4.08dB to 13.96dB.

A second parametric study was therefore performed on different
magnetic configurations. This was done to investigate the effect that this had
on the magnetic flux density at the surface of the aluminium, and whether an
alternative magnetic configuration could be used to optimise the MLC EMAT’s
transduction efficiency (explored in Chapter 5). Alternate configurations
included changing the width of the magnet and/or stacking multiple magnets
together in alternating polarity (akin to a PPM EMAT). The limits imposed to

the number of magnetic configurations simulated included:

1. The magnets must remain N42-NdFeB block magnets with vertically
directed magnetic fields.

2. The magnets must fit into the experimental MLC EMAT’s casing (40mm x
40mm x 20mm) giving a total width of 40mm and a total height of 20mm.

3. The magnets must be able to be bought from commercial suppliers.

These requirements limited the magnets used to three different widths:
20mm; 40mm; and 10mm. The magnetic configurations simulated are listed in
Table 3.2, and Figure 3.7-Figure 3.13 show the magnetic fields of the alternate
configurations. Table 3.2 also includes the number of peaks in magnetic flux
density across the surface at 1mm lift-off, and how many of those peaks fell
within the width of the coil array (stated later in Section 3.4 to be equal to
28.5mm). These number of peaks tends to be equal to the number of magnets
used plus one. This was due to the large concentrations of magnetic flux density
at the corners of each magnetic configuration. It is desirable to have these peak
values within the width of the coil array to increase the EMAT’s transduction

efficiency (according to Equation 2.22).



Table 3.2: Vertical Magnetic Configuration Design
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Number of Peaks Number of Peaks
Magnet . . . . .
Number Magnetic Configuration across Surface at within Coil Array
1mm Lift-off at Imm Lift-off
1 20mm 2 2
2 40mm 2 0
3 20mm-20mm 3 1
4 10mm-20mm-10mm 2 2
5 10mm 2 2
6 10mm-10mm 1 1
7 10mm-10mm-10mm 4 2
8 10mm-10mm-10mm-10mm 5 3
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Surface: Magnetic flux density norm (T)
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Figure 3.12: Colour-plot of Magnet-7
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Figure 3.13: Colour-plot of Magnet-8

Figure 3.14 and Figure 3.15 show the magnitudes and positions
respectively of maximum magnetic flux density across the aluminium’s surface
for these magnetic configurations. Figure 3.14 shows that the magnetic
configurations with the largest magnetic flux density were those with two or
more magnets in its configuration, with Magnet-3 as the greatest. These values
of magnetic flux density originate from beneath the positions where the
vertical polarity of the magnetic field inverts (at the corners of the magnets).
Magnets 1, 2, & 5 by comparison possess lower magnetic flux densities from
beneath the corners of their single magnets, however they decay more steadily

as lift-off increases.



54

5 Maximum Magnetic Flux Density across Surface

Maximum Magnetic Flux Density (T)

0.5

H il H
0.01 0.1 1 10 100
Lift-off (mm)

Figure 3.14: Graph of Maximum Magnetic Flux Density at Surface of Aluminium Sample for
Magnetic Configurations
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Figure 3.15 shows that as lift-off increases, the position of maximum
magnetic flux tends to move from the corners of magnets to the centre of the
overall magnetic configuration. This is due to the y-component of magnetic flux
density at the centre of the configuration becoming proportionally greater than
the x-component at a given point, as shown in Figure 3.5. This trend is certainly
true for Magnets 1, 2, 4, & 5, while Magnets 3 & 6 keep a constant position at
Omm due to having two magnets of equal width concentrating the magnetic
flux density at the centre of the surface. For Magnets 7 & 8 however, the
position of maximum flux density moves away from the inner magnet’s corners
where the polarity reverses and closer to the edges of the overall magnetic

configuration.
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3.4. Coils Model

The experimental MLC consisted of six turns of a printed copper coil track
within a 25/25/0 plastic coverlay, shown in Figure 3.16. Each turn consisted of
two coil runs, the spacing interval between each run was 2.5mm, and each run
was made up of three strands to spread the induced eddy current density across
the surface more evenly. Figure 3.16 is annotated with the coil numbers for
each run, as well as to highlight the overall width and depth of the coil array.

Figure 3.17 shows the simulated dimensions of the coil’s CSA for a single turn.
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Figure 3.16: Experimental MLC design
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Figure 3.17: Simulated Design of MLC at Omm Lift-off

The design of the coil model mostly followed that of the magnetic model,
however there were a few key differences. The thickness of the plastic coverlay
added an additional 0.125mm to any lift-off applied, so for an MLC lift-off of
Omm (shown in Figure 3.17) the actual lift-off is 0.125mm. The centre of this
coil array (between coils 6 & 7) was positioned at the centre of the aluminium’s
surface. Standard copper from COMSOL’s material library (ge = 59.98MS/m)
was used for the coils, however the plastic coverlay was omitted as it had no
effect on the electromagnetic properties. The coil domain within the ‘Magnetic
Fields (mf)’ physics interface defined the coil’s meandering direction of current
flow, with a maximum current amplitude of 6A. This value was chosen to

emulate the maximum current of the experimental EMAT’s transmission signal.
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Due to the direction of AC, z-components of eddy current density were

extracted from the aluminium.

The same parametric study on the effects of lift-off were performed on
the MLC, to recording the induced eddy current density at the aluminium’s
surface. A second parametric study on the frequency of the AC through the
coils was also conducted, as this was how the shear waves would be steered
(according to Equation 2.29). This model therefore required a frequency study

step, replacing the stationary study step used for the magnet’s model.
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Figure 3.18: Frequency across Steering Angles

Figure 3.18 shows the values of frequency calculated for steering angles
of 15-90°. The frequency range of 0.6240-2.4110MHz has an SDP range of
0.1037-0.0528mm respectively within the aluminium’s surface, according to
Equation 2.35. Values of eddy current density required extraction at 0.01mm
increments to allow for at least five nodes per skin depth for all steering angles,
necessitating a maximum mesh size of 0.01mm. As it was impractical to achieve
this mesh across the entire aluminium sample, an area of high-mesh density
was constructed directly beneath the MLC where the eddy currents would be
induced. This area extended horizontally from -30mm to 30mm to cover the
complete width of the MLC, and vertically from the surface to 0.50mm below
to cover approximately five skin depths for the steering angle range. The

remaining aluminium used a standard mesh due to a lack of any relevant data.
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Figure 3.19: COMSOL 2D Model of MLC over Aluminium

Figure 3.19 shows the design of the coil model, annotated to show the
area of high-mesh density. Figure 3.20 shows the maximum value of eddy
current density across the surface of the aluminium as lift-off increased, for
the 15° and 90° steering angles. There is a noticeable exponential decay in eddy
current density as lift-off increases, both at and beneath the surface of the

aluminium.

Maximum Eddy Current Density at Surface as Lift-off Increases
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Figure 3.20: Maximum Eddy Current Density across Lift-off
Figure 3.21 and Figure 3.22 show the distribution of the eddy current
density at the surface of the aluminium as lift-off increases, for the 15° and 90°

steering angles respectively.
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Between these two extreme steering angles, the maximum value of eddy

current density at the surface decreases from 385A/mm? to 200A/mm? at Omm

lift-off. Despite this drop, the decay in eddy current density as lift-off increases

remains proportional across steering angles, as seen in Figure 3.23.

It is also noticeable from the 15° steering angle that the eddy current

profile at Omm MLC lift-off is well-defined enough to plot the induction from

each coil strand. This is due to the reduced SDP concentrating the eddy currents

at the surface. As the steering angle increases, the SDP also increases causing

the eddy currents to become more dispersed at the surface, thus causing the

eddy current profile to lose its definition. Figure 3.24 shows the values of eddy

current density for steering angles of 15° and 90° as depth increases.
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Figure 3.23: Maximum Eddy Current Density across Steering Angles
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Figure 3.24: Maximum Eddy Current Density across Depth

Figure 3.24 shows that the induced eddy current density for the 15°
steering angle decays at a faster rate with depth than the 90° steering angle,
due to its comparatively greater eddy current density at the surface and
reduced SDP. For steering angles of 15° and 90° (with SDPs of 0.0528 mm and
0.1037mm respectively) the values of eddy current density at 3SDP would be
equal to their surface values (of 385A/mm? to 200A/mm? respectively) scaled
by a factor of 1/e3. These values were measured at 17.8A/mm? and 9.7 A/mm?
respectively, demonstrating the effect of skin depth. These exponential

decreases were the same for the variety of lift-offs.

What is noteworthy from Figure 3.21 and Figure 3.22 was that for all
eddy current profiles, the position of maximum eddy current density is located

beneath coils 1 and 12. This is due to their positions at the ends of the coil
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array, meaning that they had only one neighbouring coil (rather than two) in

an alternating direction to reduce its induced eddy currents. Moving inward
from the ends of the array, the value of eddy current density oscillated until it
reached a centre. A third parametric study was conducted on the number of
coils within the array, to observe whether this pattern of behaviour remained
consistent. The number of coils reduced from twelve to two in increments of
two. Figure 3.25 shows the peak values of eddy current density induced from
each of the coils within all six arrays, at an MLC lift-off of Omm (as explained in

Figure 3.17).
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Figure 3.25: Maximum Eddy Current Density Peaks across Number of Coils at Omm lift-off
This pattern remains consistent for all steering angles and for lift-offs up
to 2mm. Beyond 2mm lift-off, the eddy current profiles become so distributed
that only two peaks are measured. By this point however, the maximum eddy

current density values decay so much that they would be impractical to use.

3.5. EMAT Model

To build a model of the complete EMAT, both magnet and coil models were
combined into a single 2D model. The primary difference with this model was
the inclusion of the multiphysics coupling between the ‘Magnetic Fields’ and
the ‘Solid Mechanics’ physics interfaces. This permitted the simulation of the
ultrasonic waves generated from the Lorentz forces, calculated by the induced

eddy current and the bias magnetic field within the aluminium (according to
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Equation 2.22). The stationary study step was used to calculate the magnet’s

static magnetic field, however the coil’s frequency study step was replaced
with two time-dependent steps: the first to simulate the produced Lorentz
forces via the multiphysics coupling; and the second to simulate the ultrasonic

wave propagation via the solid mechanics physics interface only.

The reason for two separate time-dependent study steps was due to the
multiphysics coupling within the first step. This required the area of high-mesh
density from the coil model, which created a greater computational load. This
area of high-mesh density was not required within the second step due to the
simulation of the wave propagation only. Figure 3.26 shows the difference in

meshing between these two time-dependent study steps.
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Figure 3.26: COMSOL model’s mesh beneath the EMAT for: first time-dependent study step
(left); and second time-dependent study step (right)

To further reduce the computational load, changes were made to the
mesh density of the model. Mesh convergence tests were conducted on
different sections of the model. Firstly, maximum mesh size within the bulk
material (within which the bulk waves propagated) was set at a value of six
elements per wavelength. This number of elements per wavelength changed
the desired results by less than 0.8% (as shown in Figure 3.27) and has been
accepted in previous literature [75]. This maximum mesh size value changed
for a given steering angle, in accordance with Equation 3.8. Using this mesh
density, further mesh convergence tests were performed on the high-mesh
density area’s mesh density and depth (seen in Figure 3.28 and Figure 3.29
respectively). From these results the high-mesh area was given a depth of three

SDP, and a maximum mesh size of five elements per skin depth.
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Ami 2d X sin 6
Ropax = ’]'\1]‘”= ;m Equation 3.8




63
where Amax = maximum mesh size (m); Amin = minimum wavelength (m);

N = number of mesh elements per wavelength (1/m).

The width of this high-mesh area was also decreased from 60mm to
40mm, as Figure 3.21 and Figure 3.22 shows that the induced eddy current
density reduces to less than 1% the maximum value at 20mm from the centre.
These values provided a compromise between the number of simulations that

could be run, the time taken to run them, and their overall accuracy.

When solving time-dependent (transient) models it is important to
consider the length of the timestep, as it resolves the wave equation across
time just as the mesh resolves it across space. Since longer timesteps do not
make optimal use of the mesh and shorter timesteps do not increase the
simulations runtime without any significant improvement to the results, the
relationship between these two values was made proportional to the Courant-
Friedrichs-Lewy (CFL) number [76], shown in Equation 3.9. The model used
COMSOL Multiphysics’ default implicit 2"9-order generalised alpha method to
solve transient acoustic problems, and the 2"9-order Lagrange elements in
space. This meant that to reduce the temporal discretization errorsa CFL < 0.2
should be used [77], however a CFL < 0.1 was used within these models for

greater stability.

v, X At
CFL =

Equation 3.9

hmax

where CFL = Courant-Friedrichs-Lewy number; 4t = timestep (s).

A gaussian window was used to modulate the transmission signal within
the coils, shown in Equation 3.10. The reason that a modulated gaussian pulse
was preferable over a purely sinusoidal pulse is explained by Hong, Sun and
Kim [78], but in summary: its time and frequency localisation are better due to
the pulse energy being concentrated near the centre. While the method of
experimental signal transmission (discussed later in Section 4.2) was as a
voltage pulse, a current pulse was chosen for this thesis due to its direct

proportionality to the induced Lorentz forces (as shown in Equation 2.22).

(t-1)?

I() = Ipax X € 207 cos(2nf(t — 1)) Equation 3.10
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where /(t) = current of signal at time “£(us)’ (A); Imax= maximum current

amplitude = 6A; 7= time delay (s); o= standard deviation (s).

The current pulse was designed to emit multiple peaks with the
maximum at the centre (occurring at ¢t = 1), that could be used for ToA
calculations. The amplitude of the respective peaks was equal across the range
of angles, as the standard deviation was inversely proportional to the

frequency (o =1.2/1).

To further reduce its computational load, the timeframe of the first time-
dependent step was limited to the period in which the transmission signal’s
peaks were greater than 1% of the maximum amplitude. A range of at least 30
from the centre of a normal distribution is typically used, however for this
range it was increased to 3.1250 (equal to 3.75/f) to allow the pulse to
complete 7.5 cycles. The time delay was rounded up to the nearest timestep
(expressed in Equation 3.11) which resulted in the timeframe of the first time-
dependent study step ranging from Ous to 2t for each steering angle. Figure
3.30 shows the transmission signals for steering angles of 15° and 90° for a coil
spacing of 2.5mm, and Table 3.3 shows the simulation variables across that

range of steering angles.

3.75
At

X ]XAt Equation 3.11
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Figure 3.30: Graph of current pulse profile through coils for 15° and 90° steering angles
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Table 3.3: EMAT model variables for a given steering angle

a(°) f (MHz) o (us) hmax (mm) At (ns) T (us) CFL

15 2.4110 0.4977 0.2157 6.60 1.5576 0.0955
20 1.8245 0.6577 0.2850 9.00 2.0610 0.0985
25 1.4765 0.8127 0.3522 11.25 2.5425 0.0997
30 1.2480 0.9615 0.4167 13.20 3.0096 0.0988
35 1.0879 1.1030 0.4780 15.00 3.4500 0.0979
40 0.9708 1.2361 0.5357 16.50 3.8775 0.0961
45 0.8825 1.3598 0.5893 18.75 4.2563 0.0993
50 0.8146 1.4732 0.6384 20.00 4.6200 0.0977
55 0.7618 1.5753 0.6826 20.00 4.9400 0.0914
60 0.7205 1.6654 0.7217 22.50 5.2200 0.0973
65 0.6885 1.7429 0.7553 24.00 5.4480 0.0991
70 0.6640 1.8071 0.7831 25.00 5.6500 0.0996
75 0.6460 1.8575 0.8049 25.00 5.8250 0.0969
80 0.6336 1.8939 0.8207 25.00 5.9250 0.0950
85 0.6264 1.9158 0.8302 26.40 5.9928 0.0992
90 0.6240 1.9231 0.8333 26.40 6.0192 0.0988

The timeframe of the second time-dependent study step for each
steering angle ranged from 2t to the end of the simulation at 99us, as this
included the return of the shear waves to the MLC. The value of the timestep
was calculated using Equation 3.9 and rounded down to the nearest value, such
that dividing 99us by it would produce an integer number of timesteps for the

duration of the model.

The design of the magnet and coils (discussed in Sections 3.3-3.4) was
unchanged for the EMAT model, however their lift-off distances were set at
fixed values. The MLC’s lift-off was set at Omm, meaning that the copper coils
had an actual lift-off of 0.125mm due to their design (as explained in Figure
3.17). The magnet’s lift-off however was set at 1.1mm. This was based off of
the experimental EMAT’s design, consisting of: the 0.4mm-thick MLC; three

layers of 0.2mm-thick plastic shims; and one layer of 0.1mm-thick copper tape.
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The inclusion of the copper and plastic layers in this order diminished any

induced eddy currents (and thus Lorentz forces) within the nickel surface of the
magnet. These forces generated ultrasonic waves in the magnet’s surface that
were received up by the EMAT when used in a PE configuration. Figure 3.31
shows the effect that these plastic shims and copper tape had on the received
signals from the experimental MLC EMAT in a PE setup. Not only is the signal
far noisier, but it could not be filtered out and resulted in a reduced SNR for

the received shear wave.

30° Steering Angle: Pulse-Echo Signal with Copper and Plastic Layers
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Figure 3.31: MLC EMAT PE Signal

The shape of the aluminium sample was semicircular (100mm in radius)
to measure the beam directivity of the bulk waves. The x & y components of
displacement were extracted from the sample’s curved surface across time, to
plot the beam directivity of each bulk wave and locate their positions of
maximum displacement. Components of displacement were preferable over its
magnitude, as they could be used to differentiate between the two types of
bulk waves striking the surface based on particle movement (as discussed in
Section 4.3.1). The components of displacement were extracted from -90° to
90° across the curved surface (as shown in Figure 3.32) at 0.1° intervals, and

from -100mm to 100mm across the flat surface at 0.25mm intervals.

Within the context of rail track inspection, the EMAT would transmit and
receive waves in its direction of travel along the track, similar to Yi et al [64]
and Edwards et al [79]. The 2D model of the rail track would be rectangular

when viewed from side-on, rather than the flat-bottomed rail profile shown in
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Figure 1.1. The second shape of the aluminium sample used in this thesis

therefore was rectangular (340mm wide by 100mm high). Its shape was used
to develop an understanding of the MLC EMAT’s steered shear waves across a

flat backwall surface before being applied to more complex shapes.
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Figure 3.32: EMAT Semicircular Model

As with the semicircular sample, x & y components of displacement were
extracted from the surfaces across time, however this was to measure the shear
wave steerability across the backwall. Due to its bidirectional transmission, the
transmission EMAT (Tx) was positioned 50mm from the edge of the sample’s
surface. This meant that the shear waves that reflected off of the sample’s
sidewall onto the backwall could be isolated in time from the shear waves that
propagated directly to the backwall. The x & y components of displacement
were also extracted at 0.25mm intervals from Omm to 275mm across the
backwall (as shown in Figure 3.33), as this range (over a height of 100mm)

would permit a maximum transmission angle of 70° from Tx to be measured.

For both aluminium samples, electromagnetic values were also extracted
from the area of high-mesh density directly beneath the EMAT. These values
included the x & y components of magnetic flux density and the z-component
of eddy current density (as they were in the magnet and coil models). These

values were extracted from the first time-dependent study step (during which
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the area of high-mesh density existed) and could be used to show the EMAT’s

electromagnetic behaviour during transmission.
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Figure 3.33: EMAT Rectangular Model
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The results and data analysis of these simulated models is discussed in

Section 4.3.1, however Figure 3.34 shows an example colour-plot of this EMAT

model. Figure 3.34 has been annotated to highlight the various wave modes

transmitted bidirectionally.
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Figure 3.34: EMAT Simulation Example

The compression waves reached the curved surface first due to their

greater wave velocity and were reflected or mode converted back to the EMAT.
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The two angled shear waves were greater in magnitude than any other wave

mode and were next to reach the curved surface. Between these two shear
waves were sidelobes angled close to 0°. The Rayleigh waves are seen
propagating from the EMAT, across the flat surface, to the curved surface via

the corners of the sample at £90°.

3.6. Summary

A description of the various FEM models was provided within this chapter.
These models were of the magnet and MLC individually, culminating in the
design of the EMAT model itself. The effects that lift-off has on the
electromagnetic properties within the aluminium sample was explored, and the
parametric studies performed on the magnetic configurations and number of
coils are continued in Chapters 5 and 6 respectively. The trade-offs made in the
areas and densities of the EMAT model’s mesh has been discussed, however
the correlation between the results of these models and the experimental

testing was what was ultimately important and is the focus of the next chapter.
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Chapter 4 - MLC EMAT Beam Directivity and
Steerability

The previous chapter details the simulation models crucial for this thesis, as
they enabled a myriad of tests to be run remotely at minimal cost. This chapter
explains the results from the numerous simulations performed, and from the

experimental testing performed to validate these models.

4.1. Introduction

With the EMAT simulation models constructed, they required validation by
experimental setups. Once the experimental results had reliably corroborated
the simulated results, further simulations were then performed to investigate
the EMAT via parametric studies, without the necessity of experimental
verification. The aluminium samples described in Section 3.5 were
manufactured according to their simulated counterpart’s design, at a depth of
70mm. Using an “Olympus OmniScan MX2” and 4MHz 0° shear and compression
probes, the shear and compression wave velocities of the homogeneous
aluminium were measured at 3.12mm/us and 6.40mm/us respectively. These

velocities were entered into the EMAT model’s design for greater accuracy.

4.2. Experimental Setup

Since the simulated EMAT’s design was based on the experimental MLC EMAT,
and the aluminium samples were manufactured to match those in the model’s,
the primary differences between the simulated and experimental tests was the
transmission and reception of the ultrasonic waves. For a PC configuration, Ty
was compressed into a fixed position on the aluminium sample’s surface and
connected to the high-voltage RF burst output of a “RITEC SNAP system”. The
SNAP system was used due to its high 5kW power burst, its 0.5-5MHz frequency
range, and its credibility from a number of EMAT studies [44, 45, 70].
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The SNAP system’s two gated amplifiers were used to produce separate

carrier and modulation frequencies that were multiplied together to produce a
single Hanning window pulse. The simulation’s gaussian pulse was designed to
replicate the SNAP system’s Hanning window pulse. The carrier signal consisted
of a six-cycled sinusoidal pulse (the frequency of which was calculated from the
given steering angle via Equation 2.29) at a 90° phase shift, and the modulation
signal consisted of a single-cycled cosinusoidal pulse (the frequency of which
was kept as one-sixth of the carrier signal’s frequency) with a DC offset. Figure
4.1 shows both the carrier and modulation signals to generate the Hanning
window for a steering angle of 30°, as well as the simulated gaussian pulse. Due
to the SNAP system’s maximum Pulse Repetition Frequency (PRF) firing rate

limitation, the firing rate for all steering angles was kept at 250Hz.

30° Steering Angle: Hanning Window Components
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Figure 4.1: EMAT transmission signals

Capacitors were used in parallel with both EMATs to match their
electrical impedance and improve their transduction efficiency. Their
capacitance was measured by connecting Tx to a “Solartron SI 1260
impedance/gain-phase analyser” whilst on the aluminium sample, and a peak
voltage of 3V at the required frequency was passed through the coils. Values
of parallel inductance and resistance were recorded and used to calculate an
average inductance and resistance at the given frequency. Equation 4.1
(derived from Equation 2.34) was used to calculate the capacitance required in

parallel with the EMATs while on the aluminium sample for a given frequency.
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1

C = m Equation 4.1

Standard ceramic capacitors were used for the reception EMAT (Ryx) as
the induced voltage from the received waves was not sufficient to breach their
50V limit, however Tx required leaded high-voltage ceramic RF power
capacitors. Table 4.1 shows the experimental variables across a range of
steering angles, including the values of capacitance measured by the

impedance analyser for Tx.

Table 4.1: EMAT experimental variables for a given steering angle

Modulation Time Measure . Calculated Measured
Angle (°) | Frequency Delay Inductance Reu(s(;:)mce Capacitance | Capacitance
(MHz) (us) (uH) (nF) (nF)

15 0.4018 2.8568 1.7325 9.0314 2.5153 2.5073
20 0.3041 3.2568 1.7614 7.7033 4.3202 4.3160
25 0.2461 3.6443 1.7960 6.9712 6.4692 6.4795
30 0.2080 4.0163 1.8286 6.4963 8.8938 8.8995
35 0.1813 4.3701 1.8589 6.1562 11.5134 11.6048
40 0.1618 4.7028 1.8838 5.8911 14.2684 14.3086
45 0.1471 5.0121 1.9075 5.6946 17.0524 17.0496
50 0.1358 5.2954 1.9288 5.5419 19.7921 19.8148
55 0.1270 5.5507 1.9487 5.4242 22.4004 22.4428
60 0.1201 5.7761 1.9618 5.3283 24.8706 24.8632
90 0.1040 6.4202 2.0113 5.1007 32.3440 32.3594

Due to their low transduction efficiency, Rx was connected to a “Sonemat
Standalone Amplifier SAA1000” [80] for a signal gain of +30dB. For a further
enhancement to the received signal, the amplifier’s output was connected to
the SNAP system’s internal superheterodyne receiver channels. It s
recommended by the SNAP system’s user guide [81] that the high-pass filter
“should be set to as high a frequency as possible but below the lowest frequency
of operation during a measurement”, and that the low-pass filter “should be
set above the highest frequency of operation during a measurement”. Following

these recommendations with the SNAP system’s standard settings, the SNAP’s
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amplifier had high-pass and low-pass filters of 0.05MHz and 20MHz

respectively. An output gain of +40dB from the SNAP system was also applied
for all the experimental testing, unless stated otherwise. The SNAP’s
superheterodyne receiver had its detector tracking enabled to the first
harmonic frequency of the pulse’s carrier frequency. Additionally, the output
of the SNAP system’s RF burst monitor was recorded as according to [81] “the
RF Burst Monitor signal provides an accurate representation of the high-power
signal at -60dB”, and this data would be compared to the results of the

simulated models.

While Tx remained in a fixed position, Rx was repositioned across the
surfaces of the samples at regular intervals. An oscilloscope was used to display
the filtered signal from the SNAP system and record an average of sixteen
signals from the ultrasonic waves received by Rx. These signals were exported
as A-scans from each position across the surface. Figure 4.2 shows this
experimental setup for a PC EMAT configuration on the semicircular aluminium

sample.

Figure 4.2: Experimental EMAT Setup
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4.3. Beam Directivity

Using the EMAT model with a semicircular aluminium sample, parametric
studies were performed on the steering angle of the transmitted shear waves.
The results of these simulations were compared to experimental setups of the

same model to validate their accuracy.

4.3.1. Simulated Results

Figure 4.3-Figure 4.18 show the colour-plots for steering angles of 15-90° at 5°
intervals. These colour-plots were taken at a timestep of ‘7 + 19.8us’, as the
shear waves would not yet have reached the curved surface of the sample, and
thus the effects of the change in steering angle were more apparent. The
Rayleigh waves would also not yet have reached the curved surface at this time,
however the compression waves would have reflected and (if applicable) mode-

converted off of it and overlay on top of the shear waves.

From Figure 4.3-Figure 4.18, the intensity of the shear waves appears to
reach a maximum at a steering angle of 30°. It is at this steering angle that the
first critical angle is reached. Rearranging Snell’s Law (Equation 2.8) to compare
the steering angles of the shear and compression waves (based upon their
respective velocities in the aluminium) shows that the first critical angle (as
described in Section 2.3.3) is at a shear wave steering angle of 29.18° (~30°
steering angle). It is at this steering angle that the compression wave energy is
being converted to the shear waves. Figure 4.3-Figure 4.6 are annotated with
arrows to highlight the compression wave’s main lobe and how both its

magnitude and reception angle changes from steering angles of 15-30°.

The reception angle of the shear waves increases with their steering
angle until approximately 50° (Figure 4.10) when a steering limit is reached.
Beyond this steering angle, their reception angle does not increase at the same
rate as with the previous steering angles. At this steering limit, the Rayleigh
waves also begin to supplant the shear waves as the dominant wave mode. This

is due to the EMAT transmitting shear waves at the second critical angle.
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Figure 4.3: 15° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction
of Compression Wave
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Figure 4.4: 20° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction
of Compression Wave
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Figure 4.5: 25° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction
of Compression Wave
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Figure 4.6: 30° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction
of Compression Wave
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Figure 4.7: 35° Steering Angle EMAT on Semicircular Sample
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Figure 4.8: 40° Steering Angle EMAT on Semicircular Sample
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Figure 4.9: 45° Steering Angle EMAT on Semicircular Sample

Time=24.42 us von Mises stress (N/m?)
mm T J !

201

10r

-100+ ) : )

-100 -50 0 50
Figure 4.10: 50° Steering Angle EMAT on Semicircular Sample
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Figure 4.11: 55° Steering Angle EMAT on Semicircular Sample
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Figure 4.12: 60° Steering Angle EMAT on Semicircular Sample
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Figure 4.13: 65° Steering Angle EMAT on Semicircular Sample
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Figure 4.14: 70° Steering Angle EMAT on Semicircular Sample
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Figure 4.15: 75° Steering Angle EMAT on Semicircular Sample
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Figure 4.16: 80° Steering Angle EMAT on Semicircular Sample
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Figure 4.17: 85° Steering Angle EMAT on Semicircular Sample

x103
2

1.8
1.6
1.4

1.2

0.8
0.6
0.4

0.2

x103
2

1.8
1.6
1.4

1.2

0.8
0.6
0.4

0.2

x103
2

1.8
1.6
1.4

1.2

0.8
0.6
0.4

0.2

79



80

Time=25.819 us von Mises stress (N/m?)
mm ) ' ‘ '
ol 1 x10°
2
10+
ok 1.8
-10} 1.6
20t 1.4
-30}F 1.2
-40}
1
.50_
0.8
.60_
ol 0.6
6L 0.4
90} 0.2
-100} 0

-100 -E';O O 5‘0 nl1m

Figure 4.18: 90° Steering Angle EMAT on Semicircular Sample
What is most noticeable from these figures (particularly from the 45°
steering angle onwards) was that the transmitted shear waves appear to be
transmitted as two split-waves in each direction. It is clearly seen from the flat
surface of Figure 4.3-Figure 4.18 that this extended to the Rayleigh waves also.
Figure 4.19-Figure 4.22 show graphs of displacement magnitude against time
from different reception angles across the curved surface for steering angles
of 15°, 30°, 45°, and 90°. From these graphs, the individual split-waves for all

three wave modes are annotated where appropriate.
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Figure 4.19: Graph of Displacement Magnitude across Time at 35° for 15° steering angle
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Figure 4.20: Graph of Displacement Magnitude across Time at 36° for 30° steering angle
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Figure 4.21: Graph of Displacement Magnitude across Time at 48° for 45° steering angle
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Figure 4.22: Graph of Displacement Magnitude across Time at 60° for 90° steering angle
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Figure 4.19 shows that the compression waves similarly exhibited this

split-wave behaviour at lower steering angles, but Figure 4.21 shows that they
merge into a single wave as the steering angle increases. This behaviour is also
seen with the shear waves as they begin to merge from Figure 4.21-Figure 4.22,
however it is not seen with the Rayleigh waves as the frequency does not
continue to decrease beyond this steering angle. It is also shown from both
Figure 4.3-Figure 4.9 and Figure 4.19-Figure 4.21 that as the steering angle
increases from 15-45°, the split-waves begin to merge into a single wave before
separating. This is due to the two split-waves superimposing on each other,

producing a shear wave displacement at approximately 30°.

The particle motion of the shear and compression waves are
perpendicular to and parallel to their direction of propagation respectively (as
previously stated in Section 2.3.2). Since the EMAT was positioned at the centre
of the semicircular sample’s flat surface, the bulk waves should propagate at
an angle normal to any point across the sample’s curved surface. Equation 4.2-
Equation 4.3 were therefore used with the components of displacement at a
given point from across the sample’s curved surface to determine the wave

mode striking the curved surface based on its direction of displacement.

Us = Uy c0S 0, + U, Sin 6, Equation 4.2

U = Uy SIN B, — U,y cos 6, Equation 4.3

where us = displacement tangential to the curved surface (m); uc =
displacement normal to the curved surface (m); ux = x-component of
displacement (m); uy = y-component of displacement (m); &-= angle normal to

the curved surface (°).

Positive values of us and uc are orientated anti-clockwise and outwards
from the sample’s surface respectively. For each reception angle, the
tangential and normal displacements were calculated at each timestep and
filtered through a bandpass filter, with cutoff frequency limits of +1/3 of the
transmission signal’s frequency (e.g. for a 30° steering angle the frequency was
1.248MHz, thus bandpass limits of 0.832-1.664MHz). Figure 4.23-Figure 4.26
show the results of this process using the data shown in Figure 4.19-Figure

4.22.
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Figure 4.23: Graph of Directional Displacement across Time at 35° for 15° Steering angle
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Figure 4.24: Graph of Directional Displacement across Time at 36° for 30° Steering angle
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Figure 4.26: Graph of Directional Displacement across Time at 60° for 90° Steering angle
The use of Equation 4.2 and Equation 4.3 on the components of
displacement is clearly able to differentiate between wave modes at a given
reception angle. The peak values of tangential displacement are far larger than
those of normal displacement for the shear waves (in accordance with their
particle motion) and vice versa for the compression waves. The Rayleigh waves
however possess both tangential and normal displacements due to their

elliptical particle motion (as discussed in Section 2.3.2).

The semicircular sample enabled a plot of the directivity patterns for
both the shear and compression waves to be drawn for each steering angle. At
each reception angle from across the curved surface, the maximum values of
each differentiated bulk wave was recorded and graphed into a directivity plot.
At reception angles beyond 75°, the shear waves arrived at similar times to the
Rayleigh waves, and it became impossible to differentiate between them and
extract the maximum shear wave value. The reception angle limits for the shear
wave directivity plots were therefore capped at #75°. Figure 4.27-Figure 4.42
show these bulk wave directivity plots for the simulations shown in Figure 4.3-
Figure 4.18. When comparing these directivity plots using directional
displacement to ones derived from the displacement magnitudes, the minimum
correlation coefficient across steering angles was calculated at 0.9993. This
means that Equation 4.2 and Equation 4.3 enabled bulk wave characterisation

in the A-scans without any corruption of results.
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Figure 4.27: Bulk Wave Directivity Plot for 15° Steering Angle
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Figure 4.28: Bulk Wave Directivity Plot for 20° Steering Angle
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Figure 4.29: Bulk Wave Directivity Plot for 25° Steering Angle
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Figure 4.30: Bulk Wave Directivity Plot for 30° Steering Angle
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Figure 4.31: Bulk Wave Directivity Plot for 35° Steering Angle
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Figure 4.32: Bulk Wave Directivity Plot for 40° Steering Angle
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Figure 4.33: Bulk Wave Directivity Plot for 45° Steering Angle
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Figure 4.34: Bulk Wave Directivity Plot for 50° Steering Angle
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Figure 4.35: Bulk Wave Directivity Plot for 55° Steering Angle
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Figure 4.36: Bulk Wave Directivity Plot for 60° Steering Angle
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Figure 4.37: Bulk Wave Directivity Plot for 65° Steering Angle
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Figure 4.38: Bulk Wave Directivity Plot for 70° Steering Angle
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Figure 4.39: Bulk Wave Directivity Plot for 75° Steering Angle
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Figure 4.40: Bulk Wave Directivity Plot for 80° Steering Angle
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Figure 4.41: Bulk Wave Directivity Plot for 85° Steering Angle
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Figure 4.42: Bulk Wave Directivity Plot for 90° Steering Angle

Figure 4.43 shows the maximum directional displacements for each of
the three wave modes as the steering angle increased from 15-90° at 1°
intervals. While the bulk wave displacements were extracted from the
directivity plots, the Rayleigh wave displacements were taken from the
reception angles at £90°. Due to the values of maximum displacement being

comparatively larger for the Rayleigh waves than the bulk waves, these were

graphed using the right axis with an increased scale factor of 5.
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Figure 4.43: Graph of Maximum Displacement across Steering Angles

From the 15° steering angle, the maximum shear wave displacement
gradually increases to its peak value at the 31° steering angle. From here, the
maximum shear wave displacement gradually decreases to a trough value at
the 42° steering angle, and from there plateaus for the remaining steering

angles. A similar pattern of behaviour is seen with the maximum compression
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wave displacements, however its peak value occurs at a lower steering angle

of 25°. It is likely that the compression wave displacement also gradually

increases from steering angles lower than 15°.

From Figure 4.3-Figure 4.18 & Figure 4.43, the maximum Rayleigh wave
displacement gradually increases from a trough value at the 32° steering angle
(as the maximum shear wave displacement begins to decrease from its peak).
As the steering angle increases, the maximum displacement of the Rayleigh
waves increases until it overtakes that of the shear waves at a 45° steering
angle. After reaching a maximum rate of increase at the 56° steering angle, it
begins to plateau until it reaches its peak at the 90° steering angle. There is
also a smaller peak at the 22° steering angle. This is due to the frequency at
this steering angle being the third harmonic of the frequency at the 90° steering

angle, and has been documented as affecting both lamb and SH-waves [82, 83].

Figure 4.44 shows the reception angles at which the maximum shear
waves displacement occurs across the range of steering angles. Included within
these results are error bars indicating the shear wave beamwidth (defined as
the range of reception angles with displacements above a cutoff of -6dB the
maximum) for that particular steering angle. Graphed on the right axis is the
Relative Time of Arrival (RToA), defined in Equation 4.4. By graphing the
maximum shear wave displacement in both time and space, the effect that the

steering angle has on the shear waves was further explored.
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r
RToA =TOA—T—U— Equation 4.4
s

RToA values equal to zero suggests that the shear wave originated from
the centre of the flat surface, while positive or negative values suggest that the
origin positions were further or closer than the centre. Previous work on this
subject (included in Appendix A) investigated the relationship between the
reception angle of maximum shear wave displacement and its RToA [84]. While
that body of work had differences in the simulation’s setup (most notably
different lift-offs for both the magnet and coil and a maximum mesh size of five

elements per wavelength) the numerical method remains the same.

It was immediately noticeable that reception angle does not increase
linearly across the steering angle range. There are sudden increases in the
reception angle which correlate with sudden changes in pattern for the RToA.
The sudden changes in the RToA was used to separate the steering angle range
into six sections: A (15-25°), B (26-36°), C (37-41°), D (42-65°), E (66-70°), and
F (71-90°).

Section A sees the increase of steering angle from 15° to 25° linearly
increase the reception angle from 16.3° to 26.8° and linearly decrease the RToA
from -0.233pus to -0.405us. The linear change in both of these values was due
to the maximum peak in the reception angle’s A-scan (from which these results
were both derived) originating from the same wavefront in the same split-
wave. The shear wave increases in both displacement and reception angle as
the steering angle increases, however the RToA decreases as the reception
angle gets closer to the wavefront’s origin position (the origin positions of the
EMAT’s split-waves are discussed in greater detail below). The lower range
(defined as the distance from the beamwidth’s lower limit to the reception
angle) gradually increases in magnitude from 4.8-5.9°, however there is a far
greater increase in the upper range (particularly at the 22° steering angle) from
5.8-13.4°. This is due to the increase in steering angle causing a sidelobe angled
at approximately 40° to emerge, which extends the beamwidth’s upper limit.

This is seen in the 25° steering angle beam directivity plot (Figure 4.29).

This emerging sidelobe causes a sudden increase in the RToA and the

transition into Section B. Within this section, the maximum displacement
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increases to its 31° steering angle peak before diminishing. While the RToA

across this section linearly decreases from -0.068us to -0.221us, its sudden
increase from section A is due to the maximum displacement occurring from
another wavefront. This secondary wavefront lags behind Section A’s
wavefront by half a cycle (defined as 0.5/f) which for a 25° steering angle is
equal to 0.3375us, corresponding with the sudden change in RToA between the
25-26° steering angles. Section B’s change in reception angle loses its linear
correlation with the change in steering angle as it increases to its maximum
increase rate at the 28° steering angle before decreasing to its minimum
increase rate between the 33-34° steering angles. The beamwidth’s lower range
continues to gradually increase from 5.8-6.3°, however the upper range
decreases such that the upper limit remains between 41.2-42.2°. It is at the
end of section B that another sidelobe begins to emerge at a reception angle
of approximately 46°. The displacement of this sidelobe is above the -6dB
cutoff, thus it creates a secondary beamwidth range from 43.9-47.7°. This
secondary beamwidth merges into the primary range as the steering angle

increases into Section C.

The reception angles within Section C continue the trend from Section B,
from the 32° steering angle onwards. Section C’s first steering angle of 37° re-
correlates its RToA with Section A’s trend, while the four remaining steering
angles group into two pairs (38-39° and 40-41°) based on their far greater
RToAs. Like the transition from Sections A to B, the reason for these increases
in RToA is due to the peak displacement occurring from wavefronts that strike
the curved surface later than those of lower steering angles. The amount of
time that the wavefronts lag behind is 2.5 cycles and 0.5 cycles for 37-38° and
39-40° respectively, as shown in Figure 4.45. It is also observed from these A-
scans that the signals begin to separate from a single superimposed wave into

the two split-waves.

The transition from Section C to Section D sees both a sudden increase
in reception angle and a large decrease in RToA. The change in reception angle
is due to the higher-angled sidelobe supplanting the main lobe, as shown in
Figure 4.32 and Figure 4.33. The decrease in RToA is due to the new main lobe’s

maximum displacement occurring from the first split-wave to arrive rather than



94
the second, which remains consistent across Section D. As the steering angle

increases from 42-65°, there is a reception angle increase of less than 4°,
suggesting that the EMAT has reached a steering limit. It was decided that the
MLC reached a steering angle limit at 40° [84], however as those models used
different lift-off distances for both the magnet and coil compared to those in
these model’s, a new steering angle limit of 48° was determined, as the rate of

increase in reception angle compared to steering angle began to plateau.
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Figure 4.45: A-scans from Maximum Reception Angle from Section C Steering Angles,
highlighted in red is the maximum shear wave displacement

Both Sections E and F change in the same manner as their predecessors
as steering angle increases. Sudden increases in reception angle are due to a
higher-angled sidelobe becoming the main lobe. The RToA changes accordingly
with the reception angle, and the lower RToA values are due to the values of
displacement originating from the first of the split-waves to strike the sample’s

curved surface.

For an EMAT positioned at the centre of the flat surface of the
semicircular sample, it would make sense for the RToA to be equal to Ous across
all steering angles, however Figure 4.44 shows this not to be the case. The
RToAs for Sections A and B remain close to this value due to their single shear
wave, however those of Sections C-F diverge significantly from this value
depending on which of the split-waves has the larger displacement. Due to the

sample’s constant radius and shear wave velocity, the only explanation for the
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two split-waves with different RToAs is two different origin positions of the

shear waves.

For a single steering angle, the Time of Flight (ToF) (equal to ‘ToA — 1)
for both split-wave peaks was multiplied by the shear wave velocity to calculate
two distances between the two origin positions and a given reception angle.
These distances from various reception angles were used to triangulate the
origin position of each split-wave. The reception angles used were ones whose
A-scans clearly show the two split-waves (e.g. Figure 4.23, Figure 4.25 & Figure
4.45). Assumptions made for this method included: the direct correlation
between the transmission signal’s time delay and the time travelled by the
split-waves; and that the origin positions were at the surface due to the shallow
depth of the eddy current densities. Figure 4.46 shows this triangulation
process for the 90° steering angle, with blue and red arcs through the origin
positions to the left and right of the centre respectively. These arcs calculated

an average origin position of £11.6042mm from the centre of the flat surface.

90° Steering Angle: Shear
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Figure 4.46: Plot of Shear Wave Origin Positions for a 90° Steering Angle
The origin positions for the split-waves are explained using the
electromagnetic data extracted from the area of high-mesh density beneath
the EMAT. From the x & y components of magnetic flux density and the z-
component of eddy current density, x & y components of Lorentz Force density
were calculated at regular points beneath the EMAT using Equation 4.5 and

Equation 4.6.
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FL,x = _By ><]e,z Equation 4.5

FL,y =By X Jez Equation 4.6
where Fpx = x-component of Lorentz force density (N/m?); Fry = y-
component of Lorentz force density (N/m?); Je,z=z-component of induced eddy

current density (A/m?).

From these components, not only was the magnitude of the Lorentz force
density known, but also its angular orientation via Equation 3.7. Due to the
changing eddy current density induced from the MLC’s changing transmission
signal, the point in time from which these values were taken was when the
induced eddy current density was at its absolute maximum. Figure 4.47 shows
this as a plot from the sample’s flat surface for the 15° steering angle, marked
to show the phase lag from the time delay at the surface. The phase lag at the
flat surface for steering angles of 15-90° ranges from 45.8-51.3°, approximate
to one radian. As the depth increases from beneath this coil, the phase lag
decreases at a rate of approximately one radian per skin depth. This is shown
in Figure 4.48 and is consistent with previously established skin effect formulae

[85].
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Figure 4.47: Plot of induced Eddy Current Density across Time
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15° Steering Angle: Eddy Current Density Phase Lag beneath Coil Strand 12
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Figure 4.48: Plot of Induced Eddy Current Density Phase Lag across Depth

Figure 4.49 and Figure 4.50 show the components and orientation of the
Lorentz force density respectively, at the point in time highlighted in Figure
4.47. Figure 4.49 also includes the components of the bias magnetic field to

illustrate the effects that they had on the components of Lorentz force density.
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Figure 4.49: Plots of Lorentz Force Density Components across Surface

It is clear from Figure 4.49 that the maximum values of Lorentz force
density come from beneath coils 3 and 10 in the array, positioned at #+8.75mm.
The reason for this is due to the magnetic flux density for this magnetic
configuration (shown in Figure 3.3). Coils 3 and 10 were beneath the

concentrations of magnetic flux density at the edges of the magnet.
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EMAT-1 15° Steering Angle: Lorentz Force Orientation across Surface
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Figure 4.50: Plot of Lorentz Force Density Orientation across Surface

The maximum Lorentz force densities due to the concentrations of
magnetic flux density were initially thought to be responsible for the split-
waves. Figure 4.50 however shows that the orientation of the Lorentz forces
become vertical beneath coils 2 and 11, positioned at +11.14mm. These x-
positions are closer in value to those of the average origin positions for the
split-waves (shown in Figure 4.46). It was concluded that the orientation of the
Lorentz force density determined the origin positions of the split shear waves,

rather than its magnitude.

4.3.2. Experimental Results

Based on the simulated results, steering angles of 65-85° were omitted from
experimental testing due to the limited variance of their results, leaving
steering angles of 15-60° at 5° intervals & 90°. Additionally due to Tx’s shear
wave origin positions, an Rx with an MLC was not deemed suitable as its
reception positions would likely be in the same positions and the EMAT would
not be able to conform to the sample’s curved surface. Ry instead consisted of
a ‘Sonemat shear wave EMAT (HWS2225-GC)’ [86] to measure the transmitted
shear waves. As the faceplate of this EMAT was also unable to conform to the
sample’s curved surface, custom probe housings were designed and 3D-printed
out of Poly-Lactic Acid (PLA) plastic. This probe housing was designed to: hold
Rx within a 32mm diameter central hole; have a concave surface to conform to

the semicircular sample’s curved surface; and have markings from -10° to 10°
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at 1° intervals. Figure 4.51 shows the CAD drawing of the probe housing for the

EMAT shear probe.
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Figure 4.51: CAD Drawing of EMAT Shear Probe Housing

This probe housing ensured that the centre of Ry’s faceplate was
tangential to the curved surface, at the same height as the centre of Tx. Rx was
positioned across this surface from -90° to 90° at 1° intervals and recorded an
average signal from each position. Figure 4.52 shows the two experimental

EMATs on the semicircular aluminium sample.

Figure 4.52: EMAT Beam Directivity Experimental Setup
Like the simulated data, the recorded signals were filtered through a

bandpass filter with cutoff frequency limits of +1/3 of the carrier signal
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frequency. Because of this, the high-pass filter in the SNAP’s amplifier was

increased to 1MHz for steering angles of 15° and 20°, as this not only decreased
the ringing of the received signal, but any data filtered out by the bandpass
filter would have already been filtered out by the high-pass filter. Additionally,
the SAA1000 amplifier’s gain was reduced from +30dB to +20dB for steering
angles 20-50°, as the recorded signal was beyond the SNAP’s internal amplifier
maximum voltage output of 4V. The shear wave’s maximum amplitude from
each reception angle was recorded to create a beam directivity of the filtered
experimental signal data. The experimental shear wave data was normalised
and compared to the normalised simulated shear wave displacement data for
each steering angle. Figure 4.53-Figure 4.63 show both of these normalised
shear wave directivity plots for each steering angle.
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Figure 4.53: Shear Wave Directivity Plots for 15° Steering Angle
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Figure 4.54: Shear Wave Directivity Plots for 20° Steering Angle
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Figure 4.55: Shear Wave Directivity Plots for 25° Steering Angle
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Figure 4.56: Shear Wave Directivity Plots for 30° Steering Angle
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Figure 4.57: Shear Wave Directivity Plots for 35° Steering Angle
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EMAT-1 40° Steering Angle:
Shear Wave Directivity Normalised Amplitude
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Figure 4.58: Shear Wave Directivity Plots for 40° Steering Angle
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Figure 4.59: Shear Wave Directivity Plots for 45° Steering Angle
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Figure 4.60: Shear Wave Directivity Plots for 50° Steering Angle
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EMAT-1 55° Steering Angle:
Shear Wave Directivity Normalised Amplitude
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Figure 4.61: Shear Wave Directivity Plots for 55° Steering Angle
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Figure 4.62: Shear Wave Directivity Plots for 60° Steering Angle
EMAT-1 90° Steering Angle:
Shear Wave Directivity Normalised Amplitude
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Figure 4.63: Shear Wave Directivity Plots for 90° Steering Angle
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It is clearly seen from Figure 4.53-Figure 4.63 that the simulated and

experimental results correlate well with one another, in both the main lobe
and the side lobes. Ry was capable of detecting the transmitted Rayleigh waves
near the edges of the flat surface (however their signal was far weaker further
down the curved surface compared to the simulated signal), explaining why the
experimental beam directivity plots were capped at £80°. What is most notable
(particularly from Figure 4.56-Figure 4.63) is the growth of a lobe at 0°, which
not only deviates dramatically from the simulated results, but is also not in

continuity with the MLC EMAT’s nature as an angled beam EMAT.

This phenomenon was explained by replacing the shear wave Rx with an
“Olympus V156-RM”: a single element shear wave transducer with a
propagation direction normal to the surface [87]. The reason that this UT probe
was used to receive the shear waves was due to its shear wave polarisation
direction being in a single alignment, as opposed to the shear wave Rx which
was polarised radially due to its spiral-coil. The UT probe was therefore able to
determine the direction of particle motion by its own orientation relative to
the sample’s curved surface. Figure 4.64 shows the shear wave directivity
measured by the UT probe orientated both in-plane (polarisation in the x & y
axis) and out-of-plane (polarisation in the z axis), at 5° intervals across the

sample’s curved surface for the 45° steering angle.

EMAT-1 45° Steering Angle:
Shear Wave Directivity Normalised Amplitude
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Figure 4.64: Shear Wave Directivity Plots for 45° Steering Angle via Shear Wave UT Probe

Figure 4.64 shows that the angled shear waves oscillate in-plane (as with

the simulated results) while the 0° lobe oscillate out-of-plane. This explains not
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only why the 2D models could not simulate the 0° lobe, but also how the

radially polarised shear wave Rx was able to detect it. As previously explained,
the shear waves from the MLC EMAT are generated from the interaction of the
bias magnetic field and eddy current densities induced by the meandering coils.
It is theorised that the 0° lobe was generated from the sections of coil that
connect these meandering coils. These would have induced eddy current
densities in the x-axis, producing Lorentz forces in the z-axis, creating out-of-

plane shear waves.

Figure 4.65 shows the maximum shear wave signal voltage for each
steering angle’s beam directivity. This is compared to the model’s maximum
shear wave displacement. Due to the reduced SAA1000 gain of +20dB for
steering angles of 20-50°, Rx recorded A-scans from positions of low signal for
these angles at +30dB, which were then used to increase the maximum signal
by a SF. This is how the maximum experimental signals for steering angles 25°

and 30° are greater than the SNAP’s maximum 4V output limit.
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Figure 4.65: Shear Wave Magnitude Comparison

It is very noticeable that there is a disparity between these two sets of
values (explaining why Figure 4.53-Figure 4.63 were graphed as normalised
plots). One reason for this disparity is that the comparison is made between
two different values: the perfectly tangential simulated displacement from a
single point in 2D space representing the ultrasonic shear wave; and the

voltage signal induced into Rx by the shear wave.
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The design of Rx is also not optimised for the curved surface, with: a

magnetic field normal to the curved surface, straight coils perpendicular to the
tangential displacement of the shear waves (in the z-axis) are best suited to
receive them. Ry’s flat circular coil on a curved surface however resulted in the
coils closest to the curved surface being directionally parallel to the shear wave
particle motion. Despite this, the correlation coefficient between the simulated

and experimental results (shown in Figure 4.65) was calculated at 0.9119.

Figure 4.66 shows the reception angles of the maximum shear wave
signal and (like Figure 4.44) has included error bars to indicate the shear wave
-6dB beamwidth. Due to the nature of the experimental testing’s 0° lobe, it was
removed from Figure 4.66. Between the two datasets, the correlation
coefficient for the maximum signal’s reception angles was calculated at 0.9915,
the beamwidth’s upper and lower limits were calculated at 0.9826 and 0.9933
respectively. While the experimental results tend to be higher in reception
angle, the correlation coefficients between these two datasets validated the

simulations as accurate models of the experimental setup.
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Figure 4.66: Shear Wave Reception Angle Experimental Validation

4.4. Beam Steerability

The model studying the MLC EMAT’s beam steerability followed the same
design as the model studying the EMAT’s beam directivity, with one difference:

the transmitted shear waves were measured across the backwall of a
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rectangular aluminium sample. Components of displacement extracted from

across the backwall were used to locate the magnitude and position of the
shear wave’s main lobe as the steering angle changed. Previous work on this
topic is documented in [88] (included in Appendix A), however further novel

work had been undertaken since then and is detailed in the following section.

4.4.1. Beam-spread Profiling

In addition to measuring the magnitude and position of the shear wave across
the backwall, the internal reflections and mode conversions within the sample
were also analysed. This was done to determine the hierarchy of magnitudes
for different propagation pathways. The end-time of these simulations was
therefore set to 198us. Simulations were performed for steering angles of 20-
60° at 5° intervals & 90°, and Figure 4.67-Figure 4.76 show the colour-plots of
these models. The 15° steering angle was omitted due to the immense density
of the mesh overwhelming the computational capacity.
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Figure 4.67: 20° Steering Angle EMAT on Rectangular Sample
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Figure 4.68: 25° Steering Angle EMAT on Rectangular Sample
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Figure 4.73: 50° Steering Angle EMAT on Rectangular Sample
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Figure 4.74: 55° Steering Angle EMAT on Rectangular Sample
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Figure 4.75: 60° Steering Angle EMAT on Rectangular Sample
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Figure 4.76: 90° Steering Angle EMAT on Rectangular Sample
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Since the shape of the aluminium sample is the only difference between

these simulations and those of the beam directivity study, the transmitted
shear waves behave in the same manner. As the steering angle increases: the
shear waves reach a maximum magnitude near a 30° steering angle; the shear
waves reach a steering limit near 50°; the magnitude of the Rayleigh waves
increases; the compression waves reached their first critical angle and
diminished; and the shear waves were transmitted as split-waves from the

corners of the EMAT.

Where the semicircular sample enables Equation 4.2 and Equation 4.3 to
differentiate between the different wave modes based on their directional
displacement, this method could not be used on the flat backwall as the its
angle relative to Tx is not constant across it. Due to the different wave
velocities and Tx’'s offset however, the different wave modes could be identified
in the A-scans via basic ToA calculations. Figure 4.77 illustrates the rectangular

sample with three pathways from Tx to the backwall for different wave modes.
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Figure 4.77: Ultrasonic pathways from Tx to a backwall x-position

Annotated on Figure 4.77 are the names of the four surfaces and corners
that the various waves interact with. These assisted in defining the various
propagation pathways and calculating their ToA as a function of distance. The

pathways shown in Figure 4.77 are labelled as such:
N
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Equation 4.7-Equation 4.9 define the timeframes within which each of

the propagation pathways above (also annotated on Figure 4.77) were
expected on the A-scan at a given x-position across the backwall. These include
a gating halfwidth of six cycles to allow for error in the ToA of each wave
mode’s maximum peak. The velocity of the Rayleigh wave could not be inputted
into model, however it was calculated by experimental testing (as explained

later in this section) to be 2.88mm/us.

Vvx2+D2 6 .
S =T1+—+-— Equation 4.7
Vg f

=T+\/(x+(2><off))2+D2 Equation 4.8

C
2 v

+

| o

x+(2><off)+D+6
v, o f

Ri=1t+ Equation 4.9

where S7 = direct shear wave ToA; x = x-position on backwall (mm); D =
depth of rectangular sample (equal to 100mm); C2 = reflected compression
wave ToA; off = offset distance from Tx to the sidewall (equal to 50mm); R; =

direct Rayleigh wave ToA.

The experimental testing was performed in much the same manner as
with the beam directivity tests: steering angles of 20-60° at 5° intervals & 90°
were tested; the SNAP amplifier’s high-pass filter was set at 1MHz for the 20°
steering angle and 0.05MHz for the remaining steering angles; an oscilloscope
recorded an average A-scan of signal sixteen signals at each x-position; the
recorded A-scan was filtered through a bandpass filter with cutoff frequency
limits of £1/3 of the carrier signal frequency. The differences between the two
experimental test setups were: Rx used an MLC EMAT of the same design as Tx
due to the sample’s flat surface; Rx was positioned from 0-275mm at 1mm
intervals across the backwall. Figure 4.78 shows the two experimental MLC

EMATSs on the rectangular aluminium sample.
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Figure 4.78: EMAT Beam Steerability Experimental Setup

The displacement magnitude (in lieu of the directional displacement) is
compared to the experimental results, due to its excellent correlation
coefficient of 0.9993 to the values of directional displacement. The
experimental data was also graphed as absolute values to better compare to
the simulated displacement magnitudes at each x-position and better observe
the conformity between the two datasets. In addition to the A-scans across the
rectangular sample’s backwall, Rx also recorded A-scans across the surface of
the rectangular sample from 100-275mm at 5mm intervals. This was done not
only to measure the internal mode conversions reflecting off of the surface,
but also to observe how the generated Rayleigh waves are affected by the

change in steering angle.

The plots of displacement magnitude are graphed in line with the
experimental A-scans, and the peaks in these two datasets had a propagation
pathway attributed to it (by use of ToA gating). An issue with the ToA gating is
not only that different waves can strike a surface at the same time, but that
different gates can overlap and cause one wave mode to be read as another.
As this issue pertained to both the experimental and simulated datasets
however (and the purpose of the experimental testing is to validate the quality
of the simulations), this was not regarded as a significant issue. Additionally,
the simulation’s ability to visualise the waves propagating through the material

allowed a propagation pathway to be assigned to the peaks in these signals.
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Figure 4.79-Figure 4.82 show the results of the two datasets for a 30°

steering angle from different x-positions across the backwall. The simulated
results also show the ToA gating (defined in Equation 4.7-Equation 4.9) to
illustrate the process of pathway identification. A cutoff voltage was applied to
the experimental signals (-20dB of the maximum voltage peak across the
backwall), and a propagation pathway was attributed to any signal above it.
These propagation pathways were determined by the simulated peaks that

occur within a close point in time and are also annotated on these figures.
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Figure 4.79: Simulated vs Experimental data for 30° Steering Angle at Omm across the
backwall, annotated with the experimental signal peak’s propagation pathway
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Figure 4.80: Simulated vs Experimental data for 30° Steering Angle at 80mm across the
backwall, annotated with the experimental signal peak’s propagation pathway
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Figure 4.81: Simulated vs Experimental data for 30° Steering Angle at 140mm across the
backwall, annotated with the experimental signal peak’s propagation pathway
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Figure 4.82: Simulated vs Experimental data for 30° Steering Angle at 235mm across the
backwall, annotated with the experimental signal peak’s propagation pathway

There appears to be a strong correlation between the experimental and
simulated datasets shown in Figure 4.79-Figure 4.82, as the peak experimental
signals received by Rx occur at similar times to those of the peak displacements.
It is also noteworthy that the experimental signals have less noise than the
simulated displacement due to the multiple filters that the data passes

through.

The first received signal above the -20dB cutoff was from the x-position
directly beneath Tx and was identified as the shear wave that reflected off of
the sidewall. The simulated results show a second peak 10us after the ToA of

this experimental signal peak. This was identified as a Rayleigh wave that was
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generated by the shear wave directly striking Cor2. Hutchins, Nadeau, and Cielo

[89] have documented the effects of bulk waves mode-converting to surface
waves when interacting with a rectangular slot (akin to a corner-trap), and this
type of mode-conversion was also predicted in the FEM modelling of Bond and
Saffari [90]. Despite its magnitude in the simulated results, Rx was incapable of
detecting these mode-converted Rayleigh waves across the backwall.
Additionally, Rx could not detect the Rayleigh waves transmitted across the
surface from Tx for the 20° and 25° steering angles (shown in Figure 4.67 and
Figure 4.68 respectively). It is unclear if this is due to simulation error or the
design of Rx being unsuitable to detecting third harmonic Rayleigh waves. The
other experimental signal peaks were identified as shear waves, and their
propagation pathways as: directly from Tx to Ry; reflecting off of the sidewall,
backwall, surface, and to Rx; and reflecting off of the backwall, surface, and to

Rx.

Due to the lack of a simulated model for the 15° steering angle, its
experimental signals were identified by both ToA gating and comparison to the
pathways of the other steering angles. For all steering angles, the propagation
pathways that produced an experimental signal peak above their voltage cutoff
are recorded in Appendix B. The maximum voltage peak from across the
backwall (and thus the voltage cutoff) changed across steering angles. Figure
4.83 shows the maximum voltage peak for a given propagation pathway as the

steering angle increased.
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Figure 4.83: Beam Steerability Propagation Pathways to the Backwall
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From steering angles of 15-40°, the propagation pathway that produced

the maximum voltage is the direct shear waves, however this is supplanted by
the shear waves that reflected off of the sidewall for the remaining steering
angles. The Rayleigh wave that travelled across the sidewall began to be
detected at a 50° steering angle, and it increased in magnitude until it produced
the greatest signal voltage at the 90° steering angle. The ToA gating for the 20°
and 25° steering angles was complicated by the mode-converting compression
waves. The differing wave velocities across unknown surface positions meant
that automatic gating was not wholly reliable, however the experimental

voltage peaks could still be identified via the simulations.

At each x-position across the backwall, the maximum signal from the
direct shear wave was ToA-gated for both datasets. This was used to create
simulated and experimental shear wave profiles across the backwall and
measure their beam-spread. The beam-spread is defined as the difference in
backwall x-positions whose maximum signal voltages were -6dB that of the
maximum voltage across the backwall. Figure 4.84 shows the shear wave
backwall profiles for the 30° steering angle and is annotated to show their
beam-spreads. This process was repeated for all steering angles and their

profiles correlate very well with one another (as shown later in Table 4.2).
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Figure 4.84: Shear Wave Profiles for 30° Steering Angle
The magnitudes of each dataset’s profile peak was graphed against the
steering angle and is shown in Figure 4.85. The x-positions at which both

profile’s peaks occurred were expressed as reception angles across a 100mm
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depth. From Figure 4.84, these x-positions of 70mm and 81mm equal reception

angles of 35.0° and 39.0° respectively. This process was also applied to the
upper and lower limits of the profile’s beam-spread. Figure 4.86 shows these
reception angles graphed against their respective steering angles, with the

beam-spreads graphed as error bars.
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Figure 4.85: Plot of the Shear Wave Backwall Profile’s Maximum Amplitude across Steering
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Figure 4.86: Shear Wave Reception Angle across Steering Angles

There is a good correlation coefficient of 0.9790 between the
magnitudes of the backwall profile peaks for both datasets (excluding the 15°).
This is also the case for the profile peak’s reception angles with a correlation
coefficient of 0.9327, however the correlation coefficient for the beam-spread
limits are 0.9957 and -0.2323 for the upper and lower limits respectively. The

reason for the lower limit’s low correlation coefficient is due to the magnitude



118
at a given x-position across the backwall profile compared to its peak. These

respective magnitudes are greater for the simulated displacement than for the
experimental results. This extends to Figure 4.85, and explains why the
simulated displacement dataset is greater compared to its maximum at 30°

than the experimental voltage.

There is no measurable beam-spread for the 90° steering angle’s
simulated dataset, as the profile for the direct shear wave did not drop to a
point below -6dB of the peak value such that a reliable beam-spread could be
called. Figure 4.87 shows the 90° steering angle’s shear wave profiles for both
datasets, which had a correlation coefficient of -0.2059. To counter this,
backwall profiles of the shear wave reflecting off of the sidewall onto the
backwall were graphed, as shown in Figure 4.88. While this did increase the
correlation coefficient between the two datasets to 0.6546, it still could not be

used to measure a -6dB beam-spread.

Like the beam directivity results, the reception angle for the
experimental results tend to be higher than those of the simulated results,
particularly at lower steering angles. While this could be attributed to the
different types of filtering or the different variables measured (displacement
magnitude vs induced voltage), their accuracy was sufficient to confirm the

simulated model’s accuracy.
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Figure 4.87: Shear Wave Profiles for 90° Steering Angle
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%108 EMAT-1 90° Steering Angle: Shear Wave Displacement Magnitude Reflected Profile across Backwall
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Figure 4.88: Reflected Shear Wave Profiles for 90° Steering Angle

The Rayleigh wave velocity was calculated with the 90° steering angle.
The ToA of its peak voltage was recorded at each x-position across the backwall.
Figure 4.89 shows these x-positions graphed against the ToAs, and it is
noticeable that the number of outliers increased as the x-position reaches the
end of the backwall. This was due to the imposition from the Rayleigh waves
travelling across the surface and far-wall. Without the outliers, the gradient of

the remaining data calculated a Rayleigh wave velocity of 2.88mm/us.
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Figure 4.89: Plot of Rayleigh wave ToA across the backwall for 90° Steering Angle

4.4.2. Simulated Reception EMAT

As previously discussed in Section 4.3.1, Tx transmitted each of the three wave
modes in the form of two split-waves originating from approximately £10mm

from its centre. While that phenomenon was explored for the MLC EMAT's
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transmission, it was not considered for the reception of the waves due to the

use of a spiral-coil EMAT as the receiver.

Figure 4.90 shows three A-scans from the surface x-position of 100mm
from Tx at a 90° steering angle: the simulated x-component of displacement;
the experimental voltage from Rx; and the received signal from the shear wave
UT probe. The Rayleigh wave recorded by Rx shows a single peak at 40us,
however both the simulated x-displacement and shear probe’s signal show this
wave as two peaks. These two peaks recorded by the UT probe prove that not
only does Tx transmit the Rayleigh waves (and by extension the bulk waves) as
split-waves from near the corners of the EMAT, but that Rx was also receiving
from its corners. The two Rayleigh split-waves from the corners of Tx were
recorded as a single peak in the experimental A-scan due to them
superimposing when they each reached the two corners of Rx.
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Figure 4.90: Experimental vs Simulated data for 90° Steering Angle at 100mm across the
surface

In an attempt to decrease the difference between the simulated and
experimental results, an alternative solution was devised to measure the three
wave modes on the rectangular sample. As previously stated in Section 2.5.1.1,
when charged particles move within a magnetic field, they generate an electric
field. An approximation for the current induced into the MLC (and by extension
the received signal from Ryx) was calculated by estimating the rate of change of
particle motion at each point beneath the MLC array and making it a product

of the magnetic flux density at that point.
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The angle of magnetic flux density at a given position was found via

Equation 3.7 and the electromagnetic data extracted from the area of high-
mesh density. The particle velocity was estimated as the rate of change of
displacement, at an angle 90° greater than that of the magnetic flux density.
Equation 4.2 was used with the angle of magnetic flux density to calculate the
component of displacement in this direction. The particle motion was therefore
calculated as the difference in this directional displacement between
timesteps, divided by the timestep. An approximation for the electric current
induced into the MLC from a given point on the surface beneath it could be
calculated from the components of both displacement and magnetic flux
density at each timestep, as shown in Equation 4.10.

AU, cos 8. + Au,, . Sin 0
x(t) r y(t) "« B

AL o Equation 4.10

[(t) X

The positions from which the components of magnetic flux density were
taken were from the high-mesh area directly beneath the EMAT: from -20mm
to 20mm at 0.01mm intervals, as with the beam directivity models. The x & y
components of displacement from the rectangular sample’s backwall and
surface were extracted at 0.1mm intervals and so required resampling at
0.01mm intervals. At each x-position for the backwall and surface, the dynamic
electric field was estimated via Equation 4.10 at 220mm at 0.01mm intervals.
Due to the values of induced eddy current density being highest directly
beneath the coils (as shown in Figure 3.21 and Figure 3.22) these dynamic
electric field values were then multiplied by the values of eddy current density
induced at the surface. This acted both as a SF to enhance the values of electric
field directly beneath the coils, and to invert the direction of the induced eddy
current for each alternate coils due to the out-of-plane direction of the MLC.
These values were then summed together and divided by the number of
positions (equal to 4001) at each timestep to produce the simulated signal’s
amplitude across time. The resultant signal was passed through the same
bandpass filter as those used for the experimental signals. This method of

signal simulation effectively created a simulated Rx for the models.

Thring [91] used a similar method for detecting Rayleigh waves, as the

motion of the particles from an ultrasonic wave was dependent on the type of
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wave being propagated. This method used calculated elliptical particle motion

that was integrated across the skin depth for more accurate values. This
approach was not adopted for this body of work, since the simulated reception
signal was required to receive both bulk and Rayleigh waves. COMSOL
multiphysics models have been used to calculate the induced voltage for a
reception EMAT. Qu et al [18] used one such model in a similar study: using
two MLC EMATs in a PC setup to compare the performance between different
steering angles. The simulated voltage agreed very well with the measured
experimental voltage from the Ry for steering angles of 30° and 45°. Similar
models capable of calculating induced voltage by means of a moving mesh
interface were proposed for this study, however this increased the
computational runtime of the models too much to justify their inclusion. The
simulated signals are more representative of the experimental signals, as they
recorded the split shear waves as a single peak, as shown in Figure 4.91 when

compared to Figure 4.90).

EMAT-1 90° Steering Angle: Simulated Signal via EMAT-1 at 100mm on Surface
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Figure 4.91: Experimental vs Simulated data for 90° Steering Angle at 100mm across the
surface

The simulated received signals were analysed in comparison to the
experimental results for each steering angle as before. Figure 4.92-Figure 4.95
show this comparison at the same backwall x-positions as Figure 4.79-Figure
4.82. This method of signal simulation proved more accurate than the
simulated displacement magnitudes, as the simulated Rx did not register either
the Rayleigh wave mode-converted by the shear wave striking Corz, or the

Rayleigh wave generated by its 3" harmonic.
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Figure 4.92: Simulated Signal vs Experimental Signal for 30° Steering Angle at Omm across

the backwall
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Figure 4.93: Simulated Signal vs Experimental Signal for 30° Steering Angle at 80mm across

the backwall
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EMAT-1 30° Steering Angle: Simulated Signal via EMAT-1 at 235mm on Backwall
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Figure 4.95: Simulated Signal vs Experimental Signal for 30° Steering Angle at 235mm across
the backwall

Figure 4.96 shows the simulated signal’s shear wave backwall profile
compared to the experimental profile for a 30° steering angle. Additionally,
Figure 4.97 shows how the use of this simulated signal enables a beam-spread
to be drawn for the direct shear wave profile at the 90° steering angle. Figure
4.98 shows the reception angles of the shear wave’s profile peaks and beam-
spread limits across steering angles using this method. There is an increase in
the correlation coefficient from 0.9327 to 0.9932 when comparing the
simulated signal (rather than comparing the displacement magnitude) to the
experimental signal. Additionally, the correlation of beam-spread limits were
significantly improved from 0.9957 & -0.2323 to 0.9989 & 0.9966 for the upper

and lower limits respectively.
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Figure 4.96: Shear Wave Profiles for 30° Steering Angle
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Figure 4.97: Shear Wave Profiles for 90° Steering Angle
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Figure 4.98: Plot of the Shear Wave Backwall Profile’s Reception Angle across Steering Angles

Comparing the maximum amplitude of the simulated signals to those of
the experimental for the shear wave backwall profile ones produced a
correlation coefficient of 0.9380. This is a decrease from a coefficient of 0.9790
for the comparison of displacement magnitude to the experimental signal. This
is due to the simulated signal’s trend deviating significantly from the

experimental signal at the 20° steering angle, as seen in Figure 4.99.

It is unclear what caused the increased amplitude at the 20° steering
angle. It was initially theorised to be due the method of calculating the signal
induced into the coils becoming inefficient at higher frequencies. The induced
electric field at a given point was estimated by multiplying the rate of change

of particle displacement by the magnetic flux density (shown in Equation 4.10).
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Figure 4.99: Plot of the Shear Wave Backwall Profile’s Skewed Maximum Amplitude across
Steering Angles

Figure 4.100 shows the results from Figure 4.43 adapted to show the
maximum particle velocity for all three wave modes across steering angles. This
was calculated by dividing the change in directional displacement between
timesteps by the timestep, in the same manner as Equation 4.10. Figure 4.100
shows that that the particle velocity skewed to become larger in magnitude at
lower steering angles, and thus higher frequencies. This was confirmed by
extracting the components of velocity from the sample’s curved surface for the
beam directivity simulation. The correlation coefficient between the results of

Figure 4.100 and Figure 4.43 was calculated as 0.7648.
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Figure 4.100: Graph of Maximum Particle Velocity across Steering Angles

Due to the experimental results showing a greater conformance to the

values of particle displacement rather than velocity, further refinement to the



127
process of simulating the A-scan signals was required. This was done by dividing

the calculated results of velocity from Figure 4.100 by the frequency of its
steering angle. Figure 4.101 shows that this corrected the skew present in

Figure 4.100 and improved the correlation coefficient from 0.7648 to 0.9935.

The process of dividing the amplitude of the simulated signal by the
frequency of the steering angle was used on the results from Figure 4.99, and
are shown in Figure 4.102. This decreased the increased amplitude at the 20°

steering angle and increased the correlation coefficient from 0.9380 to 0.9641.
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Figure 4.101: Graph of Maximum Particle Velocity corrected for Frequency across Steering
Angles
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Figure 4.102: Plot of the Shear Wave Backwall Profile’s Maximum Amplitude across Steering
Angles

Table 4.2 contains the complete list of correlation coefficients between

both the displacement magnitudes and the simulated signals to the
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experimental signals for the shear wave backwall profile across steering angles.

Included in this table are the correlation coefficients for the backwall profile
from the shear wave reflected off of the sidewall onto the backwall. For each
steering angle, there tends to be a noticeable increase in correlation coefficient
for both the direct and reflected shear wave backwall profiles when using the
simulated signal over the displacement magnitude. This is not the case for the
reflected shear wave profiles for steering angles of 20-40°, however since these
steering angles did not produce a shear wave with a reception angle above 45°

(as shown in Figure 4.98) this was not regarded as an issue.

Table 4.2: Experimental Validation Correlations

Direct Shear Wave Correlation Reflected Shear Wave Correlation

Steering
Angle (°) D:;Z'::;Lndeem Simulated Signal D:\jl,;:‘:iirdeent Simulated Signal

20 0.7875 0.8163 0.7814 0.7758

25 0.8825 0.9177 0.6807 0.6473

30 0.8794 0.9240 0.6334 0.6530

35 0.8559 0.9040 0.7370 0.6585

40 0.7869 0.8724 0.8334 0.7498

45 0.7339 0.8940 0.8656 0.8944

50 0.7060 0.9495 0.8753 0.9553

55 0.6508 0.9550 0.8747 0.9717

60 0.5426 0.9399 0.8798 0.9766

90 -0.2059 0.9353 0.6546 0.8908

4.5. Summary

The focus of this chapter was the relationship between the desired steering
angle driving the MLC EMAT, and the actual reception angle of the shear waves.
This was studied through the use of simulated models of an MLC EMAT over
aluminium samples that were validated through the use of experimental

testing.
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The EMAT’s beam directivities for its shear and compression waves were

calculated from the curved surface of a semicircular sample, and its shear wave
steerability was measured from the backwall of a rectangular sample. For both
samples, the magnitude of the shear waves reached a maximum value at a
steering angle near 30°. A steering limit of 45° was ultimately called for this
EMAT, for near this steering angle: the shear wave directivity falls from its peak
value; the Rayleigh waves begin to supplant the shear waves as the greater
wave mode; and the reception angle barely increases with the steering angle.
The maximum reception angle that the shear wave attained was at 61.1°,

however this was at the cost of a reduced displacement and larger beamwidth.

This chapter also described the method of simulating a reception EMAT’s
signal from the wave modes striking a flat surface. This method uses the same
simulated values of displacement and is capable of producing A-scans that
closer resemble those of the experimental testing. This method has been shown

to further increase the accuracy of the results extracted from the models.
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Chapter 5 - Modified Magnetic Configurations

The previous chapter was dedicated to the complete simulated and
experimental analysis of the standard experimental MLC EMAT. This chapter
seeks to explore modifications to the magnetic configuration that could
improve the operation of the MLC EMAT. Alternative magnetic configurations
at the same lift-off were explored to change the bias magnetic field by varying

the dimensions, directions, and number of magnets involved.

5.1. Introduction

As previously discussed in Section 3.3, studies have looked into improving
EMAT performance by changes to their physical design. Pei et al [73] used a
new magnetic configuration for a Rayleigh wave PC setup via MLC EMATSs, to
which the new magnetic configuration increased the generation and detection
efficiencies by SFs of 2.19 & 2.44 respectively. This was due to the replacement
of a single permanent magnet with two, creating a central concentration of
magnetic flux density and increasing the EMAT’s transduction efficiency. While
that study explored the effects of the magnet’s geometry on the SNR of the

EMAT, it was only in relation to the Rayleigh waves rather than the bulk waves.

5.2. Vertical Magnetic Configurations

To explore the effects of different magnetic configuration on the transmission
of bulk waves, the beam directivity models were repeated using the alternate
magnetic configurations from Section 3.3. Sections 5.2.1-5.2.7 are each
dedicated to one of these different magnetic configurations and how they
affected the intensity and direction of the transmitted wave modes across a
range of steering angles. The results from these simulations are compared to
those of the EMAT from Section 4.3.1, henceforth known as EMAT-1. The time
required to simulate each steering angle from 15-90° at 1° intervals was

deemed too great, and so simulations were initially conducted at 5° intervals.
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It was observed from these initial results that the maximum displacement was

derived from a steering angle between 25-40° across these magnetic
configurations. Further simulations were then undertaken for steering angles

of 26-39° at 1° intervals.

5.2.1. EMAT-2: 1x 40mm Wide Magnet
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Figure 5.1: EMAT-2 Design

Increasing the magnet’s width from 20mm to 40mm has little impact on the
value of maximum magnetic flux density (as shown in Figure 3.14) however it
does re-position the concentrations of magnetic flux density (located at the
corners of the magnet) to outside of the coil array, as shown in Figure 5.1. This
decreases the magnetic flux density that interacts with the eddy current
densities induced beneath coils, resulting in weaker Lorentz force densities.
Additionally, due to the corners of the magnet being outside of the coil array,
the vertical direction of magnet flux density does not invert within the eddy
current’s area of effect. Not only does this mean that the x-components of
Lorentz force density remained larger than the y-components across the coil
array, but the alternating directions of the horizontal Lorentz force density
remain consistent with those of an ideal MLC EMAT. This is seen for EMAT-2 in
Figure 5.2 when compared to EMAT-1 in Figure 4.49. These decreases in
magnetic flux density decrease the displacements of each wave mode for a
given steering angle (compared to EMAT-1) as shown in Figure 5.3. The changes

in the -6dB beamwidth across steering angles are also shown in Figure 5.4.
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For steering angles from 15-35°, the pattern of behaviour for EMAT-2’s

shear waves are comparable to those of EMAT-1, albeit with larger beamwidths
and reduced magnitudes. As the steering angle increases to 45°, EMAT-2’s
beamwidth is narrower than EMAT-1’s due to the reduction of sidelobes within
each of the split-waves. Figure 5.5 shows the directivity plot for EMAT-2’s 40°
steering angle, and the reduced sidelobes are clearly seen when compared to

EMAT-1’s in Figure 4.32.
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Figure 5.5: Bulk Wave Directivity Plot for EMAT-2 40° Steering Angle

The colour-plots for EMAT-2 show that the EMAT continues to transmit
shear waves as two split-waves. The reductions in sidelobes however create a
single stress concentration within each of the split-waves. This is shown in
Figure 5.6 when compared to Figure 4.9 for a 45° steering angle. Beyond this
steering angle, these single stress concentrations become as weak in
magnitude as the wavefront’s sidelobes, causing the large beamwidths in

Figure 5.4.

The origin positions for the split-waves from steering angles of 15-37°
were calculated at approximately 2mm further from the centre than for EMAT-
1. For the 42-90° steering angles, the RToA values approximate those of EMAT-
1 suggesting the same origin position. The reception angle at 90° shows the A-
scan for the Rayleigh wave arriving at the corner of the semicircular sample’s
flat surface. Comparing the 90° A-scans for EMATs 1 & 2 in Figure 5.7 shows
that the ToA from each of the two peaks changes little by the increase in

magnet width.
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Figure 5.7: A-scans at 90° for EMATs 1 & 2 90° Steering Angle
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Figure 5.7 shows that the maximum Rayleigh wave displacement reduces

by approximately a third between EMATs 1 & 2.

It is also noticeable that the

maximum values of displacement between the two peaks does not significantly

decrease for EMAT-2. Both of these are due to the lack of concentrations in

magnetic flux density within the coil array.
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5.2.2. EMAT-3: 2x 20mm Wide Magnets
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Figure 5.8: EMAT-3 Design

The two 20mm-wide magnets with alternating poles create a large
concentration of magnetic flux density at the centre of the EMAT, as shown in
Figure 5.8. This not only increases the maximum value of the Lorentz force
density but also causes the orientation of Lorentz force density to become

more vertical at the centre of the EMAT, as seen in Figure 5.9.
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Figure 5.9: Plots of Lorentz Force Density Components across Surface for EMAT-3

This increase in magnetic flux density increases the displacement for
each wave mode at given steering angle compared to EMAT-1, as shown in
Figure 5.10. A noticeable change from both EMATs 1 & 2 is that the shear wave
displacement does not swiftly decrease after reaching its maximum at a 33°

steering angle. As the steering angle continues to 90°, the ratio between the
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maximum and minimum displacements is much lower than those of EMATs 1 &

2. This is explained by the beamwidths and RToAs across steering angles for

EMAT-3, shown in Figure 5.11.
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At a 15° steering angle, two distinct shear wave lobes in each direction

are visible from the beam directivity plot, shown in Figure 5.12. These two

lobes merge as the steering angle increases, and at 28° the main lobe is

supplanted by the higher-angled secondary lobe. This supplantation causes

both the sudden increase in reception angle, and the RToA to change from

positive to negative suggesting that its origin position moves from one side of

the EMAT to the other. Another observation from the lower steering angle’s

shear waves is the presence of three split-waves compared to the two from

EMATs 1 & 2.
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Figure 5.12: Bulk Wave Directivity Plot for EMAT-3 15° Steering Angle
As the steering angle increases from 40-90°, the displacement did not
significantly change, and the RToA retains its trend at ~Ous. These are explained

by the colour-plot of EMAT-3’s 60° steering angle, shown in Figure 5.13.

Time=25.02 ps von Mises stress (N/m?)
mm T 7 ! j '
2ol 1 x10°
2
10+
ol 1.8
-10} 1.6
-20f 1.4
-30f 1.2
-40}
1
-50r
0.8
-60r-
-70r o
-80F} 0.4
-90f 0.2
-100F , 3 i - Y
-100 -50 0 50 mm

Figure 5.13: Colour-plot of EMAT-3 60° Steering Angle

The two magnets within EMAT-3 cover coils 1-6 & 7-12 respectively, as
shown in Figure 5.8. Due to their inverted directions of vertical magnetisation,
EMAT-3 can be considered as being made up of two adjacent sub-EMATSs, each
with a single 20mm-wide magnet and six coils. This consideration explains both
the presence of the two distinct shear wave lobes in each direction for the

lower steering angles, and their corresponding RToAs.

Unlike the higher steering angles of EMATs 1 & 2, the split-waves appear

to merge into a single wave originating from the centre of the EMAT, explaining
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the RToA ~Ous. For EMATs 1 & 2, each of the origin positions for the split-waves

was located near the corners of their EMAT. EMAT-3’s two adjacent sub-EMATs
would make four EMAT corners but given the close proximity of the two sub-
EMATs at the centre, the two split-waves superimpose and are measured as
one. This explains the presence of a third split-wave for the lower steering
angles. As the steering angle increases, all the split-waves superimpose into a
single shear wave due to their proximity and increased wavelength. This
increases the shear wave displacement and prevents the gradual decrease at

higher steering angles, seen for EMATs 1 & 2.

The Rayleigh waves also implemented this behaviour, as three distinct
peaks at the surface are seen in Figure 5.13. As the steering angle increases to
90°, these three peaks superimpose into a single peak with a magnitude double
that of EMAT-1’s (shown later in Figure 5.30). It is also noticeable from Figure
5.13 that a sidelobe is generated from the centre of the EMAT, normal to the
sample’s flat surface. This is due to the two innermost coils (coils 6 and 7)
generating Lorentz forces in the same horizontal direction, thus polarising
shear waves that propagate normal to the material’s surface. This behaviour is

the same as that of the rectangular-coil EMAT, shown in Figure 2.11.

5.2.3. EMAT-4: 1x 20mm Wide and 2x 10mm Wide Magnets
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Figure 5.14: EMAT-4 Design

This magnetic configuration is similar to that of EMAT-1, with a 20mm-wide

magnet at the centre of the magnetic configuration, as seen in Figure 5.14. The
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changes made by the addition of 10mm-wide magnets on either side can be

seen in the Lorentz force density distribution shown in Figure 5.15, compared

to Figure 4.49 for EMAT-1.

The presence of these adjacent magnets causes an evenly distributed
magnetic flux density for the two coils on each side of the coil array and
increases the vertical component of magnetic flux density at the ends of the
coil array. It also causes both coils 2 & 3 and 10 & 11 to generate Lorentz forces
in the same horizontal direction, as with coils 6 & 7 for EMAT-3. These changes
cause a significant impact on the magnitude and beamwidth of the shear waves,

shown in Figure 5.16 and Figure 5.17 respectively.
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EMAT-4: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
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Figure 5.17: Graph of Shear Wave Reception Angles across EMAT-4 Steering Angles

The displacement of EMAT-4’s shear waves are closer in magnitude to
those of EMAT-3 for a given steering angle, due to the greater value of magnetic
flux density from the adjacent magnets. While EMAT-4’s reception angle and
RToA behave in a similar manner to those of EMAT-1, the addition of 10mm-
wide magnets causes the sidelobes across each wavefront to become greater
in magnitude than EMAT-1’s. This causes an increase in the beamwidth for the

majority of steering angles.

EMAT-3 explores how the ends of adjacent sub-EMATSs produce separate
split-waves that superimpose and are measured as one. Since coils 1 & 2 and
11 & 12 are each beneath 10mm-wide magnets, EMAT-4 can be considered as
being made up of three sub-EMATSs: an eight-coil sub-EMAT with a two-coil sub-
EMAT on either side. This explains the increased magnitude of the split-waves
and particularly their lower-angled sidelobes. This is seen in Figure 5.18 when

compared to Figure 4.12.

The performance of two-coil EMATs is explored later in Section 6.3,
however the conclusion drawn is that they reach a lower steering limit at a
lower steering angle. The sidelobes at reception angles of 15-30° for EMAT-4
increase in magnitude as they are transmitted from these sub-EMATSs. Despite
the sidelobes increasing magnitude, their direction within the beam directivity
remains the same as those for EMAT-1 for a given steering angle. This is

exemplified by Figure 5.19 when compared to Figure 4.31.
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Figure 5.19: Bulk Wave Directivity Plot for EMAT-4 35° Steering Angle

5.2.4. EMAT-5: 1x 10mm Wide Magnet
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Figure 5.20: EMAT-5 Design
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As was the case with EMAT-2, the change in the magnet’s width does not

significantly change the maximum magnetic flux density at the surface,
however it does reposition the concentrations of magnetic flux density. Like
EMAT-1, the corners of the magnet are still within the coil array (encompassing
coils 5-8 as seen in Figure 5.20) however the magnetic flux density retains its
vertical direction up to coils 4 & 9. This essentially creates a central six-coil
sub-EMAT between two three-coil sub-EMATs that each possess a weaker
inverted magnetic field. This results in coils 3-4 and coils 9-10 inducing Lorentz
force densities in the same horizontal directions, weaker in magnitude to those

at the centre of the surface, as seen in Figure 5.21.
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Figure 5.21: Plots of Lorentz Force Density Components across Surface for EMAT-5 15°
Steering Angle

The single magnet reduces the displacements of the three wave modes
compared to EMATs 1 & 3. The shear wave displacements are similar in
magnitude to those of EMAT-2 for steering angles of 15-50°, however from 50-
90° they increase. The reason for the increase in shear wave displacement from
the 50° steering angle onwards is due to EMAT-5’s split-waves. EMAT-5’s design
is essentially the same as EMAT-4: a central sub-EMAT enclosed by two smaller
sub-EMATs. This means that the three sub-EMATs create two superimposed
split-waves that originates from between coils 3-4 and coils 9-10. This explains
the similarity in beamwidths across steering angles between these two EMAT

configurations, as seen in Figure 5.23.
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Figure 5.23: Graph of Shear Wave Reception Angles across EMAT-5 Steering Angles

A noticeable difference in beamwidths between these two EMATSs is the
absence of sidelobes between reception angles of 15-30°. This is due to the low
values of magnetic flux and Lorentz force densities for the three-coil sub-
EMATSs that generate them. The two split-waves are transmitted from between
the three sub-EMATs and superimpose into a single wave only at the region of
maximum displacement. Two additional split-waves were detected from the A-
scans across the curved surface for the 15° steering angle. Figure 5.24 shows
two such A-scans and have been annotated to highlight all four split-waves.
These additional split-waves originated from the ends of the coil array, due to

their lower magnitude and position in time.
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Figure 5.24: Graph of Directional Displacement across Time at 32° & 45° for EMAT-5 15°
Steering angle, annotated to highlight the four split-wave peaks

5.2.5. EMAT-6: 2x 10mm Wide Magnets
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Figure 5.25: EMAT-6 Design

The magnetic configuration of two 10mm-wide magnets in alternating
directions does not physically encompass the entire coil array, as shown in
Figure 5.25. Despite this, the bias magnetic field from each magnet enables
their respective half of the coil array to be within a single vertical direction.
Coupled with a concentration of magnetic flux density at the centre of the
EMAT, this magnetic configuration’s design is akin to that of EMAT-3. The main
difference between EMATs 6 & 3 is the weakening vertical magnetic flux density
toward the ends of the coil array, reducing the x-component of Lorentz force

density, as shown in Figure 5.26.
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EMAT-6 15° Steering Angle: Lorentz Force Density across Surface
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Figure 5.26: Plots of Lorentz Force Density Components across Surface for EMAT-6 15°
Steering Angle

Figure 5.27 and Figure 5.28 show the results of this magnetic
configuration across steering angles. As expected, these results resemble those
of EMAT-3 due to their similar designs. Despite being lower in magnitude due
to the lower magnetic flux density, the shear wave displacements across
steering angles behave in a similar manner to those of EMAT-3. The two sub-
EMATs transmit two distinct shear wave lobes in each direction at lower
steering angles, explaining the sudden increase in reception angle between the
20-25° steering angles. These split-waves combine into a single shear wave

originating from the centre at higher steering angles.
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Figure 5.27: Graph of Maximum Displacement across Steering Angles for EMAT-6
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One noticeable difference between EMATs 6 & 3 is the presence of two

additional split-waves at the higher steering angles. Figure 5.29 shows the

colour-plot for EMAT-6’s 60° steering angle which highlights these split-waves

when compared to Figure 5.13 for EMAT-3. The transmitted Rayleigh waves also

highlight these additional split-waves. From Figure 5.29 and Figure 5.13, a

single large Rayleigh wave is seen between two smaller Rayleigh waves. At the

90° steering angle however, EMAT-6 retains these three Rayleigh waves while

for EMAT-3 they all superimpose into a single peak. Figure 5.30 shows the A-

scan for these Rayleigh waves arriving at the corner of the sample for EMATs 3

& 6.
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Figure 5.30: A-scans at 90° for EMAT-3 & EMAT-6 90° Steering Angle

5.2.6. EMAT-7: 3x 10mm Wide Magnets
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Figure 5.31: EMAT-7 Design

EMAT-7’s magnetic configuration is similar in design to both EMATs 4 & 5: a
central magnet between two inverted magnetic fields, as seen in Figure 5.31.
These create three four-coil sub-EMATS, as shown in Figure 5.32. It is expected
therefore that both the shear wave displacement and beamwidth is similar in
pattern to those of EMAT-5, as that was also considered as being composed of
three sub-EMATs. Figure 5.33 however shows the presence of twin peaks of
maximum shear wave displacement, which is a significant deviation from all of
the previous magnetic configurations. These twin peaks are caused by the

interference of the distinct shear wave lobes from each of the sub-EMATSs.
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Figure 5.32: Plots of Lorentz Force Density Components across Surface for EMAT-7 15°

Steering Angle
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Graphs of the shear wave reception angles for EMATs 1, 2 & 4 show that

as the steering angles increases, the reception angle linearly increases until
approximately 29-33° when the gradient of this linear trend reduces. Figure
5.34 however shows that the reception angle increases linearly with steering
angle from 15-45°, with the exception of the 25-31° steering angles when this
trend is offset to higher reception angles. It is within this offset range that the
first of the shear wave’s maximum displacement peaks occur. Sudden increases
in reception angle have occurred with previous magnetic configurations when
the steering anglesincreased to: 42° for EMAT-1; 28° for EMAT-3; 39° for EMAT-
4; and 25° for EMAT-6. The difference between these sudden increases and
those of EMAT-7 is that the reception angle does not then decrease afterwards.
This sudden increase and decrease is also shown for EMAT-5 in Figure 5.23 from
steering angles of 40-50°, however this is not accompanied by any significant

change in displacement.

The reason for this temporarily increased reception angle range is the
emergence of higher-angled sidelobes that increase to a maximum
displacement and then reduce in magnitude to become supplanted by the
originally dominant lobes. The originally dominant lobes then reach their
maximum displacement at the 38° steering angle, creating the second
maximum shear wave displacement peak. The originally dominant shear wave
lobes are transmitted from the central sub-EMAT, while the higher-angled
sidelobes are transmitted from the sub-EMAT closest to the reception angle.
This is not reflected in the RToA however, as the reception angle’s A-scan could
not distinguish between the split-waves that had superimposed at the

reception angle of maximum displacement.

These three sub-EMATs generate four split-waves, and increasing the
steering angle further causes the two innermost split-waves to merge into one
at the reception angle of maximum displacement only. This is seen in Figure
5.35, in addition to the Rayleigh waves that are shown to emulate these four
split-waves. At the 90° steering angle, the A-scan from the corner of the sample
graphs only the Rayleigh wave peaks originating from the two innermost split-
waves. Due to their close proximity and weak magnitude, the Rayleigh waves

from the outermost split-waves are imposed onto the innermost split-waves
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and are seen leading and trailing these two peaks. Figure 5.36 shows this A-

scan compared to that of EMAT-5, due to both of these configurations
possessing the same number of sub-EMATs. No Rayleigh waves are seen leading
or trailing the two peaks for EMAT-5. This is due not only to the weak Lorentz
forces at the ends of the coil array, but also due to the two innermost split-

waves originating closer to the ends of the coils than those of EMAT-7.
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Figure 5.35: Colour-plot of EMAT-7 60° Steering Angle
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5.2.7. EMAT-8: 4x 10mm Wide Magnets
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Figure 5.37: EMAT-8 Design
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This final EMAT configuration (composed of four 10mm-wide magnets as seen
in Figure 5.37) was expected to combine the conclusions of EMAT-6 and EMAT-
4, due to the two central and exterior magnets respectively. This creates two
four-coil sub-EMATSs within two two-coil sub-EMATSs (as seen in Figure 5.38) and

the effect that this has on the shear wave displacement is shown in Figure 5.39.
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Figure 5.38: Plots of Lorentz Force Density Components across Surface for EMAT-8 15°
Steering Angle

EMAT-8 displays the same pattern of twin shear wave displacement
peaks as EMAT-7. EMAT-8’s sub-EMATs are not at the same positions as those
for EMAT-7, however they still generate higher-angled sidelobes which are
responsible for the first shear wave displacement peak. The RToAs for this first

peak (shown in Figure 5.40) suggest that this shear wave lobe originated from
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one of the two sub-EMATs furthest from the reception angle. The numerous

sub-EMATSs (each with strong magnetic flux densities) transmit multiple shear
wave lobes that increase the beamwidth at lower steering angles beyond those

of the other EMAT configurations.
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EMAT-7’s 90° steering angle caused the two innermost split-waves to
merge at the reception angle of maximum displacement, which increased its
shear wave displacement compared to other magnetic configurations at the
same steering angle. The same steering angle for EMAT-8 increases the
maximum shear wave displacement further, such that it is the maximum shear
wave displacement across the range of steering angles. This is a significant
deviation from the typical 30-35° steering angle range seen with the previous

EMATs. This maximum value is not only due to the increased shear wave
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displacement at the 90° steering angle, but also due to the decreased

displacements of the twin shear wave peaks. These changes are a consequence

of the interaction between the numerous split-waves.

These split-waves caused both constructive and destructive interference
between themselves. Figure 5.41 shows the colour-plot for a 60° steering angle
which could be compared to Figure 5.18 and Figure 5.29 for EMATs 4 & 6
respectively to highlight the effect of these interferences. Figure 5.41 shows
an absence between the exterior split-waves, greater than that of EMAT-4
despite the fact that a single wavefront would have been generated from its

centre akin to EMAT-6.
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Figure 5.41: Colour-plot of EMAT-8 60° Steering Angle
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Figure 5.42: A-scans at 90° for EMAT-4 and EMAT-8 90° Steering Angle

Despite the destructive interference of the central split-waves, the A-

scan of the Rayleigh wave shows an additional smaller peak between the two
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expected peaks. These expected peaks originate from between coils 2-3 and

10-11 (as was the case for EMAT-4) however the smaller peak for EMAT-8
originates from the destructively interfered central split-wave. This is shown in
Figure 5.42, which compares the Rayleigh wave A-scans for EMATs 4 & 8 at a

90° steering angle.

5.3. Horizontal Magnetic Configurations

Section 5.2 shows that differing magnetic configurations result in changes to:
the magnitude of the three wave modes; the magnitude of the sidelobes
compared to the main lobes; and the separating/merging/increased number of
split-waves. One of the more important observations however was that the
maximum reception angle attainable was via EMAT-2 at 64.2°, however the
shear wave directivity was of low displacement and a beamwidth encompassing
almost the entirety of the curved surface. In an attempt to extend the reception
angle of the MLC EMAT, additional magnetic configurations are explored with

horizontal directions of magnetic flux density.

Qu et al [18] compared the performance of an MLC EMAT when its
direction of magnetisation was changed from vertical to horizontal. This was
performed via a PC setup on a rectangular sample (akin to the test setup in
Section 4.4) across a steering angle range of 30-60°. Qu et al [18] concluded
that the normalised amplitude of the shear waves had lower variance when the
magnetisation direction was horizontal, and that the horizontal magnetisation
enabled scanning at a greater angle. While the ratios between these amplitudes
of normalisation show that the maximum magnitude from the vertically
directed EMAT was greater for both the simulated and experimental results, it
encouraged exploration within this work for a greater reception angle. EMAT-
1’s magnet was rotated 90° to create a horizontal magnetic field, and the effect

that this had on the lines of magnetic flux density is shown in Figure 5.43.
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Figure 5.43: Colour-plot of Magnet-9

The same beam directivity simulations as before were repeated, and
Figure 5.44 and Figure 5.45 show the maximum displacement of the three wave
modes and the shear wave reception angles respectively across steering angles.
The shear wave displacement shown in Figure 5.44 corroborates the conclusion
by Qu et al [18], in that there is little variance in the magnitude across steering
angles. These results are also consistent with those in Section 5.2, with a
maximum shear wave displacement peak generally within a steering angle
range of 30-35°. The results shown in Figure 5.45 however are very similar to
those of EMAT-3, shown in Figure 5.11. These similarities include: two distinct
lobes at a 15° steering angle; a sudden increase in reception angle at lower
steering angles; a shear wave lobe normal to the surface; and a single shear

wave at higher steering angles.
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EMAT-9: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
T T T T T T

80 T 4
55 ¢ Reception Angle
* Relative ToA
70 {3
65
60~ 2
55 3
50 .o 1 @
o | . 3
245 <
< Q
s 40 . . . . . . . U ©
2 I 2
@3 ®
¢ °
30 I -1
25
20 -2
15H
10H -3
5
b 1 1 1 Il 1 1 1 1 1 1 1 | 1 1 D"
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Steering Angle (°)

Figure 5.45: Graph of Shear Wave Reception Angles across EMAT-9 Steering Angles

The similarity between EMATs 9 & 3 is revealed by the orientations of
Lorentz force density for both EMATs, shown in Figure 5.46. While EMAT-9’s
magnet produced a constant horizontal direction of magnetic flux density
across the surface, the vertical direction inverts at the centre, just as it does
for EMAT-3. This means that EMAT-9 can also be considered as being composed

of two six-coil sub-EMATSs.
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Figure 5.46: Plot of Lorentz Force Density Directions across Surface

Despite the orientations of Lorentz force density being almost equal for
EMATs 9 & 3, the magnitudes of their components are different across the
surface. This is due to the differing positions and number of magnetic flux
concentrations from the magnets. The components of Lorentz force density for
EMAT-9 is shown in Figure 5.47. Comparing them to EMAT-1 (Figure 4.49) shows

that the 90° rotation of the square magnet causes EMAT-9’s x-component of
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Lorentz force density to be equal in magnitude and direction to the y-

component of Lorentz force density for EMAT-1. Comparing them to EMAT-3

(Figure 5.9) highlights the effect that differing positions of magnetic flux

density concentration has on these forces, but how it ultimately has minimal

effect on either the reception angle or beamwidth of the shear waves.
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Figure 5.47: Plots of Lorentz Force Density Components across Surface for EMAT-9

Using the same magnets and restrictions as stated in Section 3.3, a

second list of magnetic configurations is drawn in Table 5.1. The same

parametric studies were then performed on these additional horizontal

magnetic configurations, and the magnetic fields at 1mm lift-off is shown in

Figure 5.48-Figure 5.52.

Table 5.1: Horizontal Magnetic Configuration Design

Configuration

Configuration

Number of Peaks
across Surface at

Number of Peaks
within Coil Array

Number Imm Lift-off at Imm Lift-off
9 20mm 2 2
10 20mm-20mm 2 0
11 10mm 2 2
12 10mm-10mm (v) 2 2
13 10mm-10mm (h) 2 0
14 10mm-10mm-10mm-10mm 2 0
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Figure 5.51: Colour-plot of Magnet-13
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Figure 5.52: Colour-plot of Magnet-14

Both the magnitudes and positions of maximum magnetic flux density as
lift-off increases for magnets 9-14 is shown in Figure 5.53 and Figure 5.54
respectively. Figure 5.53 shows very little change in the maximum value of
magnetic flux density across the magnetic configurations for a given lift-off.
The decrease of the magnet’s height from 20mm to 10mm (for EMATs 9 & 10
to EMATs 11 & 13 respectively) has the effect of weakening the magnetic flux
density. Kang et al [92] had documented a decrease in surface wave amplitude
from an MLC EMAT due to a decrease in magnet height. The magnetic flux
density was decreased further however by the introduction of a second magnet
above the first one. The hierarchy of these magnetic configurations also shows
that the number of magnets included does not significantly alter the maximum

value of magnetic flux density at the surface.
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Figure 5.53: Graph of Maximum Magnetic Flux Density at Surface for Horizontal Magnetic
Configurations
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Figure 5.54: Graph of Maximum Magnetic Flux Density Position at Surface for Horizontal
Magnetic Configurations

Figure 5.54 shows that magnets 9-14 can be separated into two groups:
20mm-wide and 40mm-wide configurations. Within a single group, there is a
limited degree of change in the position of the maximum magnetic flux density
as lift-off increases. The same beam directivity simulations were performed on
EMATs 10-14, and Figure 5.55 and Figure 5.56 show the displacements and
reception angles across steering angles for EMAT-10. While the shear wave
displacement for EMAT-10 is remarkably lower than that of the previous
EMATSs, the reception angle and beamwidth bear a striking resemblance to that
of EMAT-3 shown in Figure 5.11. The reception angle was measured at 67.6° for
a 90° steering angle, however the RToA was not approximate to Ous. This means

that the origin position of the shear waves is not near the centre of the EMAT.
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Figure 5.55: Graph of Maximum Displacement across Steering Angles for EMAT-10
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Figure 5.56: Graph of Shear Wave Reception Angles across EMAT-10 Steering Angles

Like EMAT-9, the vertical direction of magnetic flux density inverts and
therefore can be considered to be composed of two sub-EMATs. Unlike EMAT-
9 however, the concentrations of magnetic flux density lie outside the coil
array. This causes the x-components of Lorentz force density to maximise at
the ends of the coil array (as seen in Figure 5.57) and become equal in
magnitude and direction to the y-component of Lorentz force density for EMAT-

2 (as seen in Figure 5.9).

It is from underneath these maximised x-components of Lorentz force
density that each of the two split-waves originate. Analysis of EMAT-10’s
colour-plots and beam directivity plots show that the two distinct lobes are
present at lower steering angles. At higher steering angles, the split-waves

merge into a single wave only at the region of maximum displacement, akin to
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EMAT-6. It is due to the large difference in the origin positions for the split-

wave that the RToA was not equal to Ous.
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Figure 5.57: Plots of Lorentz Force Density Components across Surface for EMAT-10

Despite EMATs 9 & 10 being thought of as two six-coil EMATs due to their

distributions of x-component of Lorentz force densities, they transmit a

different number of split-waves. Initially, the number of split-waves for both

EMATs was counted as two, however a further inspection of their A-scans at

the 90° reception angle for their 30° steering angles reveal this not to be the

case. The number of split-waves at this steering angle was registered as four

and two for EMATs 9 & 10 respectively, as seen in Figure 5.58.
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Figure 5.58: A-scans at 90° for EMAT-9 and EMAT-10 30° Steering Angle

EMATs 11 & 12 transmitted the same number of split-waves as EMAT-9,

and the same is true for EMATs 13 & 14 for EMAT-10. The only difference

between these configurations is the width of the magnetic configuration, and
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thus the concentrations of magnetic flux density. The ToA for EMAT-10’s two

split-waves is approximate to the ToAs of EMAT-9’s two outermost split-waves.
This is due to their origin positions located at the ends of the coil array. EMAT-
9’s two innermost split-waves are due to the concentrations of magnetic flux
density. EMAT-9’s coil array is separated by these magnetic flux concentrations
into the following sub-coil arrays: coils 1-2, coils 3-10, coils 11-12. It is from
the ends of coils 3-10 that EMAT-9’s two innermost split-waves had been

transmitted.

Reviewing previous vertical magnetic configurations at a 30° steering
angle revealed more split-waves than initially recorded. These additional split-
waves were found at a higher frequency, as decreasing the frequency merged
split-waves. Across the magnetic configurations, the ToA of the first and last
split-wave was constant (aside for simulation errors) due to their origin
positions at the ends of the coil array. Additional split-waves were due to the
number of sub-coil arrays, as well as their position. The number of split-waves
generated therefore was equal to the number of sub-coil ends within the coil
array. The only exception to this were sub-coil arrays of only two coils, as these

merged into one wave.

Due to the similarity of their magnetic fields, the results from EMATs 11
& 12 show the same pattern of behaviour as those from EMAT-9, and the same
is true for EMATs 13 & 14 regarding EMAT-10. For this reason, the results from
EMATs 11-14 are not discussed in this section and are recorded in Appendix C.
A summary of results from these magnetic configurations and their relevant

data is shown in Table 5.2.
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Table 5.2: Magnetic Configurations Summary

Shear Wave of Maximum 'Mammum
Displ t Displacement
Magnet Isplacemen Maximum (mm x10°8)
EMAT Layups Reception
B idth °
(mm) Steering Reception eamW|. Angle (°) Shear | Rayleigh
Angle (°) Angle (°) Reception Wave Wave
Angle (°)

1 20 31 33.9 14.7 61.1 6.44 21.22

2 40 32 35.2 18.4 64.2 5.13 14.42

3 20-20 33 40.1 22.2 60.0 8.22 41.42

4 101'(2)0' 31 34.4 19.6 60.9 8.23 30.94

5 10 31 35.5 17.1 53.8 5.17 14.55

6 10-10 30 38.7 23.9 54.3 6.14 22.26

7 101'(1)0' 28 35.9 28.5 50.0 5.85 14.35
10-10-

8 10-10 90 51.0 33.6 51.0 5.57 20.14

9 20 33 40.8 24.3 64.7 5.32 28.38

10 20-20 39 44.2 21.6 67.6 4.03 25.99

11 10 33 40.9 24.5 61.9 4.08 20.85

12 1(()\_/)10 31 40.4 25.7 61.4 2.87 12.78

13 1%;}0 39 44.2 21.4 67.6 2.57 16.56
10-10-

14 10-10 44 46.7 25.0 64.8 1.10 6.85

5.4. Beam Steerability with Alternate Magnetic Configuration

As with EMAT-1, experimental testing was performed using one of the alternate
magnetic configurations from Sections 5.2-5.3, to ensure the accuracy of the
simulated reception signal method (described in Section 4.4.2) for alternate
EMAT configurations. The experimental validation was done using the beam
steerability setup described in Sections 4.2 and 4.4 for the same steering

angles. The configuration chosen for testing was EMAT-3 due to its large
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maximum shear and Rayleigh wave displacements and its use in other academic

literature [73]. Pei et al [73] compared the use of modified EMATs in a PC setup
and concluded that replacing the single magnet EMATs with ones of two
alternating magnets (akin to EMAT-3’s design) improved the peak-to-peak

voltage amplitude of the received Rayleigh wave signal by a factor of ~5.3.

EMATs 1 & 3 as transmitter and/or receiver was used not only to analyse
the shear wave backwall profile in the same manner as Section 4.4, but also
how the different magnetic configuration affected its amplitude and beam-
spread. Comparisons were made between the simulated displacement
magnitudes, the experimental signals, and the simulated signals. Figure 5.59-
Figure 5.62 show the shear wave backwall profiles for these three datasets, for

a given PC configuration at a 30° steering angle.
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Figure 5.59: Shear Wave Profiles for EMAT-1 30° Steering Angle to EMAT-1
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Figure 5.60: Shear Wave Profiles for EMAT-1 30° Steering Angle to EMAT-3
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Figure 5.62: Shear Wave Profiles for EMAT-3 30° Steering Angle to EMAT-3

There in simulated displacement between

is obviously no change
different Rxs, however its backwall profile is closer in shape to those recorded
by the experimental EMAT-1 Ry’s for a given Tx. When using different EMAT
configurations in a PC setup, there are two distinct peaks in both the
experimental and simulated signal profiles. A summary of each dataset’s profile

peak data for all PC setups is shown in Table 5.3, where the values and positions

of the two peaks (if present) are recorded.

From Section 4.3.1, the shear wave beam directivity for EMAT-1’s 30°
steering angle was measured as a single lobe angled at 33.4°, thus the profile’s
peak was expected at an x-position of 66mm. For EMAT-3, the distinct shear
wave lobes were angled at 26.3° and 38.8°, suggesting profile peaks at x-

positions of 49mm and 80mm respectively. The simulated displacement results



167
in Table 5.3 support this for both Ty configurations. The differences between

these estimated and measured x-positions for both Tx’s was attributed to the
lobes striking the flat backwall at an angle rather than normal to a curved

surface.

Table 5.3: Shear Wave Backwall Profile Data for EMAT PC Setups at 30° and 90° Steering
Angles

EMAT PC Setup 1-1 1-3 3-1 3-3
Maximum Magnitude 7.3291 x10°® 7.9237 x10°®
(mm)
Simulated
Displacement | x-Position of Peak 1 (mm) 69.75 59.00
x-Position of Peak 2 (mm) - 79.75
Maximum Amplitude (V) 3.35 3.00 3.00 5.20
Experimental 0 ion of Peak 1 (mm) 81 88 65 79
Signal
x-Position of Peak 2 (mm) - 69 88 -
Maximum Amplitude 8.40 9.06 8.99 16.37
imul
Simulated 7 tion of Peak 1 (mm) | 72.75 82.25 82.25 73.75
Signal
x-Position of Peak 2 (mm) - 65.50 65.50 -
Maximum Rayleigh Wave Simulated
4731 x10°8 1.6412 x1077
Displacement at 160mm on Surface (mm) 8.4731 x10 6 x10
Maximum Rayleigh Wave Experimental
1.52 2.05 2.02 3.27
Signal Amplitude at 160mm on Surface (V)
Maximum Rayleigh Wave Simulated Signal
Amplitude at 160mm on Surface >-91 715 7:36 14.25

For EMATs 1-1, the difference in profile peak’s x-positions between the
simulated displacement and the experimental datasets (69.75mm and 81mm
respectively) is approximately 10mm: the same distance from the centre of the
EMAT to the magnetic flux concentration at the corner of the single magnet. A
shear wave UT probe was used across the backwall to confirm this, measuring
the profile peak at an x-position of 70mm. This means that EMAT-1’s profile

peak x-position offset is due to the design of R«.

There is little difference between the experimental results for EMATs 1-
3 and EMATs 3-1, with peaks measured at 65/69mm and 88mm. Additionally

the simulated signal profiles for these two setups had a correlation coefficient



168
of 0.9999. This suggests that the backwall profile is the same for a PC setup of

two different EMAT configurations, regardless of which was transmitter or
receiver. The distance between the two experimental peaks is approximately
20mm, the same width as the magnets used in both EMAT configurations. As
previously mentioned in Section 5.2.2, EMAT-3 can be considered as being
composed of two sub-EMATSs, positioned 20mm apart. This explains why the
single lobe transmitted from EMAT-1 was recorded as two peaks, as it was
recorded by each sub-EMAT as Rx moved across the backwall. This also explains
the two profile peaks for EMATs 3-1 as each sub-EMAT produced a single lobe

that was read by EMAT-1 (with an approximate 10mm offset).

For EMATs 3-3, the largest of the simulated displacement’s two peaks
was at 59mm. This is likely due to the main lobe at 38.8° having a greater
distance to cover and thus was more attenuated than its shallower lobe. There
is little difference in profile peak x-positions between the simulated
displacement and the experimental signal datasets (79.75mm and 79mm
respectively), while the experimental data only recorded a single peak at
79mm. Despite recording a single peak, the experimental profile shows two
smaller peaks on either side of the main peak below the -6dB threshold, located
at 49mm and 97mm. These two additional peaks are due to mismatches
between Tx’'s two shear wave lobes and Rx’s two sub-EMATs. The voltage at
which the main peak was recorded is greater than EMATs 1-1’s single peak by
a SF of ~1.55. This is explained by the two sub-EMATs from Rx matching the two

shear wave beams transmitted by the two sub-EMATs from Ty.

For all PC setups, the x-positions at which Ry measured the experimental
or simulated peaks suggests that the two transmitted shear wave lobes are
detected by the concentrations of magnetic flux density on the left-hand side
of Rx. This explains the 10mm offset for EMATs 1-1 and the 20mm distance
between peaks for EMATs 1-3 & 3-1. Figure 5.64 shows illustrations of these
Tx-Rx mismatches to better explain their impact on the shear wave backwall

profile peaks.

The magnitude of the Rayleigh waves at the 90° steering angle from the

sample’s surface was also measured to see if similar conclusions could be
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drawn for these PC EMAT setups as to those from Pei et al [73]. In keeping with

this, Rx was positioned 160mm away from Tx on the surface of the rectangular
sample. The peak amplitude for each dataset is also included in Table 5.3.
Replacing EMAT-1 with EMAT-3 for Ry increased the peak amplitude of the
Rayleigh waves by a SF of ~1.35. By replacing EMAT-1 with EMAT-3 for T, the
peak amplitude recorded by EMAT-1 increased by a SF of ~1.33. Finally, by
replacing EMAT-1 with EMAT-3 as both Tx and Ry, the SNR of the EMAT PC

system increased by an overall SF of ~2.15.

Figure 5.63: EMAT PC Mismatch for EMAT-1 30° Steering Angle Beam Steerability. The blue
arrows indicate shear wave lobes and the red dots indicate concentrations of magnetic flux
density

Figure 5.64: EMAT PC Mismatch for EMAT-3 30° Steering Angle Beam Steerability. The blue
arrows indicate shear wave lobes and the red dots indicate concentrations of magnetic flux
density
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The differences between these SF enhancements and those listed in Pei

et al [73] were attributed to the many differences in the experimental setups.
These differences include: the dimensions; the materials; the lift-offs for both
the magnet and MLC; the current signals driving the EMAT; and the data
analysis methodology. While the exact values differ between these two studies,
the overall point stands that an EMAT PC setup can be enhanced by alternative

magnetic configurations with a greater concentrations of magnetic flux density.

The SF values for the 30° steering angle’s experimental signals show a
decrease from EMATs 1-1 when using different EMATs within the same PC
setup. This was not the case for the simulated signals which show a small
increase. Exchanging EMAT-1 for EMAT-3 as both Tx and Rx for the simulated
signals caused a far greater SF increase of ~¥1.95 compared to the experimental
signal’s SF of ~1.55. The difference in these SF increases was attributed to the
previously discussed issues present in the simulated signal’s calculated
amplitude. The amplitude enhancements of the simulated Rayleigh wave
signals however correlate well with those of the experimental signals. The SF
increases from EMATs 1-1 for EMATs 1-3, 3-1, & 3-3 were calculated at 1.21,
1.25, & 2.41 respectively.

While the SFs for the simulated signals vary, they do however follow
similar trends to those of the experimental testing. The simulated signal
method demonstrates that it is capable of calculating whether an alternate
magnetic configuration can increase the SF of the PC setup. From the simulated
model of EMAT-1 at a 30° steering angle, backwall profiles were constructed
using the simulated signal method with the alternative magnetic configurations

listed in Sections 5.2 and 5.3.

Figure 5.65 shows the amplitudes from these profile peaks and found
that EMAT-4 would increase the SF of the system by an even greater value. The
same was true for the reception of Rayleigh waves at the 90° steering angle,
also in Figure 5.65. Additionally, Figure 5.66 shows the reception angles and
beam-spread of these profile peaks. These are compared to the experimental
beam-spread to observe their accuracy. The increased amplitude from EMAT-4

is due to its similar design to that of EMAT-1, with the 10mm-wide magnets on
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either side of the 20mm-wide central magnet increasing the concentrations of

magnetic flux density at the corners. This explains why there is also little

variation in the reception angle and beam-spread.
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Figure 5.65: Simulated Signal Amplitudes from EMAT-1 30° and 90° Steering Angles
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Figure 5.66: Simulated Signal Reception Angles from EMAT-1 30° Steering Angle

Further simulations were performed with different magnetic
configurations for Tx at a 30° steering angle. The backwall profiles were
constructed using the simulated signal method, and the maximum amplitudes
are shown in Figure 5.67 as a matrix colour-plot. The PC setups which produced
the greatest signal amplitudes are: EMATs 3 & 4 to EMATs 1, 3, 4, 6 & 9; and
EMATs 7 & 8 to EMATs 7 & 8, with EMATs 3-3 being the maximum. The
symmetry in Figure 5.67 lends credence to the earlier suggestion that the same
backwall profile is produced when the two different EMATs are exchanged in a

PC setup. There are discrepancies in the matrix colour-plot’s symmetry
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(particularly with EMAT-6), however this is likely due to errors in the simulated

signal’s amplitude calculation. The same process was also performed on EMAT
PC setups at a 90° steering angle for Rayleigh waves across the surface, shown
in Figure 5.68. Like with the backwall profile, the greatest amplitudes arose
from: EMATs 3 & 4 to EMATs 1, 3,4, 9 & 10; and EMATs 9 & 10 to EMATs 3, 4,
9 & 10, with EMATSs 3-3 being the maximum.

Maximum 30° Steering Angle Shear Wave Signal for EMAT Pitch-Catch Sqtaups

i
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Figure 5.67: Simulated Signal Amplitudes for all EMAT PC Setups at 30° Steering Angle
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Figure 5.68: Simulated Signal Amplitudes for all EMAT PC Setups at 90° Steering Angle

For all PC setups at a 30° steering angle, the correlation coefficient
increase when comparing the simulated signal’s profile peaks to those of the
experimental signal’s, rather than the simulated displacements. Table 5.4-
Table 5.6 show these correlation coefficients for the shear wave backwall
profiles across steering angles for a given PC setup. In keeping with Table 4.2,

these correlations include both the direct and reflected shear wave profiles.
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Direct Shear Wave Correlation Reflected Shear Wave Correlation
Steering Angle

(°) Displacement Simulated Displacement Simulated

Magnitude Signal Magnitude Signal
20 0.9550 0.8343 0.7914 0.8263
25 0.9419 0.9306 0.4197 0.5223
30 0.8996 0.9463 0.5938 0.6808
35 0.8254 0.8891 0.8076 0.6518
40 0.7873 0.8399 0.8584 0.6639
45 0.6874 0.8558 0.8808 0.8680
50 0.6074 0.8992 0.8873 0.9767
55 0.6276 0.9495 0.8769 0.9631
60 0.5494 0.9541 0.8662 0.9600
90 -0.2283 0.9326 0.5430 0.8043

Table 5.5: Experimental Validation Correlations for EMATs 3-1

Direct Shear Wave Correlation Reflected Shear Wave Correlation
Steering Angle

(°) Displacement Simulated Displacement Simulated

Magnitude Signal Magnitude Signal
20 0.8817 0.8528 0.7753 0.8149
25 0.9057 0.9319 0.4548 0.4799
30 0.9168 0.9586 0.6613 0.6321
35 0.8874 0.9182 0.6692 0.5730
40 0.8829 0.9022 0.6688 0.6090
45 0.8181 0.9316 0.7924 0.8629
50 0.8186 0.9618 0.8871 0.9751
55 0.8161 0.9789 0.9352 0.9844
60 0.6640 0.9650 0.9122 0.9729
90 -0.2625 0.9671 0.5508 0.7745




Table 5.6: Experimental Validation Correlations for EMATs 3-3

174

Direct Shear Wave Correlation Reflected Shear Wave Correlation
Steering Angle

(°) Displacement Simulated Displacement Simulated

Magnitude Signal Magnitude Signal
20 0.9248 0.8500 0.8773 0.8595
25 0.9204 0.9400 0.5724 0.5498
30 0.9209 0.9555 0.6436 0.6794
35 0.8995 0.9219 0.5637 0.6213
40 0.8833 0.8788 0.7133 0.7648
45 0.8587 0.8867 0.8355 0.8873
50 0.8546 0.9414 0.9175 0.9723
55 0.7931 0.9671 0.9341 0.9804
60 0.6540 0.9676 0.9083 0.9708
90 -0.2985 0.9746 0.5503 0.8034

Table 5.4-Table 5.6 exhibit a similar trend to those in Table 4.2: a general

improvement in correlation coefficient when using the simulated signal results

over the simulated displacement results. There are more instances of where

using the simulated signal decreases the correlation coefficient however, most

notably at the lower steering angles of 20-25° for the direct shear wave

profiles. This is explained by Figure 5.69, which shows all three shear wave

backwall profiles from EMATs 1-3 for the 20° steering angle.
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It is noticeable that the simulated signal’s profile closer resembles the

experimental signal’s profile in shape rather than the simulated
displacement’s, yet it has a lower correlation coefficient calculated for it. This
is due to the large difference in x-positions between the maximum peaks of the
three datasets. By shifting these three profile plots to align their maximum
peaks at the same x-position, the correlation coefficient for the simulated
signal and displacement compared to the experimental signal data increases
from 0.9529 to 0.9838 respectively. This explains why many of the correlation

coefficients decrease when changing the profile dataset.

Figure 5.70-Figure 5.75 show the reception angles and beam-spreads for
both the simulated displacement and simulated signals compared to the
experimental signals across steering angles, for a given PC configuration.
Following the conclusions drawn by comparing Figure 4.86 to Figure 4.98, the
shear wave profile’s beam-spread tends to become narrower for the simulated
signal than for the displacement. This is not the case for the 20° steering angle
however, as the beam-spread widens to closer resemble the beam-spread
length of the experimental testing. Additionally the simulated signal enables

the beam-spread to be drawn for the 90° steering angle.
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Figure 5.70: Shear Wave Displacement Magnitude Profile’s Reception Angle across Steering

Angles for EMATs 1-3
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Figure 5.71: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles
for EMATs 1-3
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Figure 5.72: Shear Wave Displacement Magnitude Profile’s Reception Angle across Steering
Angles for EMATs 3-1
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Figure 5.73: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles
for EMATs 3-1
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Figure 5.74: Shear Wave Displacement Magnitude Profile’s Reception Angle across Steering

Angles for EMATs 3-3
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Figure 5.75: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles

for EMATs 3-3

Figure 5.76-Figure 5.79 shows the normalised maximum amplitudes for

the three datasets, for all four PC setups respectively. Following the skew

correction stated in Section 4.4.2, the simulated signals were divided by their

steering frequencies to counter the effects of the skew in magnitude at lower

steering angles. These results show that the simulated signal’s amplitude

across steering angles is far closer in magnitude to those of the experimental

signal’s across the PC setups. The exception to this is at the 20° steering angle

due to its higher frequency, even when corrected for this.
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Figure 5.77: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across
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Figure 5.78: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across Steering

Angles for EMATs 3-1
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Figure 5.79: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across Steering
Angles for EMATs 3-3

Table 5.7 summarises the correlation coefficients for the normalised
amplitudes, reception angles, and beam-spread limits across the range of
steering angles, for the two simulated datasets when compared to the

experimental one.

Table 5.7: Overall Beam Steerability Correlation Results with differing EMAT PC
Configurations
EMAT PC Setup 1-1 1-3 3-1 3-3
: Simulated 0.9625 0.9788 0.9380 0.9517
Maximum Displacement
Amplitude
Simulated Signal 0.9481 0.9450 0.9506 0.9605
. Simulated 0.9327 0.9652 0.7227 0.7147
Reception Displacement
Angle (°)
Simulated Signal 0.9932 0.9930 0.9375 0.9841
Beam- Simulated -0.2323 -0.3980 0.0012 -0.0034
spread Displacement
Lower
Limit (°) Simulated Signal 0.9966 0.9911 0.9967 0.9625
Beam- Simulated 0.9957 0.9970 0.9961 0.9845
spread Displacement
Upper
Limit (°) Simulated Signal 0.9989 0.9955 0.9947 0.9967
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5.5. Summary

This chapter compared the performances of the MLC EMAT based on different
magnetic configurations. These various designs were assessed based upon their
beam directivities, derived from the same simulated models as detailed in

Chapter 4.

The magnetic configurations that generated the greatest shear wave
magnitude tended to be those with concentrations of magnetic flux density
within their coil array. This was achieved by changing the width of the magnet,
or the number of magnets within the EMAT. The larger the magnetic flux
density within the coil array, the greater the transduction efficiency for both

transmission and reception of the ultrasonic waves.

Introducing concentrations of magnetic flux into the coil array’s area of
induced eddy current densities however inverted the directions of the magnetic
flux density. This effectively turned the MLC EMAT into multiple sub-EMATSs,
each generating their own split-waves that superimposed onto neighbouring
ones. While this could increase the magnitude of the shear waves, it also

increased the number of sidelobes transmitted and thus beamwidth.

The capabilities of calculating the simulated signal within a reception
EMAT was also tested with the alternate magnetic configurations. This method
continued to provide an alternative method of measuring simulated data and
even proved capable of assessing the optimal pairing of MLC EMATs within a

PC setup.
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Chapter 6 - Modified Coil Configurations

The previous chapter detailed the exploration of optimising the MLC EMAT
through alternative magnetic configurations. This chapter seeks to explore
modifications that could be made to the design of the EMAT’s MLC. This would
uncover whether the EMAT could be driven at a higher steering angle than the

results from the previous two chapters.

6.1. Introduction

One of the prevailing conclusions from Chapter 5 was that the shear waves
transmitted from the MLC EMAT tend to reach a steering limit of approximately
40°, and a maximum reception angle of approximately 60°. While the exact
value fell within a range of 50-65° across the different magnetic configurations,
the EMAT was incapable of transmitting beyond this angle. For the standard
EMAT-1 configuration, the A-scans at these reception angles revealed that the
shear waves from which the maximum displacement was derived came from
the split-wave originating from the closer concentration of magnetic flux
density (beneath corner of the EMAT). The other magnetic configurations show
the same behaviour with the exception of magnetic configurations 3 & 7 due
to their higher magnetic flux concentrations positioned beneath the centre of

the EMAT.

To better explore the EMAT’s steering limit and whether it could be
surpassed, the model for studying the EMAT’s beam directivity was adapted to
investigate the effect that the coils have on the split nature of the shear waves.
The primary difference with this model was the removal of the ‘Magnetic Fields’
physics interface, and thus its Multiphysics coupling to the ‘Solid Mechanics’
physics interface. This was done to replace the irregular magnetic flux density
with a uniform one. A ‘Body Load’ domain was added to the ‘Solid Mechanics’
physics interface, constrained to the area of high-mesh density beneath the
coils. The load type within this area was the force per unit volume (Lorentz

force density) with an x-component equal to the induced eddy current density
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multiplied by 1T (Equation 2.22), and a y-component equal to ON/mm?3. This

(essentially created a uniform magnetic flux density equal to 1T in the vertical

direction).

The three chosen parametric studies on the coil array were: the steering
angle; the number of coils in the array; and the coil spacing. Within Chapters 4
and 5, the modelled Rayleigh waves overlapped with the shear waves at the
semicircular aluminium sample’s reception angles of 75-90°. The sample’s
radius in this model was therefore increased to 125mm, enabling measurement
up to a reception angle of 80°. Initial simulations for the 5.0mm coil spacing at
this radius value however showed that the Rayleigh waves still overlapped with
the shear waves across most of the curved surface of the sample. Since the
beam directivity plots were measured from the sample’s curved surface every
0.1°, the solution to this problem was to make the radius of the sample
proportional to the coil spacing (by a SF of 50). This not only allowed beam
directivities up to reception angles of 80° for all coil spacing values, but it also
relieved the burden of the even higher-mesh density from the 1.2mm coil
spacing’s increased frequency (in accordance with Equation 3.8). To reduce the
computational runtime further, the simulation’s end time was made
proportional to the coil spacing (by a SF of 24us/mm) to end immediately after

the shear waves struck the sample’s curved surface.

6.2. Steering Angle

The same steering angles of 15-60° at 5° intervals and 90° were used due to the
little difference from steering angles of 65-85°. Figure 6.1-Figure 6.11 show the
beam directivities for the twelve-coil arrays, spaced at 2.5mm, across the
stated steering angles. The beam directivity plots for these simulations were
constructed in the same manner as those in Section 4.3.1. Due to the
semicircular sample’s differing radii between coil spacings, the magnitude of
displacement was replaced with amplitude, normalised to the largest
displacement for a given coil spacing. Magnitudes therefore could not be

compared across different coil spacings.
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2.5mm Coil Spacing, 12 Coils, 15° Steering Angle: Amplitude (%)
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Figure 6.1: Bulk Wave Directivity Plot for 15° Steering Angle with 2.5mm Coil Spacing and 12
Coils
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Figure 6.2: Bulk Wave Directivity Plot for 20° Steering Angle with 2.5mm Coil Spacing and 12

Coils

2.5mm Coil Spacing, 12 Coils, 25° Steering Angle:
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Figure 6.3: Bulk Wave Directivity Plot for 25° Steering Angle with 2.5mm Coil Spacing and 12
Coils
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2.5mm Coil Spacing, 12 Coils, 30° Steering Angle: Amplitude (%)
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Figure 6.4: Bulk Wave Directivity Plot for 30° Steering Angle with 2.5mm Coil Spacing and 12
Coils

2.5mm Coil Spacing, 12 Coils, 35° Steering Angle: Amplitude (%)
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Figure 6.5: Bulk Wave Directivity Plot for 35° Steering Angle with 2.5mm Coil Spacing and 12
Coils

2.5mm Coil Spacing, 12 Coils, 40° Steering Angle: Amplitude (%)
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Figure 6.6: Bulk Wave Directivity Plot for 40° Steering Angle with 2.5mm Coil Spacing and 12
Coils
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2.5mm Coil Spacing, 12 Coils, 45° Steering Angle: Amplitude (%)
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Figure 6.7: Bulk Wave Directivity Plot for 45° Steering Angle with 2.5mm Coil Spacing and 12
Coils

2.5mm Coil Spacing, 12 Coils, 50° Steering Angle: Amplitude (%)
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Figure 6.8: Bulk Wave Directivity Plot for 50° Steering Angle with 2.5mm Coil Spacing and 12
Coils
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Figure 6.9: Bulk Wave Directivity Plot for 55° Steering Angle with 2.5mm Coil Spacing and 12
Coils
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2.5mm Coil Spacing, 12 Coils, 60° Steering Angle: Amplitude (%)
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Figure 6.10: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Coil Spacing and
12 Coils

2.5mm Coil Spacing, 12 Coils, 90° Steering Angle: Amplitude (%)
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Figure 6.11: Bulk Wave Directivity Plot for 90° Steering Angle with 2.5mm Coil Spacing and
12 Coils

Compared to the beam directivities in Section 4.3’s Figure 4.27-Figure
4.42, there were apparent similarities and differences. The main beam follows
a similar pattern of behaviour to EMAT-2 in Section 5.2.1: the magnitude
increases to a maximum value near 30°; the reception angle reaches a limit
near 40°, and the magnitude decreases to a minimum value near the 60°
steering angle where it plateaus. Figure 6.12 shows the maximum amplitudes

of the three wave modes for this model across steering angles.
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Figure 6.12: Graph of Maximum Amplitude across Steering Angles with 2.5mm Coil Spacing
and 12 Coils

The imposition of an ideal vertical magnetic field appears to increase the
number of sidelobes generated, as well as their magnitude compared to the
main lobe. Most of these sidelobes are angled between 0° and the main lobe,
however an additional sidelobe at 60° begins to emerge as the steering angle
reaches 45°. At the 90° steering angle, not only does this sidelobe become more
dominant than the previous main lobe, but it reaches a 70° reception angle,
breaking the maximum reception angle limit concluded in Chapter 5. As this
sidelobe increases however, the other sidelobes also increase in magnitude and
create a wide -6dB beamwidth. Figure 6.13 shows how the beamwidth changes

with steering angle, as well as the RToA.
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Figure 6.13: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm
Spacing and 12 Coils
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6.3. Number of Coils

The number of coils in the array ranged from two to twelve in steps of two, and
the effect that this had on the transmitted shear waves is most clearly seen in
Figure 6.14-Figure 6.19, for a steering angle of 60°. With only two coils, the
main shear wave beam is angled at approximately 35°, with only low-amplitude
sidelobes angled at 70°. The number of sidelobes across the directivity range
increases proportionally to the number of coils in the array plus the two 70°
lobes. These increasing numbers of sidelobes begin to merge as the number of

coils reaches six, and by ten they become difficult to differentiate.
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Figure 6.14: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 2 Coils

2.5mm Coil Spacing, 4 Coils, 60° Steering Angle: Amplitude (%)
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Figure 6.15: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 4 Coils
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Figure 6.16: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 6 Coils
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Figure 6.17: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 8 Coils
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2.5mm Coil Spacing, 12 Coils, 60° Steering Angle: Amplitude (%)
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Figure 6.19: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 12
Coils

Reviewing Figure 6.1-Figure 6.11, the main lobe is seen to have been
made up of two sidelobes that merge together. It is also noticeable that the
sidelobes shift in their angular orientation to accommodate their increasing
number between the two main lobes. The only sidelobes that do not follow this
trend are the 70° sidelobes. The same steering angles as before were simulated
across the number of coils. Figure 6.20 shows how the amplitude of the
maximum shear wave changes across steering angles for each number of coils.
It isimmediately noticeable that as the number of coils increases: the maximum
shear wave amplitude increases; and the steering angle that generates this
amplitude tends to decrease. Figure 6.21-Figure 6.25 show the reception angles

for the shear waves as the number of coils increases from two to ten.
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Figure 6.20: Graph of Maximum Shear Wave Amplitude across Steering Angles and Number
of Coils for 2.5mm Coil Spacing
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2.5mm Coil Spacing, 2 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
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Figure 6.21: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm
Spacing and 2 Coils
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Figure 6.22: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm
Spacing and 4 Coils
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Figure 6.23: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm
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2.5mm Coil Spacing, 8 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
T T T T T T

¢ Reception Angle
© Relative ToA

c
o

75 1

70

65
6010 ° ° 0
L ? k4 I
il 3
2 =
€ 50— ° <
< o

-

c 45 — .1
8 @
a4 -]
@ i
g E
44

5~ I
0 1 1 1 1 1 |
15 20 25 30 35 40 45

SERERRE

55 60 65 70 75 80 85 90
Steering Angle (°)

Figure 6.24: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm
Spacing and 8 Coils

2.5mm Coil Spacing, 10 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
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Figure 6.25: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm
Spacing and 10 Coils

For two coils, the steering limit is reached at 25° as beyond this point
neither the reception angle nor the limits of the wide beamwidth vary
significantly by increasing the steering angle. By increasing the number of coils
to four, the steering limit is delayed to 30°. There is also a far narrower
beamwidth for the main lobe across the steering angles, with the emergence
of sidelobes from 50° onwards, and the higher-angled sidelobe at 90°. When
the number of coils increases to six, the steering limit is again limited to 35°
and the main lobe’s beamwidth is even tighter up to 45°. During these steering
angles (and those from the previous number of coils) the RToA maintained a
linear relationship from 0-0.33us (excluding the 90° steering angle with four

coils), suggesting the origin position of the shear waves is located beneath the
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centre of the coil array. From 50-60°, the RToA deviates from this trend by

approximately +1us, suggesting that the shear wave had become two split-

waves. This is due to the distance between the ends of the coil array increasing.

Once the number of coils increases to eight, the split-waves become
more noticeable. Sudden changes in RToA remain related to sudden changes in
reception angle due to the sidelobes becoming dominant. The relationship
between the steering and reception angles is approximately equal from
steering angles of 15-35°, but from 35-50° there is a new linear trend with an
overall 5° increase in reception angle. This relationship is beginning to emulate
that of EMAT-2 (shown in Figure 5.4) due to the lack of any magnetic flux
concentrations or inversions of magnetic direction. At the 90° steering angle,
the sidelobes closest to 0° (with RToAs ~ 0Ous) have become the dominant lobes

and this stays true for the remaining number of coils.

As the number of coils increases to ten and then twelve: the steering
limit reaches a maximum at 40° (where no sidelobes are present); the split-
waves closest to the curved surface produce the largest shear wave amplitude
(that continue to increase slightly in reception angle) from steering angles 40-
55°; and the sidelobes closest to 0° become the dominant lobes from steering

angles 60-90°. The effects of increasing the number of coils are summarised by

Figure 6.26.
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Spacing
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6.4. Coil Spacing

The third parametric study performed with this model was the coil spacing:
altered to either 1.2mm (the minimum spacing possible due to the coil’s CSA)
or 5.0mm, shown in Figure 6.27 and Figure 6.28 respectively. To accommodate
the different coil spacings, the frequency of the pulse for a given steering angle
differed from the values in Table 3.3 to transmit the shear waves to their

respective steering angles, in accordance with Equation 2.29.
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As previously explained, the shear wave magnitude is displayed as
amplitude (rather than displacement) due to the sample’s changing radii.
Therefore, how the amplitude changes across coil spacings is not considered,

but rather how it changes within a given coil spacing. This is best exemplified
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by Figure 6.29-Figure 6.31, which shows how increasing the coil spacing affects

the shear wave beam directivity for a 90° steering angle with twelve coils. The
beam directivity could be compared across steering angles, due to the values

of displacement being extracted from 0.1° intervals across the curved surface.

As the coil spacing increases, the direction of the sidelobes remains
constant (aside from simulation errors). Most notably, the magnitude of the
70° sidelobe increases relative to the other sidelobes as the coil spacing
increases. Further simulations of twelve coils at a 90° steering angle were
conducted for an ever expanding coil spacing, to increase the amplitude of the
70° sidelobe. Figure 6.32 show the amplitudes of the beam directivity’s

sidelobes compared to the sidelobe nearest to 0° for these coil spacings.

1.2mm Coil Spacing, 12 Coils, 90° Steering Angle: Amplitude (%)
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Figure 6.29: Bulk Wave Directivity Plot for 90° Steering Angle with 1.2mm Spacing and 12
Coils

2.5mm Coil Spacing, 12 Coils, 90° Steering Angle: Amplitude (%)
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Figure 6.30: Bulk Wave Directivity Plot for 90° Steering Angle with 2.5mm Spacing and 12
Coils
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5mm Coil Spacing, 12 Coils, 90° Steering Angle: Amplitude (%)
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Figure 6.31: Bulk Wave Directivity Plot for 90° Steering Angle with 5.0mm Spacing and 12
Coils

140

Ratio of Sidelobes to First Lobe for 90° Steering Angle and 12 Coils across Coil Spacings
T T T T T :

—e—d = 100mm
d =50mm
—o—d = 20mm
ar —o—d = 10mm ||
d=5.0mm
d =2.5mm
—o—d =2.0mm [
——d = 1.5mm
—e—d = 1.2mm

Amplitude (%)
38
T

0 | 1 1 | 1 1 | 1
0 10 20 30 40 50 60 70 80 90

Received Angle (°)

Figure 6.32: Graph of Shear Wave Sidelobe Amplitudes across Coil Spacings

Figure 6.32 shows that the 70° sidelobe could be increased in amplitude
to 135% that of the sidelobe nearest to 0°. It is obviously not practical however
to use an MLC EMAT with a 100mm coil spacing, thus the coil strands were
reduced in size to produce a coil array with a far smaller CSA. To achieve the
beam directivity of the 100mm coil spacing for a coil spaced at 2.5mm, the coil
strand’s height and width were reduced by a SF of 40 (100/2.5). While this
reduction in coil CSA did not increase the 70° sidelobe amplitude to 135%, it

did increase it to 113%.

Figure 6.33 and Figure 6.34 show how the maximum shear wave
amplitude across steering angles for a given number of coils was affected by

the changing coil spacing. As with the 2.5mm spacing, the maximum shear wave
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amplitude increases, and the steering angle that generates this amplitude

decreases as the number of coils increases. What was different however was
that as the coil spacing increases: the range of the maximum amplitudes
between two to twelve coils tends to increase; and the steering angle that
generates the greatest shear wave across steering angles for a given number

of coils tends to decrease.
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Figure 6.33: Graph of Maximum Shear Wave Amplitude across Steering Angles and Number
of Coils for 1.2mm Coil Spacing

5.0mm Coil Spacing: Maximum Shear Wave Amplitude across Steering Angles
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Figure 6.34: Graph of Maximum Shear Wave Amplitude across Steering Angles and Number
of Coils for 5.0mm Coil Spacing

Figure 6.35-Figure 6.46 show the shear wave reception angle and
beamwidth for coil spacings of 1.2mm and 5.0mm, as the number of coils
increases from two to twelve. Following the 2.5mm spacing with two coils, the
maximum angle that can be reached is 35°, however the steering angle that

reaches this limit is lowered by an increase in coil spacing.
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1.2mm Coil Spacing, 2 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
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Figure 6.35: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm
Spacing and 2 Coils

5.0mm Coil Spacing, 2 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
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Figure 6.36: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm
Spacing and 2 Coils

1.2mm Coil Spacing, 4 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
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5.0mm Coil Spacing, 4 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
T T T T T T

5|l ¢ Reception Angle
© Relative ToA

75 2
70
65
__60fe ° . Py o
[ ° [ ° w
- L a (]
255 o ° 5
gso— <
c 45 2
S S
S 40 I 2
g £
83 5
Sas|-
e o
30 4

- A NN
3 & 8 &
T T
o1
—_—
—_—
&

o
T

]

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Steering Angle (°)

Figure 6.38: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm
Spacing and 4 Coils

With four coils, a similar tightening of the main lobe’s beamwidth is
seen, however there is a difference in the behaviour of the sidelobe. This
sidelobe exceeds the -6dB limit at: a 20° steering angle for the 1.2mm spacing;
50° for the 2.5mm spacing; and 55° for the 5.0mm spacing. This provides further
evidence to the conclusion that decreasing the coil spacing increases the
magnitude of the sidelobes. Additionally, the sidelobe becomes the dominant
lobe earlier at the 60° steering angle for lower coil spacings. The 70° sidelobe
however does not breach the -6dB limit for the 1.2mm coil spacing and does

not do so for the remaining number of coils.

1.2mm Coil Spacing, 6 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
T

T T T T T T T T T T T
$ Reception Angle
© Relative ToA

©
=]

N @
o o
T
1

0.5

o N
o o
| P |

£y
3
P)
°
°
)

S o
T 1
@

Reception Angle (°)
w » » o [
&
T
|
&
o
Relative ToA (us)

NN
S o
T 1

w
S o o
N I |
—_—
—_—
—
—
——
1
3

ol
o

_.
o 3
Tl
ey

o

1 1 1 1 1 1 1
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Steering Angle (°)
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Spacing and 6 Coils



200

5.0mm Coil Spacing, 6 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
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Figure 6.40: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm
Spacing and 6 Coils

At six coils, the RToAs from the 5.0mm coil spacing models deviate in the
same manner as those from the 2.5mm coil spacing, due to split-waves
emerging from the increased MLC width. Slight deviations from the linear RToA
trend can be seen for all coil spacings with four coils onwards (including Figure
6.22) when the sidelobe directed nearest to 0° supplants the main beam. This
suggests that the main beam and the sidelobe nearest 0° share the same origin
position, with their slight deviations being due to the small change in distance
to their reception angles. The values of RToA between coil spacings change
greatly between coil spacings due to the changing radii of the sample, however

it is their behavioural pattern that yields significant results.

1.2mm Coil Spacing, 8 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles

T T T T T T T T T T T T T
¢ Reception Angle
© Relative ToA

©
o

N @ e
o a

- —10.5

~
=]

)
o

~60® ° ° % ° ° ° Pl
L ° ¥
@ 55 B
g’so— ¢ <
-
c 45 —
5 05’9
Baof £
2. 3
Sl
& 4
30

i
) |

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Steering Angle (°)
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Spacing and 8 Coils
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5.0mm Coil Spacing, 8 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
T T T T T T

T
gs|| & Reception Angle
© Relative ToA

75 2
70
65
__60f® ° ° o
< il ° ° =
@55 El
gso— <
c 45 ~-2
8 [
Faof £
8 5
Sas|-
e o
30 — -4
251

0 1 1 1 1 1 1 1 1 1 1 1 1 38
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Steering Angle (°)

Figure 6.42: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm
Spacing and 8 Coils

It is with eight coils that the 1.2mm spaced models truly broke their
linear trend for RToA across steering angles. This deviation occurs for the
1.2mm coil spacing at the 40° steering angle (as with the 2.5mm coil spacing)
but not the 5.0mm. At the 45° steering angle, all three coil spacings show that
the maximum shear wave comes from the split-wave closest to the curved
surface. From 50° onwards, the reception angle and RToA are dependent on
which sidelobe becomes the dominant lobe. The RToA for a 5.0mm coil spacing
is approximate to: Ous for reception angles between 5-10°; 1-2us for reception
angles between 30-35°; and -2--4us for reception angles between 37-42°. Once
the 90° steering angle is reached, the sidelobe closest to 0° becomes the
dominant lobe for all coil spacings, and this remains true for the remaining
number of coils for the 1.2mm and 2.5mm coil spacings (as shown in Figure

6.32).

The pattern of behaviour with ten coils is akin to that of twelve coils for
the range of coil spacings. The linear trend of RToAs that is present at the lower
steering angles for the lower number of coils is interrupted by a reduced RToA
at the lowest steering angles. This pattern emulates that of EMAT-2’s shear
wave reception angle (shown in Figure 5.4) whereby the lowest steering angles
from 15-28° have a lower RToA than the steering angles near that which

produces the maximum displacement.
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1.2mm Coil Spacing, 10 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles
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Figure 6.43: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm
Spacing and 10 Coils
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5.0mm Coil Spacing, 12 Coils: Reception Angle of Maximum Shear Wave Displacement across Steering Angles i
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Figure 6.46: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm
Spacing and 12 Coils

Once the maximum number of coils is reached, the shear wave reception
angle is almost the same from steering angles of 20-45° across coil spacings.
There appears to be only slight differences in the main lobe’s beamwidth, and
differences in given steering angle’s beamwidth is dependent on the sidelobes
(explaining the wider spread for the 45° steering angle with the 1.2mm coil).
While the 2.5mm and 5.0mm coil spacings closely resemble one another from
steering angles of 50-90°, the most notable change is that the 70° sidelobe
becomes the dominant lobe from the 60° steering angle onwards for the 5.0mm

spacing (as previously explored).

The overall effects of increasing the number of coils for coil spacings of
1.2mm and 5.0mm are summarised by Figure 6.47 and Figure 6.48 respectively.
These illustrate the 70° lobes becoming the dominant lobes for steering angles
of 60-90°. For all coil spacings tested, there appears to be minimal effect on
the reception angle from steering angles of 15-50° as the number of coils
changes. The exception to this however is with two coils, as increasing the coil
spacing causes sudden increases in reception angle. This behaviour has been
seen before with the EMATs that generate two distinct shear wave lobes. This
suggests that each coil produces a distinct split-wave that is distinguished when
the coil strands themselves as positioned further apart (as previously discussed

in Section 5.3).
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1.2mm Coil Spacing: Reception Angle of Maximum Shear Wave Displ t across N of Coils
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Figure 6.47: Graph of Shear Wave Reception Angle across Number of Coils for 1.2mm Coil
Spacing
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Figure 6.48: Graph of Shear Wave Reception Angle across Number of Coils for 5.0mm Coil
Spacing

Figure 6.49-Figure 6.54 condenses the overall effects that the coil
spacing has on the shear wave reception angle across the range of steering
angles, for a different number of coils in the array. As the number of coils
increases, the variance in reception angles between steering angles of 25-90°
tends to increase for all coil spacings due to the increasing number of sidelobes

shifting the main lobe’s direction.
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6.5. Summary

The focus of this chapter was the effect that the coil design plays on the shear
wave directivity. This was examined solely via FEM models of the MLC within a
uniform vertical magnetic field, from which numerous parametric studies were
simulated. These explored the effects of: steering angle; the number of coils

within the array; and the coil spacing.

Increasing the steering angle has the same effects stated from Chapters
4 and 5. The shear wave beam directivity reaches a maximum value near a 30°
steering angle and further increase causes higher-angled sidelobes to supplant
one another. Increasing the number of coils generates a greater number of
sidelobes, which increases both the amplitude of the beam directivity and the
beamwidth. Increasing the coil spacing increases the amplitudes of the
sidelobes with respect to one another. This could theoretically be used to

generate a sidelobe at a reception angle greater than 70°.
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Chapter 7 - Multi-Angle Beam Generation

This chapter utilises the information gathered from the previous chapters to
design an MLC EMAT capable of transmitting shear waves at more than one
direction simultaneously. This chapter considers: which angles can be used;
what the resultant directivity will be; and where this can be used in real-world

applications.

7.1. Introduction

As previously discussed in Section 1.1, Sperry’s RSU possesses UT probes angled
at 0°, 37°, and 70°. The simulated studies thus far have demonstrated that the
MLC EMAT is certainly capable of transmitting shear waves at 37° with a narrow
-6dB beamwidth, and experimental testing has shown that a 0° beam is also
transmitted at higher steering angles. While reliably steering at 70° remains an
issue, a secondary problem is that the MLC EMAT’s shear wave is generally

constrained to a single reception angle.

In an attempt at reducing the negative effects of the sidelobes, it was
discovered that by overlapping the transmission signals for two distinct
steering angles, the MLC EMAT is capable of producing a single shear wave with
two distinct maxima. For a given magnetic configuration, the reception angles
of these two maxima are almost exactly the same as those for the individual
steering angles. The transmission signal for these dual steering angles is simply
the sum of the pulse profiles for each constituent steering angles multiplied by

the maximum current amplitude, as shown in Equation 7.1-Equation 7.2.

(t-1)?

L) =e 20" cos(2mfy(t — 1)) Equation 7.1
I(t) = I X [L(t) + L, (t)] Equation 7.2
d [ .75 ] At ‘ on 7
= X uation 7.
T = roundup XL : quati

where /n(t) = pulse profile of given steering angle at point in time (t); fx
= frequency of a given steering angle (Hz); 4t: = timestep of primary steering

angle (s); on = standard deviation of a given steering angle (s).
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The 1%t steering angle (always lower than the 2"d) generates the lowest

wavelength in the model and is thus used to determine the required mesh
density and timestep of the model. The 2" steering angle retains its longer first
time-dependent study step and greater depth for the area of high-mesh density
beneath the EMAT, due to its values of standard deviation and SDP
respectively. The time delay is therefore altered from Equation 3.11 to
Equation 7.3 to accommodate the longer transmission signal at a reduced
timestep. This greatly increases the runtime of model, from approximately six
days for dual steering angles of 15° and 90° to individually two days and 40
minutes respectively. Figure 7.1 shows the transmission pulse profile for the
dual-angles of 15° and 90° compared to its constituent single steering angles,

and Figure 7.2 shows the colour-plot of this dual-angle model.
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Figure 7.1: Graph of current pulse profile through coils for a 15°,90° dual steering angle
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7.2. Dual-Angle Results

Figure 7.3 shows the directivity plot for the 15°,90° dual-angle model (shown
in Figure 7.2) compared to its single-angle steering angles. There is little change
to both the displacement and reception angle of the two maxima. Due to the
increased runtime, alternative solutions were explored to calculate the results
of other dual-angle models. Due to the similarity between the dual-angle and
the two single-angle beam directivities, the solution was to simply add the
single-angle beam directivities together. Figure 7.4 shows the 15°,90° dual-
angle beam directivity compared to the two single-angle beam directivities

summed together.

EMAT-1 15° and 90° Steering Angles: Displacement (mm)
. Bulk Wave Directivity 0 1x10°® 2x10°® 3x10°® 4x10°° 5A1g:
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Figure 7.3: Bulk Wave Directivity Plot for 15°,90° Dual Steering Angles
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Figure 7.4: Bulk Wave Directivity Plot for 15°,90° Dual Steering Angles
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The maximum displacements for the dual-angle dataset and the summed

single-angled dataset were measured at 3.3855 x10®mm and 3.8723 x10®%mm
respectively. The reception angles at which these magnitudes were measured
are 14.9° and 16.4°, and the correlation coefficient between the two beam
directivities was calculated at 0.9853. While these two datasets do correlate
very well, the differences in magnitude and reception angles were too great to

be accepted.

The reason for these differences was due to the values of maximum
displacement for the two single-angle beam directivities occurring at different
RToAs. The solution to this was to sum together the A-scans at each reception
angle from the two single-angle EMATs. Both A-scans were shifted in time so
that their time delays aligned with that of the dual-angle EMAT. The dual-angle
EMAT possesses the same timestep as the primary steering angle EMAT due to
its design, however the secondary steering angle EMAT has a greater timestep.
By interpolating additional timesteps between those present in the A-scans of
the secondary single-angle EMAT, the two A-scans could be summed together.
As stated in Section 4.3.1, the tangential and normal displacements were
calculated at each reception angle and filtered through a bandpass filter. Due
to the presence of two distinct frequencies however, the cutoff frequency
limits were set at +1/3 the maximum and minimum frequencies. This meant

that for the 15°,90° dual-angle, bandpass limits of 0.416-3.215MHz were used.

The tangential displacement and reception angle of the main lobe from
this extrapolated dual-angle EMAT’s beam directivity was measured at 3.3701
x108mm and 14.8° respectively. The correlation coefficient between the dual-
angle and extrapolated beam directivities was calculated at 0.9997. This higher
degree of accuracy was deemed acceptable enough to produce beam directives
of any dual-angle combination based off of existing single steering angle
results. Every combination of dual-angle steering for EMAT-1 was extrapolated
using this method. The maximum displacement for each of the three wave
modes was extracted and plotted across the secondary steering angles for a
fixed primary steering angle. Figure 7.5-Figure 7.8 show this data for primary

steering angles of 15°, 30°, 60°, and 90° respectively from EMAT-1.
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Figure 7.8: Graph of Maximum Displacement across EMAT-1 90° Secondary Steering Angles

As the secondary steering angle gets closer to the primary, the maximum

displacement approaches a value twice that of the single steering angle’s

maximum displacement. This is due to the frequencies of both steering angles

being so close that the transmission signal begins to approximate twice that of

either’s single-angle’s transmission signal. Figure 7.9-Figure 7.19 show the

reception angles of the maximum displacements from the transmitted shear

waves, when one of the two steering angles is set. These figures include the -

6dB beamwidth coverage from the maximum displacement in the dual-angle’s

beam directivity and illustrate the dead space between two distinct beams. As

the two steering angles move approach one another, the beamwidths merge

until the resultant beamwidth approximates that of either’s single beamwidth.
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MAT-1 20° Steering Angle 1: Reception Angle of Maximum Shear Wave Displ 1t across S dary Steering Angles
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5MAT-1 35° Steering Angle 1: Reception Angle of Maximum Shear Wave Displ; 1t across S dary Steering Angles
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Figure 7.16: Graph of Shear Wave Reception Angles across EMAT-1 50° Secondary Steering

Angles
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5MAT-1 90° Steering Angle 1: Reception Angle of Maximum Shear Wave Displ it across S y Steering Angles
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An additional benefit of the dual-angle transmission is that by
introducing a lobe of larger displacement into the beam directivity from one of
the single steering angles, it reduces the beamwidth from the lobes of lower
displacement for the other single steering angle. This is shown in Figure 7.19
as the primary steering angle changes from 15-20°, the beamwidth of the

shallower lobe reduces from 41-75° to 50-72°.

7.3. Pulse-Echo Signal Filtration

While the dual-angle EMAT could transmitted shear waves at two distinct
angles bidirectionally, an important consideration was how the reflected waves
would be received. If a defect was detected by one of the dual-angle EMAT’s
lobes, it would be difficult to position by ToF alone as there would be no way

to tell which lobe struck it.

A solution to this issue is to differentiate the received lobes based on
frequency. While the differently angled lobes do have similar magnitudes, they
retain their frequencies as seen in Figure 7.20 and Figure 7.21 for the reception

angles of the 15° and 90° steering angle lobes respectively.
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¢ %108 EMAT-1 15° and 90° Steering Angles: Tangential and Normal Displacements at 15°
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Figure 7.20: Graph of Directional Displacement across Time at 15° for EMAT-1 15°,90°
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Figure 7.21: Graph of Directional Displacement across Time at 60° for EMAT-1 15°,90°
Steering angles

Using the simulated signal method (described in Section 4.4.2) on the
area beneath the MLC EMAT, the received signals from the returning waves
were simulated and filtered to differentiate the two lobes based on their
frequency. If the exact same simulated signal process was used with this model,
then (due to the model’s symmetrical design and the EMAT’s bidirectional
transmission) the returning waves from both sides of the curved surface would
create a symmetrical displacement distribution which the simulated signal
would then cancel out. To counter this effect and simply demonstrate the
method of dual-angle frequency filtration, the simulated signal process was
performed on one side of the EMAT only, from 0-20mm beneath the EMAT (or

from coils 7-12).
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Due to the transmission signal containing two different frequencies,

frequency limits had to be established for use in differentiating the two distinct
lobes. These limits were chosen via a Fourier analysis of each transmission
signal. Figure 7.22-Figure 7.24 show the progression of the Fourier analysis as
the secondary steering angle in transmission signal increased to 20°, 30°, and

90°.

The two peaksin the frequency spectrum represent each steering angle’s
gaussian pulse, thus a value of frequency from between these two peaks was
used in the filtering process to differentiate between the two lobes. The
criteria for this cutoff frequency was that it must have an amplitude of no more
than -6dB that of the smallest of the two peaks. Due to the large amount of
overlap between the peaks within some frequency spectrums, there were
combinations of steering angles that did not meet this criteria. Figure 7.25
shows the minimum secondary steering angle that could be used for a
corresponding primary steering angle, as well as the maximum cutoff frequency
for that minimum secondary steering angle. For a given primary steering angle,
as the secondary steering angle increased from its minimum (shown in Figure

7.25) to 90°, the cutoff frequency value would change also.

13 15° and 20° Steering Angles: Transmission Signal Profile
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Figure 7.22: Fourier Analysis of 15°,20° Steering angles Pulse
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15° and 25° Steering Angles: Transmission Signal Profile
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Figure 7.23: Fourier Analysis of 15°,25° Dual-angle Pulse
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To filter out two different frequencies from the simulated PE signal, two

bandpass elliptic filters were used. The frequency limits for both filters
contained the cutoff frequency, and different frequency values that would
distinguish whether the filters were to be used for the primary or secondary
steering angle’s wave. From each of the two peaks in the frequency spectrum
graph, a value of frequency (equal in amplitude to that of the cutoff frequency)
was taken from the side of the peak opposite to the cutoff frequency. The
simulated PE signal was passed through either elliptic filter, and the results of
each was then passed through the same bandpass filter as used for the single
steering angles (x1/3 steering frequency) to reduce the low frequency

reverberation.

Figure 7.26 shows the simulated PE signal for the 15°,90° dual-angle
EMAT, and Figure 7.27 and Figure 7.28 show the results of this filtering process
for steering angles 15°, 90° respectively. To demonstrate the efficiency of this
filtering process, both filtered PE signals from the dual-angle model were
compared to the filtered PE signals from their corresponding single steering
angle’s model. Section 5.4 had previously established problems when graphing
the amplitude of the simulated signal across steering angles, specifically at
higher frequencies. While this was corrected by dividing the signal by the
steering frequency, this was not an option for a signal with two distinct
frequencies. Therefore, these simulated signals were graphed as normalised

amplitudes.

15° and 90° Steering Angles: Simulated Pulse-Echo Signal at Origin
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Figure 7.26: EMAT-1 15°,90° Dual-angle PE signal
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The correlation coefficient between the 15° steering angle’s PE signal

and the 15° component of the 15°,90° dual-angle PE signal (as shown in Figure
7.27) was 0.9976, with a difference of 0.19% in the normalised amplitude peaks
for the returned shear waves. For the 90° signals (shown in Figure 7.28) there
was a correlation coefficient of 0.9697 but a greater difference of 6.04% for

the returned shear wave peaks.

i 15° and 90° Steering Angles: Simulated Pulse-Echo 15° Signal at Origin
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Figure 7.27: EMAT-1 15° Filtering of 15°,90° Dual-angle PE signal
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Figure 7.28: EMAT-1 90° Filtering of 15°,90° Dual-angle PE signal

This proves that an EMAT PE signal of different frequencies could be
filtered to a high degree of accuracy. If a dual-angle PE EMAT were to detect a
defect by one of its two lobes, this filtration method could determine the
magnitude of the returned shear wave signal for each steering angle. This
would reveal which lobe detected the defect, and how far from the EMAT it

was based off of ToF.
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7.4. Triple-Angle Results

Within many frequency spectrums of dual-angle transmission signals there
were wide gaps between the peaks, as shown in Figure 7.24. This meant that
there was an opportunity to introduce an additional steering angle into this
signal. The pulse profile for the transmission signal followed the same process
as that of the dual-angle EMAT: the addition of multiple single-angle
transmission signals multiplied by the current; and the time delay being a
function of the frequency of the tertiary steering angle (always greater than
the primary and secondary). Figure 7.29 shows the profile and Fourier analysis

of a 15°,30°,90° triple-angle transmission signal.

15°, 30° and 90° Steering Angles: Transmission Signal Profile
T T T T T

N
=]

T

N o

Current (A)

b A o » @

°
~
IS
e
®

10 12 14 16 18 20
Time (us)

Frequency Spectrum for Signal with 2.4110MHz, 1.2480MHz and 0.6240MHz
T T T T T T T T

Amplitude
o o
> =
T T
1 L

S
a
T
1

o
N
T
1

0 1 I I 1 1 1 1 1
0.5 1 1.5 2 2.5 3 35 4 45 5
Frequency (MHz)

)

Figure 7.29: Fourier Analysis of 15°,30°,90° Triple-angle Pulse

The same process of determining steering angle combinations based off
of a cutoff frequency between the peaks in the frequency spectrum was used
to decide the steering angle combinations. The difference for the triple-angle
signals is that two cutoff frequencies are required: one between the primary
and secondary steering angles; and the other between the secondary and
tertiary steering angles. The only difference to the criteria of each cutoff
frequencies was that it must be no more than -6dB the smallest peak on either
side of it. This meant that the cutoff frequency between the secondary and
tertiary steering angles need not have an amplitude less than -6dB of the

primary steering angle’s amplitude.
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This caused greater restrictions on the combinations of angles. Table 7.1

shows the combinations of the three steering angles that could be used with
the -6dB cutoff frequency. There is still a minimum secondary steering angle
for each primary steering angle, however there is now a maximum secondary
steering angle to permit the use of a tertiary steering angle. Table 7.1 states
the two minimum tertiary steering angles that can be used for both the
minimum and maximum steering angles. The tertiary steering angles range

from the values stated in Table 7.1 up to 90°.

Table 7.1: Triple-angle Signal Filtering Limits

Primar Minimum Tert';,::\lrm?tue:rin Maximum Minimum Tertiary
. v Secondary y o & Secondary Steering Angle (°)
Steering Steering Angle Angle (°) for Steering Angle for Maximum
Angle (°) og g Minimum og J Y
(°) Secondary (°) Secondary
15 25 43 38 80
16 27 47 38 80
17 28 49 38 80
18 30 53 38 80
19 32 58 38 80
20 34 63 38 80
21 35 66 38 79
22 37 74 38 79

Figure 7.30 shows the beam directivity plot of the 15°,30°,90° triple-
angle EMAT. It is immediately noticeable that within the triple-angle beam
directivity there are large disparities in displacement for each of the three
lobes. Within the beamwidth: the 15° steering angle’s lobe has a narrow width
of 4.6°; the 30° steering angle’s lobe has a broader width of 16.1°; and the 90°
steering angle’s lobe is fragmented with multiple narrow lobes of 1.7°, 1.3°,
and 0.5°. The reason for this irregular -6dB beamwidth is due to the differences
in displacement between the three individual steering angles. The EMAT has
been established to produce a maximum shear wave displacement near the 30°

steering angle, almost was twice that of either the 15° or 90° steering angles.
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EMAT-1 15°, 30° and 90° Steering Angles: Displacement (mm)
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Figure 7.30: Bulk Wave Directivity Plot for EMAT-1 15°,30°,90° Triple Steering Angles

As previously stated, as two steering angles move closer together the
displacement becomes twice that of either steering angle as the transmission
signal begins to emulate twice that of either steering angle’s signal. Following
this logic, if a transmission signal was reduced by half, then the displacement
from its lobe would also be reduced by half. This led to the idea of reducing
the amplitude of a single steering angle’s profile by a SF within the overall

transmission signal, as shown in Equation 7.4.

1) = I x [(SFy X (D)) + (SF, X I, (1)) + (SF5 X I3())] Equation 7.4
where SFi.3 = pulse profile scale factors for steering angles 1-3

respectively.

Using Equation 7.4 for the 15°,30°,90° triple-angle EMAT, the SF for the
30° steering angle’s pulse profile was set at 0.5 while those of the remaining
steering angles was kept at 1. Figure 7.31 shows the Fourier analysis of this
transmission signal, and there was a noticeable reduction in amplitude by half
for the 30° peak when comparing frequency spectrums to Figure 7.29. Figure

7.32 shows the beam directivity for this triple-angle EMAT.
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15°, 30° and 90° Steering Angles: Transmission Signal Profile with Reduced 30° Pulse
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Figure 7.31: Fourier Analysis of 15°,30°,90° Dual-angle Pulse with reduced amplitude
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Figure 7.32: Bulk Wave Directivity Plot for EMAT-1 15°,30°,90° Triple Steering Angles with
Reduced 30° Pulse

Decreasing the 30° steering angle pulse profile by half had the desired
effect of reducing the 30° lobe’s displacement also by half. This had the
additional effect of increasing the beamwidth from 11.9° to over 75°. An
angular coverage of over 60° would enable this conventional EMAT to perform
sectoral scans whilst in motion. If moving laterally across bulk material, not
only could a defect be detected by each of the three lobes in both directions,
but the PE signal could reveal the defect’s distance and angle from the EMAT

based on the lobe that detected it.

Furthermore, decreasing the 30° pulse profile by half also reduces the
amplitudes of the two cutoff frequencies from the Fourier analysis. While this

does reduce the amplitude ratios for both peak-to-trough values, it also
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enables the minimum secondary steering angle to be reduced further. Using

the values of maximum shear wave displacement from Figure 4.43, each of the
three pulse profile’s SFs were equated to make each steering angle’s waves
equal in maximum displacement. These reductions in amplitude for a 15°
primary steering angle reduce the minimum secondary and tertiary steering

angles to 24° and 41° respectively.

Despite this, the number of pulse profiles included in the transmission
signal could not be increased beyond three steering angles. This may be
achieved by increasing the standard deviation of the gaussian pulse, thus
reducing the width of the peaks within the frequency spectrum and enabling
the -6dB cutoff frequencies to be more readily available. Additional pulse
profiles may also be included via alternative filtering methods for the PE signal.
The criteria for the cutoff frequencies was set for use in the elliptical filters,
however if a more efficient method were to be devised then this -6dB limit may

be lifted.

7.5. Summary

The result of this chapter was the proposal of a complex transmission signal
pulsed by an MLC EMAT. This would transmit a beam directivity with multiple
shear wave lobes at different angles. The simulated reception signal method
proved that in a PE setup, the returning shear waves could be filtered to

differentiate the magnitude of a single steering angle’s lobe.

The EMAT-1 configuration fully explored its dual-angle capabilities,
based on extrapolation of the existing single steering angle models. These
provided highly accurate alternatives to lengthy simulations of the triple-angle
models. This method could also be applied to the other magnetic configurations

for both the beam directivity and steerability models.
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Chapter 8 - Conclusions

8.1. Summary of Work

This thesis has focused on the topic of multi-angle shear wave transmission
from an MLC EMAT and the effects that steering via frequency has upon them.
This necessitated a review of the theory and relevant literature on this topic,
and the main conclusions made with EMATs as a technology. Chapter 3 detailed
the design of the FEM model used within the majority of this work, with

changes specified in the relevant chapters.

Chapter 4 provided an analysis of the changes observed in the shear
wave beam directivity via frequency. The majority of these tests were
undertaken via the FEM models with experimental testing validating their
findings. This chapter detailed how the shear waves reached both a maximum
displacement and a steering limit across a broad range of steering angles. The
shear waves were examined also in the context of flat backwall profiles,
showing similar patterns of behaviour. The result of these secondary
examinations was a mathematical method of constructing the simulated
reception signal of a detection EMAT across a flat surface based on existing

displacement data.

Chapter 5 documented the effects that different bias magnetic flux
densities had on the transmitted shear waves. These were composed of single
or multiple magnets, of differing widths and magnetisation directions. While
the differences between these magnetic configurations has been documented,
each produced similar results to the original EMATs’ design. A correlation is
drawn between the number of magnetic flux concentrations within the induced
eddy current array, and the number of peaks in both the shear and Rayleigh
waves A-scans. The simulated reception signal method is shown to successfully
work with these different magnetic configurations and can be used to predict

which configurations produce the maximum reception signal in a PC setup.

Chapter 6 documented the effects that the coil configuration plays on

the transmitted shear waves. The number of sidelobes within a given shear
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wavefront is related to the number of coils within the MLC array, and the

previously established reception angle was overcome by increasing the coil’s

spacing distance.

Chapter 7 proposed a novel method of complex signal generation from
the EMAT, to transmit shear waves at different angles simultaneously. The
combination of steering angles was determined via an FFT of the transmission
signal, as filtering could be used to distinguish between the differently angled
shear waves. It was discovered that a dual-angle’s beam directivity results
could be calculated by combing the A-scans of the constituent single steering
angles at each reception angle. This provided an easy alternative solution,
compared to running lengthy simulated models. The number of single steering
angles included in a given multi-angle transmission signal is limited to three
within this thesis, however this may be overcome with different signal types.
This is desirable as a beam directivity with a large number of different steering
angles would be able to better distinguish the angle at which defects were

located, relative to the EMAT.

This body of work set out with the aim of evaluating the possibility of
replicating the Sperry RSU’s multi-angle UT methodology with EMAT
technology. A conventional MLC EMAT’s capability of transmitting oblique
shear waves into bulk material was tested to understand its limits. Design
changes were then proposed in order to enhance its performance for certain
angles. The ability to generate shear waves at specified angles simultaneously
enables the design of a simulated conventional MLC EMAT that can generate
bidirectional shear wave lobes to cover the RSU’s angles of 37° and 70° (as
shown in Figure 8.1) while simultaneously generating Rayleigh waves across
the surface, for the detection of surface defects. This body of work has
demonstrated that a 0° shear wave lobe can be transmitted via MLC EMATSs.
The distinct frequencies of these lobes (if they were to reflect off of a defect
and return to the EMAT) could be filtered to reveal the distance and angle
relative to the EMAT. This would enable defect triangulation via a laterally

moving EMAT over rail track, without the necessity of a coupling medium.
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Figure 8.1: Bulk Wave Directivity Plot for EMAT-3 25°,85° Dual Steering Angles

8.2. Contributions to Knowledge

The contributions to knowledge as a result of this body of work include:

e A study on the relationship between the desired steering angle of the
shear waves as a function of frequency and its actual reception angle.

e A method of modelling an EMAT’s reception signal via simulated
displacement data.

e Parametric studies on the EMAT’s magnetic field, and how this affected
the magnitude and direction of the transmitted waves. These parametric
studies include:

o The width of the magnet

o The number of magnets within a single EMAT
o The direction of magnetisation

o Different configurations within a PC setup

e Parametric studies on the EMAT’s coil configuration, and how this
affected the shear wave sidelobes within a given wavefront. These
parametric studies include:

o The number of coils within an array
o The coil spacing
e Astudyon the generation of multiple shear waves at different angles via

complex signal transmission, based on work from the previous chapters.
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8.3. Suggestions for Future Work

Based on the conclusions highlighted in this thesis, there are a number of

different directions that this work can explore further.

Firstly, changes can be made to the material under examination. The
simulation and experimental work within this thesis was carried out solely on
aluminium. This was to limit the EMAT’s transduction method to Lorentz forces
and simplify the simulated models by removing the magnetisation and
magnetostrictive transductions. An obvious extension of this work is its
application onto ferromagnetic. Additionally, the presence of defects within
the material would prove useful in testing the MLC EMAT’s ability for defect
detection. These can take the form of side drilled holes or cracking at the
surface as real-world examples. Parametric studies can be conducted on the
size and position of these defects relative to the EMAT. This would test the
sensitivity and magnitude of the EMAT’s defect response across the range of

steering angles for the transmitted shear waves.

Specific to this body of work, further investigation into transmission
signals can be explored. These involve the effects that a wider gaussian pulse
has on the shear wave beam directivity, as this could also enable a greater
number of steering angles to be included within the multi-angle signal. An issue
that can arise from the experimental testing of multi-angle signal transmission
is the impedance matching of the EMAT. Different frequencies would present
challenges to the calculation of the RLC circuit’s resonant frequency, and by
extension the EMATs required capacitance. These multi-angle signals can also
be tested on different types of EMATs. Huang and Sanije [93] used signals of
different frequencies on a PPM EMAT to generate different SH-wave modes into
an aluminium plate which (through multi-angle signals) could be generated

simultaneously.

To further develop the MLC EMAT as an alternative to the Sperry RSU,
its ability to transmit bulk waves and receive defect signals while in motion
would be highly advantageous. Rees-Lloyd et al [94] explored these effects for

Rayleigh waves from an MLC EMAT and found that the application of velocity
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generated eddy currents within the inspection sample from the EMAT’s moving

permanent magnet. These created a quasi-static bias magnetic field which
became more distorted as the velocity increased, particularly with
ferromagnetic materials. The effect that this would have on the generation of

bulk waves would be an interesting area of exploration.

The method of simulating an EMAT’s reception signal from incoming
ultrasonic waves proved to be a more accurate means of comparing the
simulated data to the experimental testing. This method however requires
further optimisation to improve its magnitude across steering angles,
particularly at higher frequencies. This can be done by refinement to the
calculation of material deformation at the surface beneath the coil array.
Additionally, this method can also be applied to different types of EMATSs (such
as the spiral-coil EMATs) or on different surfaces (such as the semicircular

sample’s curved surface).

Specific to steering the EMAT’s shear waves, greater investigation can
be conducted on the specific effects that the magnitude and orientation of the
Lorentz force densities had on the transmitted shear waves. Specifically
modifying the strength and direction of the simulated bias magnetic flux
density (similar to the models from Chapter 6) would be an interesting topic of
study. This would inform the design of custom permanent magnets to apply a
bias magnetic field specific to each coil. This would be akin to line-focusing
EMATs, as they would be designed to operate at a specific frequency and
transmission angle. Alternatively, the focusing of shear waves via timed
excitation of coils across a range of frequencies could be investigated, with the

goal of steering a PA MLC EMAT.
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EMATS

Study on the steering capability of a
meander-line coil EMAT

S Hurrell, P Charlton, S Mosey, O Rees-Lloyd and R Lewis

Electromagnetic acoustic transducers (EMATs) are well-established as a means of ultrasonic wave generation and reception
without the use of a mechanical coupling. When comprising a bias magnetic field and a meander-line coil (MLC), these
waves propagate at an angle normal to the emission surface. With the appropriate frequency, the propagation pathway of
these ultrasonic waves can be steered to a particular angle. This paper presents the methodology used to find the steering
limit of an MLC EMAT and the results from simulations and experimental validations on aluminium. The results show that
the maximum shear wave amplitude occurred at around 305, the steering limit was approximately 50° and the simulations
were validated by the experimental set-up to a satisfactory degree.

1. Introduction

A key method of non-destructive testing is ultrasonic testing,
whereby high-frequency mechanical waves propagate through
a material, reflecting off any boundaries they encounter, such
as the surface or any defects within the material. One method is
through the use of electromagnetic acoustic transducers (EMATSs)
that can induce ultrasonic waves in electrically conductive and
ferromagnetic materials.

An EMAT combines a bias magnetic field, typically from a
permanent magnet or electromagnet, with an alternating eddy current
field, froma coil of wire carrying an alternating current (AC), to induce
forces directly into the material via three transduction methods:
Lorentz forces, magnetisation forces and magnetostriction?.
EMATSs possess many advantages over ultrasonic testing due to these
principles of wave induction, including no requirement for contact
with the specimen, no requirement for a facilitative couplant and the
ability to operate at high speeds?®¥. A main disadvantage, however, is
their low signal-to-noise ratio (SNR), which has necessitated much
research into optimising their design!*.

For the purpose of this study, the material used was aluminium,
which only induces waves via the Lorentz force transduction due
to being non-magnetic. The Lorentz force consists of static and
dynamic components due to the magnet’s static magnetic flux and
the coil’s dynamic eddy current density, given as:

where F, is the Lorentz force density, ], is the eddy current density
and B is the magnetic flux density. The AC of the coils induce eddy
currents in the surface of the material and, in the presence of a static
magnetic flux, produce periodic alternating forces at the surface of
the specimen, generating bulk waves into the material (consisting of
shear and compression wave modes)?).

The configuration of the coil and magnet determines the nature
of wave that is excited”. A common design for angled bulk wave
generation is the meander-line coil (MLC) EMAT, consisting of a
bias magnetic field normal to the material’s surface and an MLC with
straight alternating runs between the magnet and material surface.

The angle at which the MLC EMAT excites waves through a
material is given as:

where 0 is the angle normal to the surface, v is the speed of the wave,
d is the spacing distance between each alternating straight run of
the coil and fis the frequency of the AC and the wave. A popular
EMAT design that produces angle-beam waves is the periodic
permanent magnet (PPM) that generates shear horizontal waves
and is well suited in austenitic and coarse-grain material®. PPM
EMATSs have been studied for their beam-steering capabilities via
frequency and have been shown to produce maximum amplitudes
across a frequency range for a given spacing between magnets!'!!
and be capable of creating 2D maps of defects present within a
given sample!!''4. Although MLC EMATSs generate shear vertical
waves, these two technologies share the same theory of angle-beam
emission and thus would share similar conclusions.

An increasingly popular method for angle-beam EMATSs is
phased array (PA), wherein the EMAT coil’s variable spacings
focus the bulk waves to a specific location within the material>!¢!.
Literature exists on the application of MLC EMATs!'7-1#1%; however,
much of this examines the differences between traditional MLC
and PA MLC designs!"”""l. Work carried out regarding the beam-
steering MLC EMATS is less common than research into PPM and
PA; however, it does support the theory that the ultrasonic bulk
waves can be steered by frequency®.

The focus of this study is to simulate and experimentally validate
the shear wave steering capability of an MLC EMAT on aluminium
for different steering angles.

2. Model configuration

The simulation model of a 2D MLC EMAT was created using
COMSOL 6.0 Multiphysics. The AC/DC and Structural Mechanics
software packages had the predefined mathematical capabilities to
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enable such a design to take place. Figure 1 shows the 2D simulation
geometry of the EMAT consisting of a 20 mm x 20 mm NdFeB-42
permanent magnet and a copper MLC over a 340 mm x 100 mm
aluminium block. The transmit-EMAT was positioned 50 mm from
the edge of the aluminium block, with an MLC lift-off distance of
0.5 mm and a magnet lift-off distance of 1.0 mm.

= / Magnet \E\

Surface

standard deviation and the time delay functions of frequency:
0 = 1.2/f and 1 = 5/f, respectively. The resultant pulse profile for
steering angles of 30° and 60° can be seen in Figure 3.

To account for the changing time delay, the arrival time of a
wave was taken as the time of the largest peak within a recorded
waveform. This also eliminated the need for a predetermined

threshold, as a maximum peak would always
be present in any waveform. The simulation

/Air\

Coil

was set to run from 0-150 ps to account for
reflections and any wave mode conversions
that would take place within the aluminium
specimen. When solving transient models,

Al

Figure 1. COMSOL simulation model geometry

The speed of the shear and compression waves within the
aluminium are 3.12 mm/ps and 6.20 mm/ps, respectively, and
according to Snell’s Law the angle of the compression wave could be
determined for internal mode conversion.

The coil spacing d was set at 2.5 mm, thus according to Equation
(2), the angle of the shear wave was entirely controlled by the
frequency of the AC. Figure 2 shows the top view of the MLC, with
‘Detail A’ highlighting that each of the coil’s straight runs consists
of three thinner strands (0.20 mm X 0.25 mm) with a separation of
0.4 mm. This configuration was chosen as coils made of multiple
strands induce a wider eddy current density and, with a square cross-
sectional area, also possess a higher conversion efficiency®. Figure
2 also shows a 3D model of the MLC as a closed loop (a necessity
for COMSOL), but the printed MLC used for the experimental
validation had two strands breaking off to be externally powered

(shown in Figure 4(a)).
d
A

Detail A

Figure 2. COMSOL simulation 3D MLC geometry

While the simulation was a 2D model, the depth of the coil was
specified as the length of the physical coil at 20 mm. The tone-burst
current pulse applied to the MLC is given in Equation (3) (adapted
from™!) and was modelled on a Gaussian-sinc pulse:

_=p?
i(t) =1le” 207 cos(2mf(t — 1)) .ceveeeee (3)

where I is the constant current of 6 A, o
is the standard deviation of the pulse, 7 is
the time delay of the signal's maximum

peak and f is the central frequency of the ——
wave. The pulse was designed for any given 30 1.2480
frequency to start near 0 A and give seven 45 0.8825
positive peaks before returning to 0 A.

60 0.7205

This was achieved by making both the

Backwall

the relationship between the time-step size
and the mesh size must be approximately
equal to a Courant number of less than 0.2,
given by the Courant-Friedrichs-Lewy (CFL)
condition®, defined as:

vAt
CFL =

where CFL is the Courant number, At is the time-step size and hmwc
is the maximum mesh size for the specimen. For 2D COMSOL
models, it is recommended to set the maximum mesh size to less
than one fifth of the wavelength of the wave (defined as A = v/f). For
a given steering angle, therefore, the frequency of the wave could be
used to calculate the values of maximum mesh size and time-step
size, as seen in Table 1.

Simulation results show bulk waves propagating through the

10 1 4 A 8 9 10 11 12 13 14 15 16 17 18 19 20

Input current (A)
O W T G e

Time (us)
(a)

9/ 1011 12 13 14 15 16 17 18 19 20

Input current (A)
T N T S

Time (us)
(b)

Figure 3. Coil current pulse profiles: (a) coil excitation current: 30°
steering angle; and (b) coil excitation current: 60° steering angle

Table 1. Pulse and model variables for a given steering angle

Angle
°) (MHZ) (x 10 9 (ps) (mm) (ps) (;4H) (nF)

0.50 2.07 0.258 0.010 0.121 1.5160

0.96 4.01 0.500 0.020 0.125 1.6621 9.8
1.36 5.67 0.707 0.024 0.106 1.8534 17.6
1.67 6.94 0.866 0.030 0.108 2.0600 244

d
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Figure 4. Experimental MLC design (a) and model set-up design (b)

specimen. The x and y components of displacement were recorded
across the specimen’s backwall, from x = 0-250 mm at every 5 mm
interval (where x = 0 mm and is 50 mm from the edge of the
specimen, opposite the transmit-EMAT, as shown in Figure 4(b)).
From these values, the x-position of the shear wave’s maximum
displacement magnitude for each steering angle could be located,
thus evaluating the EMAT’s steering capability.

3. Experimental validation

An aluminium block, measuring 340 mm x 100 mm x 70 mm, was
used with two EMATS (of a similar coil design as in the simulations)
in a pitch-catch configuration, as shown in Figure 4(a). The receive-
EMAT was in parallel with a decade box, allowing the capacitance
to be changed to electrically match the impedance of the RLC circuit
for a given steering angle. The values of inductance on the specimen
were measured using an impedance analyser and capacitance from

Equation (5):
1

C=m ........................................

where Cis the capacitance, L is the inductance and f is the frequency
of the pulse equal to the resonant frequency of the circuit for
maximum reception of the receive-EMAT, also in Table 1.

The transmit-EMAT was not in parallel with a decade box, as
in real-world applications a standard capacitor would be used that
would retain its value. The transmit-EMAT was connected to a
pulser system that could emit high-current pulses at the frequencies
required. The receive-EMAT was in parallel with an amplifier (of
70 dB gain) due to its low SNR and then to an oscilloscope that
would register the signals received by the EMAT.

Atthe same respective positioning as the simulations, the transmit-
EMAT was fixed compressed into a fixed lift-off distance of 1 mm by
non-magnetic shims, 50 mm from the edge of the specimen’ surface,
and the receive-EMAT was placed at the specimen’s backwall, from
x = 0-250 mm at every 5 mm interval. At each backwall x-position,
the receive-EMAT recorded an average ‘signal amplitude versus time’
reading from the oscilloscope, from which the x-position of the
shear wave’s maximum displacement for each steering angle could be
plotted and compared against the simulation values.

4, Results and discussion

Upon the simulation’s 2D aluminium block, a colour plot of the
von Mises stress was produced at every 0.12 ps time step to create
animations of the bulk wave propagations across the entire model’s
runtime. The stress was plotted instead of displacement due to the
better visual quality and Figure 5 shows these plots at their 30 ps
time step for each steering angle.

There is little difference in the angle between the simulations for
45° and 60° as it is likely to be nearing the EMAT'’s steering limit
and thus will not increase any further. It is also noticeable that as
the steering angle increases, Rayleigh waves start to emerge at the
surface for 45° and become the dominant wave at 60°. The different
propagation distances of the shear waves from the transmit-EMAT
demonstrate the effect of the pulse’s time delay on the resulting
wave transmission.

The simulations continued to their end points and the x and y
components of displacement were recorded along the specimen’s
backwall to calculate the displacement magnitude. To better show
the shear wave’s point of impact, the displacement magnitude values
(within an appropriate timeframe of the shear wave’s incident on the

Time = 30 ps Surface: von Mises stress (J/m?)
mm | 3
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20 1
[ 0.9
0 0.8
20 0.7
{ /0.6
-40 0.5
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aoll 0.3
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-100 0.1
-120¢ 0
0 100 200 mm
(a)
Time = 30 ps Surface: von Mises stress (J/m?)
mm F - ) 1 3
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Time = 30 ps Surface: von Mises stress (J/m?)
mm 3
x10
20 1
{ | §0.9
0 0.8
20/ 1110.7
| 0.6
-40 § 0.5
-60! 0.4
K 0.3
80 0.2
-100 0.1
-120t 0
0 100 200 mm
(c)
Time = 30 ps Surface: von Mises stress (J/m?)
mm F - 3
x10
20 1
- 0.9
0 0.8
=20 A 0.7
[ B 0.6
-40 0.5
-60! 0.4
| 0.3
80 0.2
-100 0.1
-120¢ 9
0 100 200 mm
(d)

Figure 5. Plots of stress at 30 ps for steering angles of: (a) 15°; (b)
30°; (c) 45°; and (d) 60°
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backwall) were processed for the maximum reading at each point.
These readings were graphed against their backwall x-position for
each steering angle and are shown in Figure 6.

It can be seen from Figure 6 that as the steering angle increases,
the x-position of the shear wave’s maximum impact also increases.
The 15° wave impacts at 30 mm, the 30° wave at 70 mm, the 45°
wave at 100 mm and the 60° wave at 115 mm. For the 45° and 60°
steering angles, a large peak can be seen near the 0 mm x-position
due to the shear waves reflecting from the specimen’s sidewall. It
can also be seen that the 30° shear wave’s maximum displacement is
far greater than that of the other steering angles.

Having found the points of maximum shear wave amplitude for
all four steering angles, the values of displacement magnitude were
graphed against time as A-scans, as shown in Figure 7.

By comparing these A-scans with the colour plots for each
steering angle, the peaks of displacement can be identified as
waves. The first peak is the initial compression wave directly
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Figure 6. Graphs of maximum displacement magnitude versus
backwall x-position for each steering angle: (a) 15° steering angle; (b)
30° steering angle; (c) 45° steering angle; and (d) 60° steering angle

from the transmit-EMAT (peak 1), immediately followed by the
compression wave reflected from the sidewall (peak 2). The third
and largest peak is the shear wave directly from the transmit-EMAT
(peak 3), but for steering angles of 45° and 60° it is clearly seen that
these shear wave peaks are composed of two separate peaks (peaks
3a and 3b), as with the initial compression wave peaks for steering
angles of 15° and 30° (peaks la and 1b). The reason for these two
separate peaks is due to the EMAT transmitting two separate shear
and Rayleigh waves in each direction, as shown in Figure 5(c)-5(d).
These separate waves cannot be distinguished for the 30° steering
angle due to their superposition, explaining its far larger shear wave.

Immediately following the direct shear wave peak is a smaller
peak that started as a compression wave that struck the sidewall
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Figure 7. Graphs of displacement magnitude versus time at the
x-position of maximum impact for each steering angle: (a) 15°
steering angle: displacement at x = 30 mm; (b) 30° steering angle:
displacement at x = 70 mm; 30° steering angle: displacement at
x =70 mm; (c) 45° steering angle: displacement at x =100 mm; and
(d) 60° steering angle: displacement at x =115 mm
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and converted into a shear wave (peak 4). For the 60° steering angle,
there are two peaks following the refracted shear peaks, found to
be the shear waves reflected off the sidewall and, likewise with the
direct shear waves, these have two separate components (peaks 5a
and 5b). For all the simulations there is a peak that was found to be
a small Rayleigh wave (peak 6). Unlike conventional MLC EMAT
Rayleigh wave transmission that has a steering angle of 90°, these
Rayleigh waves were generated by the shear waves (compression
waves for 15°, explaining its earlier arrival time) striking the
bottom-left corner of the specimen. Following these induced
Rayleigh waves for the 45° and 60° steering angles are the Rayleigh
waves that were transmitted due to their higher angles, that also
possess separate components (peaks 7a and 7b).

An important factor with the 15° steering angle is the presence
of internal mode conversions. Due to the low shear wave angle,
the EMAT would also transmit a compression wave at an angle of
approximately 31° (according to Snell's Law), which was shallow
enough to be seen within the specimen. While the x-position of
the shear wave’s maximum displacement magnitude was located
at 30 mm, the x-position of the compression wave’s maximum
displacement was located at 50 mm. By looking at the x and y
components of displacement at these backwall x-positions, the
nature of these two waves can be better seen, as shown in
Figure 8.

At 30 mm and 35.31 ps (the time of the shear wave’s largest
displacement magnitude), the recorded x and y components of
displacement were 1.2908 x 10 mm and 3.4897 x 10° mm,
respectively. The particle motion of shear waves is perpendicular to
the direction of propagation, which is supported by Figure 8, where
the x-component is almost four times larger than the y-component
at the time of impact. The same principle can be applied to the
compression wave at 50 mm and 20.69 ps with a parallel particle
motion, supported by Figure 8 where the x-component is
approximately half that of the y-component. Given that the angles
of the compression and shear waves are both shallow enough
to cause internal mode conversion, by recording the maximum
values of stress at each 0.1 mm x 0.1 mm area interval across the
150 s runtime, their internal wave propagation pathways between
surfaces could be plotted, as shown in Figure 9.

As shown in Figure 9, the largest wave path is the shear wave that
travels directly from the transmit-EMAT to the backwall 100 mm

e

down and 30 mm across. The displacement magnitude on the
backwall at this point was 1.4145 x 10~ mm at 35.31 ps. The second
largest wave to hit the backwall came from the combination of
two shear waves and one compression wave that reflected from
the backwall and then the surface, while mode converting once.
The combined result of the shear-shear-compression, shear-
compression-shear and compression-shear-shear waves on the
backwall was a displacement magnitude of 5.3977 x 10 mm,
almost half of the displacement magnitude from the direct shear
pathway, at 110 mm and 87.16 ps. The different wave combinations
that hit the backwall can be seen in Figure 9 and Table 2.

Depth (mm)

Width (mm)

Figure 9. Plot of maximum stress across time for a 15° steering angle

There were some variations when replicating these simulations in
experimental validations. Firstly, the Gaussian and sinc pulse used
for the models was unable to be implemented with the pulser system.
Instead, a rectangular envelope of the same frequency for a given
angle, containing approximately 20 peaks, was emitted starting at
t =0 ps. This would transmit stronger waves due to containing more
peaks at a higher current, which would compensate for the realistic
conditions of the practical test and produce an improved SNR.

Additionally, rather than arbitrary probes taking readings
every 5 mm across the backwall, a receive-EMAT identical to
the transmit-EMAT may produce some inconsistency within the
results as the exact lift-off distance may vary.

Finally, the presence of electrical noise within the laboratory
equipment would likely mask the signal amplitude of the received
wave. Using an oscilloscope, any received wave should have a
larger amplitude and a different frequency to the baseline signal
noise after the pulse. It is necessary then to put the received signal
through a filter to attenuate as much noise as possible. Figure 10
shows an example of the oscilloscope’s recorded signal for a 45°
steering angle. 'This signal includes its emission pulse followed
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by the irregularities of received ultrasound

:;::;.s:::::; at that x-position. Figure 10 also shows the

discrete Fourier transform (DFT) of the

. signal after 20 ps, as no shear waves could

1 hit the backwall before this time and thus no
useful data would be present.
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Time (us)

(a)

Displacement (mm)

H‘WMA . n*—/uLmA e e
= =

approximately  the  pulses
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peaks nearing 0 MHz were likely to be due
to electrical noise and could be filtered out.
A band-pass filter with a frequency range
of the emission pulses frequency +0.1 MHz
(for a 45° steering angle, the band-pass

frequency,

— xcomponent |
y component |

Time (us)

(b)

Figure 8. Graphs of x and y component displacements for the 15° steering angle, at

x-positions of: (a) 30 mm; and (b) 50 mm

filter was set to 0.7825-0.9825 MHz)
was used to remove the noise. Once filtered,
a wave could be seen at approximately 50 s,
which, for a wave at 45° and a distance of
100 mm deep and 100 mm across with a
shear wave speed of 3.12 mm/us, supports

@
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Table 2. Largest wave combinations for a 15° steering angle

V\'fave. xl?;f)l:::iﬂl Time of arrival Driliglgifi::ieem
combinations (mm) (ps) (mm)

S 30 35.31 1.4145 x 10°®

P 50 20.69 41751 x 10°°

SSS 80 101.40 5.1746 x 10~

PSS, SPS, SSP 110 87.16 5.3977 x 107

PPS, PSP, SPP 140 72.41 2.5387 x 10°°

PPP 145 56.85 1.5995 x 10°°

Normalised

amplitude

peaks, as the 30° steering angle’s maximum
peak is close to taking up the y-axes of both the
simulated and experimental graphs, compared
to the 15° steering angle’s maximum simulated
peak being approximately a third of the y-axis,
and the maximum experimental peak being

1000 approximately a tenth of its y-axis.

29.5 There is also a similarity in the peaks

36.6 following the direct shear wave. Figure 13

182 shows a comparison of the experimental
results with the simulated results for the 60°

17.9 steering angle at the backwall x-position of

11.3 115 mm. The experimental results show a

that this is the direct shear wave. Figure 11 shows the original and
filtered signal after 20 ps.

This process of signal filtering was repeated for all four
steering angle experiments at each of their backwall x-positions.
The resultant filtered signals’ absolute values could produce an
upper envelope from the peaks, which could then be compared
to the displacement graphs of Figure 7. These envelope graphs at
the x-position of maximum simulated displacement for the four
steering angles, as stated in Figure 6, can be seen in Figure 12.

When comparing Figure 12 to Figure 7, there are very obvious
similarities present. The largest peaks present in both Figures occur
at similar times, respective for a given steering angle. There is a slight
delay at the time these peaks occur, likely to be due to the different
pulses that emit them. There is an irregularity to the size of these

Signal amplitude (V)

Time (us)

(a)

! Frequen:y (MHz) ’
(b)
Figure 10. Graphs of raw signal amplitude versus time and DFT for
a 45° steering angle: (a) complete signal at x = 100 mm; and (b)

discrete Fourier transform: signal from t = 20-140 ps

+ Mww»,«, Nt st A AN \ P A AR st s -
»

Signal amplitude (V)

Time (u5)

(a)

Amplitude

Time‘(us)

(b)

Figure 11. Graphs of signal amplitude and filtered signal amplitude
for a 45° steering angle: (a) signal at x= 100 mm; and (b) band-pass
filter = 0.7825-0.9825 MHz: signal from t=20-140 ps

smaller peak and then a larger peak following
the direct shear wave peak. The smaller peak was determined to
be the shear wave reflected from the sidewall and the larger peak
the Rayleigh waves that travelled across the surface, sidewall and
backwall to the x-position. These waves made it through the band-
pass filter due to them being of the same frequency as the pulse.
Normalising both the amplitude and displacement could be used to
calculate a correlation coefficient of 0.7870 between the two signals,
indicating a strong correlation.

5. Steering capabilities

This study has focused on the four steering angles of 15°, 30°,
45° and 60°, by running simulations of the experimental set-up
and then validating the results in the laboratory. As a result of
simulation validation, further simulations were undertaken at
steering angles that were left out of the study, so that a better picture
of the transmit-EMAT’s steering capability could be perceived. The
total time it took to run the 15° simulation was 52 h and thus it was
decided not to run simulations for any steering angle below this
due to time constraints and equipment limitations. Simulations of
steering angles between 15-90° at every 5° interval were also run
with the same set-up as the initial models, with differing time-
steps and mesh densities to account for the different frequencies
(and thus different CFL values) and the same results across the
aluminium blocK’s backwall were also recorded.

For every simulated steering angle, the backwall x-position with
the largest direct shear wave displacement magnitude was used to
calculate the angle of that shear wave. From this x-position, the
value of the displacement magnitude was also recorded. To examine
how changing the steering angle affects the transmission of Rayleigh
waves, values of the displacement magnitude from the surface
100 mm to the right of the transmit-EMAT were recorded. The
results of these simulations are summarised in Figure 14.

As the steering angle increases from 15-25°, the shear wave
angle directly correlates with the steering angle. As the steering
angle increases from 30-40°, the shear wave angle seems to plateau,
until it increases to 45° and the shear wave angle recorrelates with
the steering angle. When the steering angle reaches 50°, the shear
wave angle starts to plateau and reaches its maximum at 60°.

As the steering angle increases: the shear wave displacement
gradually increases (15-25°); reaches a peak (30°); gradually
decreases (35-40°); and reaches a plateau (45°). The Rayleigh
wave was only measurable for steering angles between 30-90°, as
from 15-25¢ it was too small to be reliably recorded. From 30, the
Rayleigh wave displacement gradually increases until approximately
60°, when it starts to reach a peak at 90°.

From Figure 14, it can be seen that the Rayleigh wave
displacement starts to overtake the shear wave displacement

6
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Amplitude
Amplitude

/X = |

6. Conclusion

Over the course of this study, the objective
was to simulate and experimentally validate
the bulk wave steering capability of an
MLC EMAT on aluminium for different

5 i °

2 w0 ® w0 100 Iy 0 3 © £}
Time (us)

(a)

[}
Time (ps)

(b)

steering angles. The COMSOL simulations
seemed to reliably correlate with the
experimental validations. The differences

Amplitude

Amplitude

~ K \
N B / \

W

in the simulated and experimental results
were determined to be due to the differences
in their set-ups: simulations having a time
delay in their wave transmissions explaining
their earlier arrival time and experiments

requiring a changing capacitance value in

') 0 ) 100 120 140 2 w0 )

[}
Time (us)

()

atx=115mm

Amplitude

Time (u5)

(a)

Displacement (mm)

mTime(,,s)

(b)
Figure 13. Experimental and simulated results for a 60° steering
angle: (a) amplitude at x = 115 mm; and (b) displacement at
x=115mm

between a steering angle of 45-50°, approximately the same as the
steering limit. The maximum shear wave displacement is produced
at a steering angle of approximately 30°, approximately the same
steering angle that causes inconsistencies in the correlation between
the steering angle and the shear wave angle.

Simulation summary

Received angle (°)

Time (ps)

(d)
Figure 12. Graphs of filtered signal amplitude envelope versus time for each steering
angle: (a) 15° steering angle: amplitude at x = 30 mm; (b) 30° steering angle: amplitude at
x=70mm; (c) 45° steering angle: amplitude at x= 100 mm; (d) 60° steering angle: amplitude

the receive-EMAT explaining their weaker
SNR.

Simulations across a wider range of
steering angles produced results that gave
interesting conclusions. As the steering
angle increases from 15-25°, the shear wave
angle and displacement gradually increases.
As  the
30-40, the shear wave angle starts to plateau and the shear wave

steering angle increases from
displacement peaks before gradually decreasing. As the steering
angle increases from 45-90°, the shear wave angle plateaus at
approximately 50°, the shear wave displacement plateaus at
approximately 1.2 x 10® mm and the Rayleigh wave displacement
overtakes the shear wave displacement and continues to increase
to the maximum steering angle of 90°. Based on this, it can be
concluded that the steering limit of this MLC transmit-EMAT is
approximately 50°.

Further investigations would involve changing the coil spacing
to observe how this affects the steering limit and test on a semi-
circular specimen to better measure the angles and displacements
of both the shear and compression waves with a changing steering
angle. For future industrial work, the MLC EMAT could be adapted
for deployment on an automated scanning system, along with the
use of coded excitation signals to improve the SNR® for internal

flaw detection and weld joint inspection.
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Abstract

Electromagnetic Acoustic Transducers (EMATSs) generate and receive ultrasonic waves
via a combination of bias magnetic fields and an alternating eddy current induction.
Meander-Line Coil (MLC) EMATS generate these waves into a material at an angle
normal to the surface. With a fixed coil spacing, the angle of these waves is controlled by
the frequency of the current through the coil. This paper presents the methodology used
to measure the beam directivity of the shear waves, through simulations and experimental
validations on aluminium. Results show that the maximum shear wave occurred at a
steering angle of 32°, the steering limit was reached at a steering angle of 40°, and the
beam directivity became unfocussed beyond steering angles of 60°.

1. Introduction

EMATSs are a method of inducing ultrasonic waves in ferromagnetic and electrically
conductive materials achieved via three transduction methods: Lorentz forces,
magnetisation forces and magnetostriction . For non-magnetic materials such as
aluminium, the Lorentz force transduction method is the only means of ultrasonic wave
generation. This is achieved by combining a bias magnetic field (from a permanent
magnet or an electromagnet) with an alternating eddy current field (produced from a coil
of wire driven by an alternating current), which interact to induce periodic forces on the
surface of the material. These high frequency forces emit ultrasonic waves through the
material, reflecting off any changes in acoustic impedance, such as surfaces or defects .

EMATs differ from conventional piezoelectric ultrasonic methods due to its capability
for wave induction allowing for no contact with the specimen’s surface, thus not requiring
a facilitative couplant and abling operation at high speeds and temperatures 4. A
common disadvantage EMATSs possess is their low Signal-to-Noise Ratio (SNR) due to
their low conversion efficiency for the transmission of waves 7). The direction and wave
mode of the induced waves depend on the EMAT configuration ®°). Angled ultrasonic



bulk waves are commonly generated via an MLC design with a bias magnetic field normal
to the material’s surface 9. Bulk waves include shear and compression wave modes of
different wave speeds due to their particle motion direction relative to the propagation
pathway ('), thus for each transmission of the EMAT both shear and compression waves
would be emitted. The relationship between the frequency of the driving current and the
angle of the shear wave emitted is shown in (1).

_ (1
vy = 2df sin 0

where vy = shear wave velocity (m/s); d = coil spacing (m); /= frequency of the driving
current (Hz); and 8 = desired angle of the shear wave (°).

Periodic permanent magnet EMATSs generate angled shear-horizontal waves (compared
to the MLC’s shear-vertical waves) and research has gone into studying their beam-
steering capabilities via frequency, revealing that they produce maximum amplitudes
across a frequency range for a fixed spacing distance %!, The beam-steering capabilities
of MLC EMATS bulk waves via frequency have also arrived at similar conclusions (%,
Angled-beam generation can also be achieved by line focusing EMATSs, with variable
coil spacing focusing the bulk waves into a predetermined location within the material >-
1) however these designs cannot be easily changed to focus waves to a different location.
Phased array EMATSs have a constantly spaced coils that drive their current at different
times in order to focus bulk waves into a specific location ®!” however these are far
more complicated than traditional MLC EMATSs and are more costly with a required
higher degree of training.

Directivity of an MLC EMATSs Rayleigh wave across the material’s surface found that
the length of the coil’s tracks had a crucial effect on the bandwidth and radiation pattern
of side lobes ?%2V. Directivity analysis of shear waves has been undertaken with spiral
coil EMATs ®223 and found that the shear waves in a semi-circular steel specimen had a
maximum amplitude at the first critical angle, shown in (2).

v
Ocrit = sin~! (—S) @)

vC
where 6. = first critical angle (°); and v. = compression wave velocity (m/s).

Based on these previous studies, the focus of this study is to simulate and experimentally
validate the shear wave directivity via frequency of an MLC EMAT on a semi-circular
aluminium specimen.

2. Simulation Configuration

A 2D finite element model of an MLC EMAT operating on aluminium was created using
COMSOL 6.0 Multiphysics, with the ‘AC/DC’ and ‘Structural Mechanics’ software
packages due to their predefined mathematical capabilities. The EMAT, shown in Figure
1, was comprised of a 20mm x 20mm NdFeB-42 permanent magnet and a copper MLC
with a spacing of 2.5mm, over an aluminium semi-circular specimen. The radius of the
specimen was set at 100mm and the lift-off distances for the MLC and magnet were set



at 0.5mm and 1.0mm respectively. The wave velocities in aluminium were 3.12mm/ps
and 6.20mm/us for shear and compression waves respectively, and due to the constant
coil spacing, the angle at which the shear waves were emitted was steered by changing
the frequency of the driving current.

Air - Magnet
_ / Coil

Aluminium

Ty
X
—’

Figure 1. COMSOL simulation model geometry

The current through the coil is modelled as a gaussian-sinc pulse and is given in (3),
adapted from ®¥. The pulse was designed as such to start at 0A, emit seven positive peaks,
and return to OA, for any given frequency.

_t=)? 3)
i(t)=1e 2% cos(2mf(t— 1))

where / = maximum current amplitude (A) = 6A; ¢ = standard deviation of the pulse (s)
= 1.2/f; and 7 = time delay of the pulse’s maximum peak (s) = equal to 5/1.

An example of this current pulse through the MLC for a 45° shear wave steering angle
can be seen in Figure 2.

Current through the Coil: 45° Steering Angle

(\
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Figure 2. Current pulse profile through the MLC for a 45° shear wave



Since the time delay would change for each steering angle, the time of arrival (ToA) for
a given bulk wave was taken as the time of the largest peak within the received waveform,
which would eliminate the need for a predefined threshold. The simulation time limit was
set at 60us to allow the shear waves to strike the curved surface and cut out any internal
reflections or mode conversions. The correlation between the timestep size and the
maximum mesh size for transient simulation models was calculated using the Courant-
Friedrichs-Lewy (CFL) condition ?> defined in (4).

vAt €))

CFL =
hmax
where CFL = courant number; At = time-step size (s); and /mqx = maximum mesh size for
the specimen (m).

It is recommended to have a courant number approximately equal to less than 0.2, and for
COMSOL’s transient models to have a maximum mesh size equal to less than one fifth
of the wavelength of the desired wave 9. The variables for a given steering angle using
(1) and (3)-(5) can be seen in Table 1.

Table 1. Simulation and experimental variables for each steering angle

OC) |[f(MHz) | c(us) | t(us) | h(mm) | At(us) | CFL | L (uH) | C (nF)
15 24110 0.50 2.07 0.258 | 0.010 | 0.121 | 2.3830 1.8
30 1.2480 0.96 4.01 0.500 | 0.020 | 0.125 | 2.5586 6.4
40 0.9708 1.24 5.15 0.642 | 0.024 | 0.117 | 2.6290 10.2
50 0.8146 1.47 6.14 0.765 | 0.030 | 0.122 | 2.6793 14.2
60 0.7205 1.67 6.94 0.865 | 0.030 | 0.108 | 2.7150 18.0
90 0.6240 1.92 8.01 0990 | 0.040 | 0.126 | 2.7575 | 23.6

At each timestep during the simulation, the x and y components of the displacement (as
indicated in Figure 1) were recorded along the curved surface of the aluminium at 1°
intervals from 0° to 90°, where 0° is directly beneath the centre of the EMAT and 90° is
the corner to the right of the EMAT. Only one side of the aluminium was measured since
conventional MLC EMATSs are bidirectional thus the results from one side of the
specimen would mirror the other ?”. From these components of displacement, the
reception angle of the shear wave’s maximum displacement magnitude for each steering
angle is located, and the subsequent beam profile is observed.

3. Experimental Validation

An MLC EMAT (of the same design as the simulated EMAT) was positioned atop an
aluminium semi-circular block (100mm radius and 70mm deep), as shown in Figure 3. A
capacitance decade box was in parallel with the EMAT in order to electrically match the
impedance of the EMAT’s RLC circuit for any given steering angle. The inductance of
the Aluminium specimen was measured via an impedance analyser, and the capacitance
via (5), and both variables can also be seen in Table 1. The reason for this impedance



matching was to have the resonant frequency of the circuit equal the frequency of the

current, allowing for increased transmission efficiency %,
C=—1 (5)
(2mf)2L

where C = capacitance (F); and L = inductance (H).

The EMAT was connected to a RITEC RAM-5000 SNAP ultrasonic system that would
emit high current pulses at the frequencies required. To receive the ultrasonic waves from
the EMAT, a shear piezoelectric probe with a Sonemat SAA1000 variable amplifier (of
40dB gain) and an oscilloscope was positioned along the curved surface from 0° to 90°
every 5°. The emitted waves were recorded at each position by the oscilloscope as A-
scans and then averaged and filtered to remove any electrical noise present due to external
factors. The filtered signal could then be compared to the simulated displacement for each
respective position and steering angle to validate the reliability of the simulations.
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Figure 3. Experimental model setup

4. Results and Discussion

Since the EMAT emits both compression and shear waves simultaneously, there would
be overlap in directivities between these waves across the curved surface, however due
to the different wave velocities they will strike at different times and so can be separated
in the A-scans via ToA. As previously stated, the ToA for a given bulk wave is taken as
the time at which the largest peak in a waveform occurs, however the time of flight of
that wave starts at the time of the largest peak in the coil’s pulse, equal to the time delay
of the current. When comparing the differing ToAs across different steering angles (thus
different time delays) the relative time of arrival (RToA) for a given wave can be
calculated via (6).

tp=t,— 1 (6)

where ¢z = RToA (s); t, = ToA for the maximum peak of a waveform (s); and z = pulse’s
time delay (s).



For a steering angle of 15° using (6), the estimated ToA for the compression and shear
waves should equal 18.20us and 34.12us respectively. Figure 4 shows simulated results
of these waves striking the curved surface at a reception angle of 16° where the maximum
displacement occurred, and the highest peaks of the waves occur at times of 18.91us and
33.91us. While these ToAs are close, possible reasons that they aren’t exact may be due
to the location of emission from the EMAT not being precisely beneath the centre thus
making travel distance lower than the radius.

15° Steering Angle: Displacement at 16°
I N |

x-Component
y-Component

Displacement (mm)

Timé (us)

Figure 4. Graph of x and y components of displacement against time for a 15° steering angle
at16°

The values of displacement magnitude are calculated from both the x and y components
of displacement at each reception angle, but by comparing the x component to the y
component it is also possible to distinguish the type of wave that has struck since the
particle motion of compression and shear waves are 90° to one another. Since the
specimen’s curved surface should always be perpendicular to the direction of wave
propagation, the magnitude of displacement that occurs perpendicular to the surface can
be found by (7) and the magnitude of displacement that occurs tangential to the surface
can be found by (8).

D, = xsin(r) —ycos(r) (7)
D; = xcos(r) + ysin(r) (8)

where D. = magnitude of displacement perpendicular to the surface (m); Dy = magnitude
of displacement tangential to the surface (m); x = component of displacement in the x-
axis (m); y is the component of displacement in the y-axis (m); and 7 is the reception angle
along the curved surface (°).

Comparing the two magnitudes of displacement (D, being greater at 18.20us and Ds being
far greater at 34.12us) confirms the nature of these bulk waves as compression and shear
respectively. The wave occurring near 50us in Figure 4 can be identified via the ToA and
displacement magnitude comparison methods as a compression wave that reflected off
the curved surface and then off of the top surface towards the curved surface again. Upon
completion, animated colour plots of the von Mises stress within the aluminium were



created to best illustrate the propagation of bulk and Rayleigh waves and can be used to
better visualise the change in shear wave angle due to the change in frequency stated in
Table 1.

Figure 5. Plots of stress at 30pus for steering angles of: (a) 15°, (b) 30°, (c) 40°, (d) 50°, (e) 60°
and (f) 90°

It is noticeable from Figure 5 that after the 30° steering limit, the shear wave begins to
separate from a large singular wave into two smaller waves. A possible explanation for
this is a mismatch between the frequency of the current and the coil spacing, since
frequency was the significant variable changed in these models and the Rayleigh waves
also appear to separate in each direction. Figure 5 also suggests that as the steering angle
increased: the shear wave reaches a maximum near 30°; the shear wave reaches a steering
limit near 50°; Rayleigh waves start to emerge and increase in amplitude. For each
steering angle, the maximum displacement magnitude at each reception angle across time
was calculated and processed to show only the shear waves’ values and when graphed
against the reception angle they produced a directivity plot. Figure 6 shows these
simulated directivity plots for the steering angles shown in Figure 5, and Table 2 contains
the relevant data.

Effort was taken to ensure that the experimental validation remained as close as possible
to the simulations, however there were instances where they could not be and thus had to
be changed. The gaussian-sinc pulse in the simulation was unable to be replicated in the
pulser system and was instead replaced by a rectangular-sinc pulse with a burst of seven
cycles of the same frequency. This pulse started at t = Ous and its midpoint was
proportional to the time delay of the simulations by a scale factor of 0.7. The shear probe
placed every 5° along the curved surface of the specimen would also have a degree of
uncertainty in its placement and orientation and may contain inconsistencies in the quality
of coupling.
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Figure 6. Graphs of maximum displacement from shear waves for each steering angle

Table 2. Data of maximum displacement from shear waves for each steering angle

Steerin Max. Displacement Angle of Max.
Angle (Og) Magnitulzle (mm) ToA (ps) RTOA (us) Re%eption (°)

15 1.55x108 33.91 31.84 16

30 3.15x10°8 35.94 31.93 33

40 1.98 x10°® 38.76 33.61 39

50 2.05x10 35.71 29.57 49

60 2.16x10® 36.39 29.45 51

90 1.96 x107® 38.00 29.99 60

Since a shear probe would only be able to receive signals with particle motion tangential
to the specimen’s surface, (8) was used with the simulated results to produce a graph of
surface displacement tangential to the curved surface. This would not only better compare
with the probe’s result but should also filter out the displacement from the compression
waves. Figure 7 shows the raw experimental signal from the oscilloscope compared to
the simulated tangential displacement. The raw signal graph shows the emission pulse
unlike the simulated results, but both graphs show the received signal from the shear wave
coming into contact with the curved surface near the same time.
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Figure 7. Graphs of signal amplitude and tangential displacement for a 15° steering angle

Due to the presence of electrical noise from the laboratory equipment, the signal from the
oscilloscope was passed through a bandpass finite-duration impulse response filter to
attenuate all noise outside the range of  '4f (where f'is the current of the pulse). To better
compare these results, the amplitude of the filtered signal’s shear wave was compared to
the amplitude of the simulated shear wave’s tangential displacement shown in Figure 8.
Signals from higher reception angles during higher steering angles showed the approach
of Rayleigh waves that couldn’t be removed via (8), and thus gating was implemented to
prevent their inclusion.

Filtered Signal with 15° Steering Angle: Displacement at 15°
|

S
Q
° | -
=
Bl N
£
< |
= |
c it
=
(7] “T" I |
Time (uis)
COMSOL Model with 15° Steering Angle: Absolute Tangential Displacement at 15°
T T
£°
Ex
=
E 2
£
@ 15
(5] |
o |
& |
Qs

Time (us)

Figure 8. Graphs of filtered signal amplitude and absolute tangential displacement for a 15°
steering angle

The objective of the experimental validation was to examine the shear wave’s beam
directivity from the EMAT and compare with the simulated beam directivity. The
maximum amplitude for the filtered experimental shear wave at 5° intervals along the



curved surface were recorded and graphed to recreate the shear wave’s beam directivity,
and this was repeated for all steering angles. The simulated shear wave’s beam directivity
was also created by recording the maximum values of the tangential displacement for the
simulated shear waves along the curved surface for each steering angle, however the
benefit of using the simulations allowed for these values to be recorded at 1° intervals
along the curved surface for a higher resolution. Figure 9 shows the comparison of the
normalised amplitude of both the experimental and simulated beam directivities.

15° Stoering Anglo: Beam Directivity 30° Steering Anglo: Beam Diroctivity 40° Stooring Anglo: Boam Diroctivity

Filtered Signal Filtered Signal

gnal Filtered Signal
Simulation Model \ i simul

lodel , f Simulation Model

ormalised Amplitude
Normalised Ampitude

N
Normalised Ampitude

Received Angle (°) Received Angle (%) Received Angle (%)

50° Stoering Anglo: Beam Directivity 60° Steering Anglo: Beam Diroctivity 90° Stoering Anglo: Boam Directivity

Fillered Signal Fillered Signal | Fillered Signal
Simulation Model .| Simulation Model | .| simulation Model

Normalised Ampitude

Normalised Ampitude
Normalised Amy

Received Angle (°) Received Angle (°) Received Angle (°)
gle (

Figure 9. Graphs of experimental and simulated beam directivities for each steering angle

The two beam directivities align very closely for each steering angle however the exact
reception angle of maximum displacement is slightly higher for the experimental results.
This may be due to the lower 5° scanning resolution along the curved surface than the
higher simulated 1° resolution.

5. Beam Directivity Capabilities

The experimental validation proved the reliability of the simulated models, and further
simulations were performed on the steering angles left out of the study in order to measure
the change in beam directivity more accurately. Simulations of steering angles from 15-
90° at every 1° interval were run the same way as the previous models (with the
appropriate time-steps and maximum mesh densities for the CFL values) and the same
reception angles across the curved surface were measured and recorded across time. For
each steering angle, the maximum displacement magnitude of the shear wave striking the
curved surface was found in order to locate the steering angle at which transmission of
shear waves reached its maximum. The ability to differentiate the bulk waves also
allowed the compression waves from the same EMAT transmission to be measured and
analysed to observe how changing the steering angle for the shear waves would steer the
compression waves, and the values of maximum displacement for both waves is graphed
in Figure 10.
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As the shear wave steering angle increased: the shear wave’s displacement gradually
increased from its minimum value of 1.55 x10®mm at 26°; increased faster towards its
peak value of 3.39 x10"*mm at 32°; gradually decreased towards a second minimum value
at 41°; slowly increased to a secondary peak of 2.16 x10®mm at 61°; and slowly
decreased into a plateau from which the displacement didn’t rise again. A similar process
happened with the compression wave as the steering angle increased: the displacement
gradually increased to its peak value of 6.95 x10"mm at 25°; gradually decreased to 35°;
and reached a plateau. It is likely that more activity for both bulk waves occurs below the
15° steering angle, but to run a simulation below this value would require a higher mesh
density which would radically increase the simulation’s runtime and thus it was not
deemed feasible. This data was processed to find the reception angles along the curved
surface at which these maximum displacements occurred, and to find the RToA at which
they struck using (6). Figure 11 show this data for the shear waves.
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Figure 11. Graphs of reception angle and RToA for the maximum shear wave displacement
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To best visualise how increasing the steering angle changes the reception angle and the
RToA for the maximum shear wave, it is convenient to separate the steering angles in
five sections: A (15-26°), B (27-37°), C (38-40°), D (41-77°), and E (78-90°). These
sections also correlate with the changes in maximum displacement from Figure 10.

In section A as the steering angle and maximum displacement gradually increased to its
peak, the reception angle gradually increased while the RToA gradually decreased. In
section B as the maximum displacement increased faster to its peak and decreased, the
reception angle increased into a plateau while the RToA continued to decrease but its
trend increased. In section C as the maximum displacement continued to decrease, the
reception angle re-correlated with the trend from section A, but the RToA only re-
correlates with section A for 38°, as for 39-40° the RToA increased significantly. In
section D as the maximum displacement started to plateau, the reception angle plateaued
between 47-52° and the RToA entered its lowest trend. Finally in section E, both trends
increased towards the end of the steering angle range.

The reason for this behaviour was the interactions between the two separate shear waves.
Section B highlights the steering angles at which these separate shear waves impose, and
the maximum displacement increased greatly. Outside of this section, the maximum
displacement and subsequent reception angle and RToA come from one of the two
separate shear waves seen in Figure 5. The RToA supports this theory as due to a constant
wave velocity, the distance between the wave’s emission point and the reception angle
suddenly changes which when observing the separate shear waves from Figure 5 once
can see that they appear to be generated at different positions.

Figure 12 shows the graphs of displacement against RToA for the steering angles of 38°,
40° and 41° at the reception angles that their maximum displacements struck. These
steering angles show the reason for the changing RToA within section C and the transition
into section D. Figure 12 shows the overlapping of these separate shear waves, and the
maximum displacement values in Figure 10 come from the largest of these peaks. It is
clear that the first shear wave is the largest for steering angles of 38° and 41°, and the
second shear wave is larger for 40°. The second shear wave exceeding the first shear wave
explains the larger RToA for the steering angles of 39-40°. Figure 12 also supports the
idea that the shear waves in section B are imposing, because as the steering angle
increased the distance between the separate shear waves also increased and so they would
have overlapped at a steering angle of 32°.

Since the RToA for the 38° steering angle follows the trend in section A, it may be
assumed that the shear waves in section A come from the first of the two shear waves.
Despite the 38° and 41° steering angles’ maximum displacement coming from their first
shear waves, their RToAs are still quite different. This is because the steering angles in
section D (41-77°) give the maximum displacement from the first shear wave’s main lobe,
and in section A these values come from the first shear wave’s steeper side lobe imposed
upon by the second shear wave’s main lobe. As the steering angle increased from section
D to E, the trends for reception angle and RToA both increased due to the first shear
wave’s main lobe being surpassed by its shallower side lobe. This side lobe becoming
greater than the main lobe can also be seen in Figure 6, since the main lobe’s presence
near the 50° reception angle for steering angles of 50-90° is slowly overtaken by the
displacement near the 60° reception angle for the 90° steering angle.
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Figure 12. Graphs of displacement against relative time for each given steering angle

Figure 13 shows the reception angles and RToA for the compression wave’s maximum
displacement (shown in Figure 10) and it is noticeable that as the steering angle increases
the reception angle increases sharply. The frequency of the current associated with each
of the shear wave steering angles in (1) can also be used to calculate the angle of
compression waves by substituting the compression wave velocity in place of the shear
waves’, and these approximate the values of reception angle in Figure 13. Like with
Figure 11 the steering angles may be grouped into different sections: A (15-33°), B (34-
35°), C (36-59°), and D (60-90°), which correlate with changes in the compression wave’s
maximum displacement shown in Figure 10.
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In section A, the reception angle and RToA gradually increase with the shear wave’s

steering angle, where the compression waves maximum displacement rises to its peak and
falls. Section B shows the continual increase of the reception angle with a drop in RToA,
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during which the maximum displacement lowers to its plateau. Section C shows that the
compression wave has reached its steering limit between 59-67°, and section D shows
that the maximum displacement for the compression lobe at 0° has now overtaken the
angled wave. Sections A-C for the compression wave behave in a comparable manner to
sections B-D in Figure 11, which suggests that there are also separate compression waves.
The presence of separate compression waves is confirmed by Figure 4, as there are two
peaks in the y component of displacement located near 18us at 16° for a 15° steering
angle.

6. Conclusion

Over the course of this study, the goal was to simulate and experimentally validate the
beam directivity of the shear waves generated by an MLC EMAT on aluminium. This
study has proven that by changing the frequency of the current through an MLC, the angle
of both bulk waves changed until they reached a steering limit. Results showed that as the
steering angle increased, the displacement amplitude reached a peak at 32° and a second
smaller maximum at 61. Simulation results show that the compression wave reached its
critical angle near the shear wave’s maximum peak, and it was decided that the MLC
EMAT reached the steering angle limit at 40° due to the displacement magnitude starting
to plateau thus there was little increase in reception angle during a large increase in the
steering angle. While the EMAT was capable of reaching reception angles of 50°, the loss
in amplitude and focussed directivity may not be optimal for real-world scanning. Future
work would involve changing the coil parameters, such as spacing and length, to measure
how this affected the directivity, and looking into the nature of these separating waves to
determine their cause.
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Abstract

EMATs are capable of both transmitting and receiving ultrasonic waves within
ferromagnetic and conductive materials. Meander-Line Coil (MLC) EMATSs can transmit
not only Rayleigh waves across the material’s surface but also compression and shear
waves at an angle into the material. The frequency of the transmission signal controls the
propagation angle of the shear waves, and this paper establishes the simulated and
experimental results for an MLC EMAT’s beam directivity across desired steering angles
of 15-90°. These results show that: a maximum magnitude occurred at the 31° steering
angle; a steering limit at the 48° steering angle; and the maximum reception angle attained
was at 61.1°. The sum of two steering angles’ transmission signals showed the EMAT
capable of generating two distinct shear wave beams at different propagation angles
simultaneously. Further simulated modelling of the EMAT in a Pulse-Echo (PE) setup
confirmed not only that the two beams could detect defects present in the material, but
that the detecting beam could be identified by filtering of the returning waves.

1. Introduction

Ultrasonic Testing (UT) typically uses piezoelectric transducers to transmit ultrasonic
waves into a material that reflect off of changes in acoustic impedance, such as surfaces
and internal discontinuities V). Piezoelectric transducers require a coupling medium to
facilitate the transfer of energy from the transducer to the material, which can be
problematic for materials that are high-temperature, contaminated, or otherwise prohibit
the application of couplant. Electromagnetic Acoustic Transducers (EMATs) are a UT
method that utilise a static magnetic field with a dynamic eddy current field to transmit
and receive ultrasonic waves via electromagnetic transduction ®. This not only
overcomes the need for couplant, but permits EMATSs to operate at high-speeds and at
greater lift-offs from the surface ®%. However, this also limits EMAT’s operation to
ferromagnetic and electrically conductive materials and lowers their signal-to-noise ratio
due to their low conversion efficiency *®. EMAT transduction methods include:



magnetisation forces 7; magnetostriction ®; and Lorentz forces . For non-
ferromagnetic materials, Lorentz forces are the only transduction method in effect and is
expressed in (1).

Fip =By X]Je (1)

Where F;, = Lorentz force density (N/m?); Bo = Magnetic flux density (T); /e = Eddy
current density (A/m?).

Different configuration of magnet and coil are used to generate Lorentz forces in different
directions, allowing for a variety of ultrasonic wave modes '©. Meander-Line Coil
(MLC) EMATs use a magnetic field normal to the surface with alternating coils to
generate periodic, horizontal Lorentz forces. MLC EMATs are commonly used for
generating Rayleigh waves across the material’s surface in a Pitch-Catch (PC) setup (V.
However, they are also used to generate oblique shear and compression waves
bidirectionally into the material !¥. Unidirectional MLC EMATSs use two coil arrays
(offset by half a coil spacing) out of phase by 90° to transmit waves in one direction.
These have been shown to increase the amplitude of both the shear and Rayleigh wave
by approximately twice that of a standard bidirectional MLC EMAT ¥, Line-focusing
EMATs use an array with coils at set spacings to concentrate the shear waves to a single
focal line !9, and can increase the defect response of a unidirectional EMAT by 7-10%
(16 Phased Array EMATs use constantly spaced coils with timed pulses to focus or steer
bulk waves, however these require custom equipment and are more costly than other
pulser systems 7"1), For a traditional MLC EMAT of constant coil spacing, the frequency
of the eddy current density controls the angle of the transmitted shear waves and is

expressed in (2).
1%
0 = sin~1 ( = )

2df (2)

where 8= shear wave steering angle normal to the surface (°); vs = shear wave velocity
(m/s); d= spacing distance between each coil (m); = frequency (Hz).

This study investigated the correlation between the desired steering angle and the actual
reception angle of the shear waves.

2. Finite Element Method (FEM) modelling

A simulated model of an MLC EMAT on aluminium was created for this study using
‘COMSOL Multiphysics’, an FEM analysis software programme. The EMAT’s Lorentz
force transduction and subsequent ultrasonic waves were modelled by combining the
‘AC/DC’ and ‘Structural Mechanics’ software packages. Figure 1 shows the design of the
EMAT over a semi-circular aluminium sample.

The simulated EMAT design was derived from an experimental EMAT, consisting of: a
20mm x 20mm NdFeB-42 permanent magnet at 1.Imm lift-off; and a copper MLC array
with 12 coils spaced 2.5mm apart at 0.125mm lift-off. The coil’s lift-off was maintained
by the MLC array’s plastic coating, and the magnet’s by the MLC (0.4mm thick), three
0.2mm-thick plastic shims, and a 0. lmm-thick layer of copper tape. The shims and copper



prevented the MLC from inducing eddy currents and thus ultrasonic waves in the
magnet’s nickel coating, which would have been received by the EMAT in a PE
configuration. Each coil was composed of three copper strands (0.2mm x 0.15mm, spaced
0.4mm apart) with current flowing in the same direction, distributing the induced eddy
currents into the aluminium’s surface more evenly. Figure 2 shows the design of the
central four coils at the aluminium’s surface.

Air Magnet
Coil array
-90° : L= 90°
Aluminium
I y
X
e 00

Figure 1. COMSOL FEM model design overall geometry
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Figure 2. COMSOL FEM model design coil layout

The frequency of the EMATs transmission signal determines the angle of shear waves
generated. This signal was modulated by a gaussian window to better localise its
frequency and time ?%. The width of the gaussian window was also determined by
frequency, to create the same number of peaks in the transmission signal with the same
magnitude across steering angles. (3) gives the transmission signal used in the simulated
models, adapted from Ratnam, Kuamr, Bhagi @,

(t-1)%

Iy = Ipax X € 20> cos(2mf(t — 1)) (3)

where 7/ = current (A); Imax = maximum current amplitude (A) = 6A; o = standard
deviation (us) = 1.2/f, T=time delay (us) = roundup [;X—Tt X At.



For time-dependent models, the correlation between the timestep and the maximum mesh
size is defined by the Courant-Friedrichs-Lewy (CFL) number ??, given in (4). The
maximum mesh size within the aluminium where the shear waves propagated was set to
six elements per wavelength to reduce the computation load. The shear and compression
wave velocities within the aluminium were set at 3.12mm/us and 6.40mm/us respectively,
based on the measured wave velocities within the real-world sample.

_ v XAt

Where €= CFL number = 0.1; A¢= timestep (s); and /Amax = maximum mesh size (m).

The model used two time-dependent study steps: the first to calculate the Lorentz force
densities and the ultrasonic waves that were propagated from them; and the second to
model only the propagation of the ultrasonic waves. The Lorentz forces were calculated
within an area beneath the EMAT of high-mesh density (equal to five elements per skin
depth) that greatly increased the model’s computational load. The length of the first time-
dependent study step was therefore temporally limited to 2z, which allowed for 7.5 cycles
with a maximum at the time delay. Figure 3 shows the transmission signals for steering
angles of 15° and 90° used for the models.
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Figure 3. Transmission signal profiles for different steering angles

The second time-dependent study step discarded both the high-mesh density area and the
multiphysics coupling and ended at 99us to model the shear waves returning to the EMAT.

3. Beam Directivity

3.1. Simulated results

Using (2)-(4), the simulated MLC EMAT transmitted steering angles of 15-90°. Figure 4
shows colour plots of four steering angles that best represent the effect that changing the
steering angle had on the three transmitted wave modes. The shear waves clearly increase



in reception angle (highlighted by the white arrow) from 15-45°. There appears to be little
change in reception angle from 45-90°, but the Rayleigh waves do increase in magnitude.
Additionally, the single shear wave separates into two distinct shear waves as the steering
angle increases from 30-45°. This separation remains until the steering angle reaches 90°.
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Figure 4. Colour plots of von Mises stress at time ‘T + 19.8us’. (Top-left) 15°
steering angle. (Top-right) 30° steering angle. (Bottom-left) 45° steering angle.
(Bottom-right) 90° steering angle. The white arrows show the angle of shear wave
propagation.

The x and y components of displacement (as indicated in Figure 1) were recorded at each
timestep from across the aluminium sample’s two surfaces. Those across the curved
surface were recorded from -90° to 90° at 0.1° intervals. Those across the flat surface
were recorded from -100mm to 100mm at 0.25mm intervals. Using (5)-(6), the wave that
hit the curved surface could be characterised based on its direction of displacement. The
directional displacements were passed through a bandpass filter of +1/3 the transmission
frequency to produce A-scans at each reception angle. Figure 5 shows the resultant A-
scans comparing these displacements from the same reception angle.

Us; = Uy cos 0, +u,sind, (5)
U, =u,sinf, —u,cos 0, (6)

where us = displacement tangential to the curved surface (m); uc= displacement normal
to the curved surface (m); ux = x-component of displacement (m); uy = y-component of
displacement (m); &-= angle normal to the curved surface (°).

For each steering angle, the three wave modes were gated (based on wave velocity, time
delay, and the sample’s radius of 100mm) and the maximum displacement recorded for
each reception angle. Beam directivity was plotted and the behaviour of each wave mode
observed as steering angle increased. The Rayleigh wave’s maximum displacement was



recorded from the larger of the two directional displacements due to its elliptical particle
motion and was measured at the £90° reception angles. Figure 6 shows the maximum
displacements of the three wave modes for each steering angle.
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From 15-31°, the shear wave more than doubles in magnitude from its minimum to its
maximum value. Using Snell’s law with the velocities of shear and compression waves,
the compression wave is angled at 90° when the shear wave reaches 29.18°. This is the
critical angle, explaining the maximum magnitude near this steering angle, and has been
shown to affect spiral-coil EMATs due to the constructive interference between the shear
wave and the head wave ?®. From 31-42°, the maximum shear wave displacement
decreases back to a displacement similar to that of 15° and continues to plateau for the
remaining steering angles. It is at 45° that the displacement of the Rayleigh waves



surpasses that of the shear waves, as it increases towards a peak value at 90°. There is a
small peak in Rayleigh wave displacement at 22° due to its frequency equalling the 3™
harmonic of the frequency at 90° (where its magnitude is maximum) @,

Figure 7 shows the corresponding reception angle for the maximum shear wave
displacement across steering angles. Each reception angle includes error bars to indicate
the shear wave’s beamwidth, equal to the range of reception angles with displacements
greater than -6dB the maximum. The upper limit of the beamwidth was capped at 75°.
Beyond this reception angle, the Times of Arrival (ToA) for shear and Rayleigh waves
were too close to be distinguished by gating. The reception angles are graphed on the left

axis while the right axis displayed its Relative ToA (RToA), equal to ToA — 7 — 1oomm

2

Vs
to indicate from which separate shear wave the maximum displacement originated from.
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Figure 7. Graph of shear wave reception angles across steering angles

As the steering angle increases from 15-41° the reception angle increases linearly, with
minor variations in this trend near the critical angle. From steering angles of 36-42°, the
RToA changes irregularly suggesting that the origin position of the shear waves also
changes. This is due to the shear waves splitting into separate waves (as seen from Figure
4 for the 45° steering angle). This is why the reception angle suddenly rises by almost 10°
when the steering angle increases from 41-42°. The RToA suggests that the separate shear
wave closest to the curved surface is the source of the maximum amplitude, and this
remains the case from the remaining steering angles. The reception angle does not
significantly increase with steering angle, as any sudden changes are due to higher-angled
sidelobes becoming greater in magnitude than the main lobe. A steering limit of 48° was
judged for this EMAT as beyond this limit: increases in reception angle with respect to
steering angle begin to plateau; the maximum amplitude plateaus; and the beamwidth
reaches its maximum rate of increase.

Further work has shown that the origin positions of the separate shear wavefronts can be
triangulated based on the RToAs from across the aluminium’s curved surface ?*. For the
90° steering angle, the origin positions were located approximately £11.6mm from the
centre of the flat surface. These origin positions correlated with concentrations of
magnetic flux density (beneath the corners of the magnet), and the number of separate



waves correlated with the position, magnitude, and number of concentrations of magnetic
flux density within the coil array’s area of effect.

3.2. Experimental results

A semi-circular aluminium sample was machined with the same dimensions as the
simulated model: 100mm radius and 70mm deep. The experimental MLC EMAT was
compressed into the centre of its flat surface. The transmission EMAT was powered by a
RITEC SNAP system, and a Hanning window pulse was used with the given transmission
frequency to approximate the model’s transmission signal. The steering angles used
ranged from 15-90° at 5° intervals, however steering angles of 65-85° were omitted due
to the limited variance in their simulated results. An impedance analyser measured the
inductance of the EMAT on the aluminium for a given frequency. The capacitance
required to electrically match the EMAT’s impedance for a given steering angle was
calculated using (7). The resonant frequency of the EMAT’s RLC circuit was equated
with the transmission frequency, and high-voltage ceramic capacitors were used in

parallel with the EMAT to maximise its transmission efficiency %
1
C=—— 7
L(2mf)? (7

where €= capacitance (F); and Z = inductance (H).

From across the curved surface, a spiral-coil shear wave EMAT 7 and an SAA1000
amplifier ®® were used in a PC setup to receive the transmitted shear waves. The centre
of the EMAT’s flat surface was held tangential to the aluminium’s curved surface via 3D
printed probe casings. This EMAT used low-voltage ceramic capacitors, equal to the
transmitter EMAT’s capacitors in value. The received signal was then filtered using the
SNAP system’s superheterodyne receiver and displayed on an oscilloscope. An A-scan
was recorded by the receiver EMAT at 1° increments across the curved surface and used
to create experimental beam directivity plots. Figures 8-9 show the simulated and
experimental directivity plots normalised for steering angles of 30° and 45° respectively.
30° Steering Angle:

Shear Wave Directivity Normalised Amplitude

a0 [ a1 0z 0.3 04 LE 0.6 or 08 0.9 1

— Simulated Displacement
— Experimental Signal

a0

-80 80

-T0 70

-60 60

-50 50

a0 L7 40

30 30

20 20
10 0 10

Received Angle (%)

Figure 8. Shear wave directivity plots for 30° steering angle



45° Steering Angle:
Shear Wave Directivity Normalised Amplitude

a 0 01 02 03 04 05 08 OF 08 08 1
T —Simulated Disol n

— Experimental Signal

20

-0 80

-70 70

40 60

S0

-30 30

.20 20

Received Angle (%)

Figure 9. Shear wave directivity plots for 45° steering angle

As the steering angle increased from 35-90°, a 0° lobe emerged and became the dominant
lobe across the experimental beam directivity. This lobe was inconsistent with both the
simulated results and the MLC EMAT’s nature as an angled-beam transducer. This lobe
was explained by exchanging the receiver EMAT with a single-element shear wave
piezoelectric probe. Since this UT probe was polarised in a single direction, it could
determine the direction of the shear wave’s particle motion at the aluminium’s curved
surface. Figure 10 shows the directivity plots recorded by the UT probe when orientated
in-plane (in the x and y axis as seen in Figure 1) and out-of-plane (in the z axis) for the
45° steering angle.
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Figure 10. Shear wave directivity plots for 45° steering angle via shear wave UT
probe

The 0° lobe propagating out-of-plane explains how the radially polarised shear wave
EMAT could measure it while the 2D simulated models could not. The angled shear



waves were generated by the alternating coils interacting with the bias magnetic field. It
is theorised that the 0° lobe was generated from the sections of coil that connected these
alternating coils, effectively creating two coils in the x-axis inducing eddy current
densities in the same direction. This could have produced Lorentz forces in the same
direction, generating linearly polarised shear waves in the z-axis that propagate normal to
the surface. Since this study’s focus was on steering angled shear waves, the 0° lobe was
omitted from the remaining work.

Figure 11 shows a summary of the experimental results compared with the simulated
ones, specifically the magnitudes of the maximum signals and the reception angles that
these occurred. There is a far greater variance in magnitude for the experimental signals
than the simulated ones. This may be due to the comparison of perfectly tangential
simulated displacement from a single point in 2D space to voltage induced into a flat
circular coil on a curved surface. Regardless of these differences, the correlation
coefficient between the magnitudes of the two datasets was 0.9119. The correlation
coefficient between the reception angles of the two datasets was 0.9915, despite the
experimental reception angles tending to be greater for a given steering angle. In addition,
the correlation coefficients between the beamwidth’s upper and lower limits were 0.9826
and 0.9933 respectively. The conformity between these two datasets validate the
simulation models.
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4. Multi-angle excitation

4.1. Dual-angle results

By summing the transmission signals of two different steering angles, the simulated
models were found capable of transmitting shear waves with two distinct beams. The
reception angles and beamwidths of these beams were similar to those shown in Figure 7
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for the given steering angles. Figure 12 shows the transmission signal for the sum of the
20° and 90° steering angles with its corresponding Fourier analysis, showing two peaks
from each steering angle’s gaussian pulse.

20° and 90° Steering Angles: Transmission Signal Profile
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Figure 12. Fourier analysis of 20°,90° dual-angle transmission signal

The FEM model required adapting to incorporate the dual-angle’s transmission signal.
The primary steering angle (lower than the secondary) determined the maximum mesh
size and thus timestep, while the secondary steering angle determined the frequency used
for the time delay and depth of the high-mesh area. Figure 13 shows the beam directivity
of the 20°,90° dual-angle EMAT. In addition to the two shear beams from each steering
angle, Rayleigh waves were also transmitted across the surface due to the 90° steering
angle component.
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Figure 13. Beam directivity of 20°,90° dual-angle

The model’s longer first time-dependent study step with a smaller timestep and maximum
mesh size resulted in a far greater computational load, increasing its runtime from hours
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to days. As an alternative means of estimating the 20°,90° dual-angle results, those from
the single steering angles of 20° and 90° were summed together. As with the transmission
signal, each steering angle’s results were shifted in time to ensure that their time delays
were equal to that of the dual-angle’s. Due to the secondary steering angle’s larger
timestep, its data was resampled to match the primary steering angle’s timestep. The
components of displacement at each point across the curved surface were then summed
and the directional displacements calculated. Due to the presence of two frequencies, the
directional displacements were passed through a bandpass filter of -1/3 the secondary
angle’s frequency to +1/3 the primary angle’s frequency. The correlation coefficient of
these extrapolated results compared with the dual-angle simulation was 0.9996,
confirming its accuracy. Using the single steering angle results from 15-90°, Figure 14
shows the reception angle results of the dual-angle EMAT with a primary steering angle
of 20°.
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As the two steering angles get closer in value, the total beamwidth narrows to equal that
of the single steering angle. Additionally, the displacement begins to double in magnitude
to that of the single steering angle. This is due to the two frequencies moving so close
together in the frequency spectrum that they cannot be distinguished from a peak twice
that of a single steering angle. In order to allow for two distinguishable beams to be
produced, the transmission frequencies must be separated to maintain a clear dead zone
between the two beamwidths. The presence of two shear beams also introduces a new
maximum displacement from one steering angle into the total beamwidth which lowers
the bandwidth of the second steering angle. This can be seen when comparing the
beamwidth for the secondary steering angle of 90° (seen in Figure 14) to the single 90°
steering angle beamwidth (seen in Figure 7) as it decreases from 41-75° to 50-72°.

4.2. PE signal filtration

The two beams retained their individual frequencies when they reach the curved surface.
This meant that if a given beam interacted with a defect, the reflected wave would also
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possess this frequency when received by the EMAT in a PE mode. Based on frequency, a
dual-angle EMAT could determine which of the two beams had detected the defect.

Previous work investigated a means of simulating the reception signal of an EMAT by
using the exported x and y components of displacement from a flat surface ?*. Within
this work, simulating the modelled EMAT’s PE signal enabled the theory of
distinguishing beams by frequency to be tested. (8) shows the formula used to simulate
the EMAT’s reception signal, using the rate of change of displacement tangential to the
magnetic flux density as an approximation for the electric current induced into the MLC
at a given position ‘x’ across the surface beneath the EMAT.

Where 6m = orientation of magnetic flux density (°).

AUy () COS O + Ay p) SN Oy

AL X Bogyy X Je(y (8)

mx)

From -20mm to 20mm across the flat surface (where Omm is the centre point beneath the
EMAT) the values of displacement were resampled to 0.01lmm resolution for a higher
degree of accuracy. Components of magnetic flux density and eddy current density were
extracted at this resolution from the area of high-mesh density. The x and y components
of magnetic flux density were used to calculate its magnitude and orientation. The z-
components of eddy current density acted as a scale factor for the approximations of
electric current, both enhancing the values directly beneath the coils and inverting their
direction due to the coil’s alternating directions. The components of magnetic flux density
used in (8) were taken from the beginning of the model (at £= Ous), and the eddy current
density values used were taken from the time when their induction was maximised (near
t= 7). The changes in displacement were simply the differences in displacement between
timesteps. The 4001 positions across the surface were summed for each timestep and used
to create the simulated signal across time. Due to (8) only being an approximation, the
simulated PE signals were normalised to equate the maximum amplitude from the
transmission signal to 100%.

Two 3mm-diameter Side Drilled Holes (SDHs) were introduced into the aluminium for
the single steering angle model. From Omm they were located: 80mm away at an angle
of 21°; and 50mm away at an angle of 60°. The angles of these SDHs from the EMAT
corresponded with the reception angles of maximum displacement for the 20° and 90°
steering angles to maximise the magnitude of the returned signal. The simulated PE signal
was calculated for each steering angle with and without the SDHs, and the results can be
seen in Figure 15.

Figure 15 is annotated to show the major changes in the PE signals due to the presence of
SDHs. These signals were identified by their RToA as the following:

(a) The 20° steering angle’s compression wave reflecting off the SDH 50mm away. Signal
amplitude was measured at 1.52%.

(b) The 20° steering angle’s shear wave reflecting off the SDH S0mm away. Signal amplitude
was measured at 2.92%.

(c) The 20° steering angle’s shear wave reflecting off the SDH 80mm away. Signal amplitude
was measured at 6.64%.

(d) The 90° steering angle’s shear wave reflecting off the SDH S0mm away. Signal amplitude
increased from 1.06% (compression waves reflecting off the curved surface) to 3.14%.
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Figure 15. A-scans of PE signals for 20° and 90° dual-angle. Annotated with (a)-(d)
to highlight changes due to SDHs

With the simulated signal method capable of confirming the presence of SDHs, the
20°,90° dual-angle model was rerun with the same SDHs present. To filter out each
frequency from the simulated PE signal, two bandpass elliptic filters were used. The
frequency limits of these filters were taken from the Fourier analysis of the transmission
signal, as seen in Figure 12. The cutoff frequency limit used by both filters was taken
from the trough between the two peaks in the frequency spectrum, and the other limits
(equal in amplitude to the cutoff’s) were taken from frequencies on either side of each
peak. These were approximately 1.0-2.7MHz and 0.3-1.0MHz for the primary and
secondary steering angle respectively. Figure 16 shows the simulated PE signals from the
SDHs for the dual-angle EMAT, and both steering angle’s components compared with the
single steering angles PE signal shown in Figure 15.
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The correlation coefficients for the 20° and 90° components of the dual-angle PE signal
compared with their single steering angle signals were 0.9960 and 0.9797 respectively.
This confirms that the dual-angle EMAT can identify which angled beam detected defects
by signal filtration.

4.3. Multi-angle beam transmission

This signal filtration method is dependent on the cutoff frequency used in the elliptic
filters. As the two steering angles get closer in value, the two peaks in the frequency
spectrum move closer and the trough between them (from which the cutoff frequency
value is derived) is lost. However, provided that the frequency peaks are sufficiently
separated within the frequency domain, any number of frequencies may be transmitted
simultaneously and filtered to provide their respective data. Figure 17 shows the
transmission signal for a 15°,30°,90° triple-angle with its corresponding Fourier analysis.
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Figure 17. Fourier analysis of 15°,30°,90° triple-angle transmission signal

This transmission signal would generate the three beams. However, the maximum
displacements of these three steering angles (as shown in Figure 6) suggest that the
magnitude of the 30° beam would be more than +6dB that of the other two beams.
Therefore, the two weaker beams would not be included within the overall beamwidth
due to its -6dB cutoff. A solution to this was to reduce the 30° steering angle’s
transmission signal amplitude to -6dB prior to its addition to the triple-angle transmission
signal. This reduced the 30° beam’s magnitude by -6dB and increasing the overall
beamwidth to over 63°, as seen in Figure 18. Figure 19 shows that each of the three
steering angle beams could still be differentiated from the PE signal. The correlation
coefficient between the 15°, 30°, and 90° components and their single steering angle
counterparts were 0.9970, 0.9827, and 0.9744 respectively.
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Figure 18. Beam directivity of 15°,30°,90° triple-angle with a reduced 30° signal
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Figure 19. Beam directivity of 15°,30°,90° triple-angle with a reduced 30° signal

5. Conclusions

Simulation and experimental validation have demonstrated that using set frequencies in
the transmission signal can steer the angle of shear waves transmitted from an MLC
EMAT. For the simulated EMAT described in this paper: a maximum magnitude occurred
at the 31° steering angle; a steering limit was reached at 48°; and the maximum reception
angle attained was at 61.1°. Real-world testing agreed with the simulated results and
revealed an out-of-plane 0° lobe at higher steering angles likely due to the sections of coil
that connected the alternating coils. Introducing different frequencies into a single
transmission signal resulted in multiple simultaneous beams at angles and magnitudes
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commensurate with their single steering angle results. A mathematical method of
simulating the EMAT’s PE signal was used for a dual-angle model with SDH defects.
Filtering of this PE signal extracted each beam’s defect response, enabling the location of
the defects by both angle and distance.

Future investigation should consider alternative methods of filtering out a specific
frequency’s component from a signal. The criteria for cutoff frequency used in this study
was that it must be no more than -6dB of the smallest peak in the spectrum. This limited
the combination of steering angles, but the concept has been proven within the context of
a multi-angle PE system. A consideration for experimental testing of multi-angle beam
generation is the capacitance required to electrically match the EMAT’s impedance. Due
to presence of more than one frequency, equating the resonant frequency of the RLC
circuit to one frequency would weaken the transduction efficiency of any others. For
industrial work, a multi-angle MLC EMAT may be deployed for automated scanning
systems due to its capacity for shear wave sectorial scanning and surface-breaking defect
detection by Rayleigh waves.
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Appendix B — Beam Steerability Results

Table B.1: Beam Steerability Propagation Pathways
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Steering Signal Backwall
Angle Propagation Pathway (gv) x-Position ToA (us)
(*) (mm)
S N S S
T - Back — Side — Surf - R 0.07 4 105.36
c c S S
T - Side —» Back - Surf - R 0.05 38 90.84
T35R 0.25 39 37.32
TSR 0.04 54 21.96
c c N N N N
15 T - Side - Back - Surf — Back —» Surf >R | 0.04 97 158.02
S N S
T - Back — Surf - R 0.07 103 105.12
c N S
T —» Back — Surf - R 0.10 141 91.02
S c c
T — Back - Surf - R 0.04 168 75.74
c S S S S
T - Back - Surf - Back - Surf - R 0.06 205 158.62
T S Side > R 0.09 13 29.24
S S N N
T - Back — Side - Surf - R 0.13 25 107.98
TSR 0.88 51 39.08
TSR 0.15 94 26.80
S c c S
20 T - Back — Side - Surf - R 0.2 106 98.68
N N N
T - Back — Surf - R 0.12 129 108.18
N c S
T - Back — Surf - R 0.27 191 96.74
N c c
T - Back — Surf - R 0.11 212 80.50
c S S S S
T - Back - Surf - Back - Surf - R 0.12 258 164.36
S S
T - Side - R 0.44 0 47.52
TSR 1.75 69 42.54
TSR 0.19 147 33.64
25
S S c S
T - Side - Back = Surf - R 0.33 166 106.62
S S S S
T - Side —» Back - Surf - R 0.65 132 125.04
S c S
T - Back - Surf - R 0.33 266 106.34
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T > Back > Surf > R 0.32 235 124.80
S S
T - Side - R 0.52 2 49 .44
TSR 2.95 81 45.34
30
S S S S
T — Side - Back —» Surf - R 0.89 137 126.30
S S S
T - Back - Surf - R 0.83 238 125.78
S S
T - Side - R 0.50 0 50.00
TSR 1.74 83 46.08
35
S S S S
T - Side - Back —» Surf - R 0.59 140 127.22
S S S
T - Back —» Surf - R 0.39 239 126.80
S S
T —» Side - R 0.36 2 50.60
S S S S
T - Back — Side - Surf - R 0.06 2 125.70
40 TSR 0.54 85 47.36
S S S S
T - Side —» Back - Surf - R 0.12 146 129.48
S S S
T - Back - Surf - R 0.11 245 129.14
S S
T — Side - R 0.35 4 51.94
S S S S
T - Back — Side - Surf - R 0.04 0 126.02
45 TSR 0.27 106 52.18
S S S S
T - Side —» Back - Surf - R 0.06 168 134.26
S S S
T - Back - Surf - R 0.12 240 150.48
S S
T —» Side - R 0.39 8 53.18
T r T
T - Corl - Cor2—>R 0.06 0 75.66
50
TSR 0.26 107 52.76
T T T
T - Cor3 — Cor4d » R 0.04 135 195.00
S S
T - Side - R 0.42 8 53.48
T T T
T - Corl - Cor2 » R 0.12 0 76.04
55
TSR 0.26 114 54.76
T r T
T - Cor3 - Cor4d -» R 0.06 110 196.02
60 T2 Side > R 0.39 11 54.50
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TS Corl S Cor2 5 R 0.21 0 76.32
TR 0.25 126 57.98
T T T
T - Cor3 - Cor4d - R 0.09 110 196.34
T T T T
T - Corl - Cor3 - Cor4d - R 0.06 210 196.76
S S
T - Side > R 0.23 11 55.22
T T T
T - Corl - Cor2 >R 0.63 0 77.04
90 TR 0.19 163 68.00
T T T
T - Cor3 - Cor4d - R 0.38 140 194.58
T T T T
T - Corl - Cor3 - Cor4d - R 0.38 235 196.80
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Appendix C — Magnetic Configuration Summaries
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	Chapter 1 -Introduction 
	1.1. Motivation 
	During the 19century, as a result of the industrial revolution, the railway network boomed as goods could be transported faster, cheaper, in greater quantities, and across larger distances [1]. This took a toll on the iron rails (meant as a superior replacement to the wood-steel composite rails) until it was accepted that they were too brittle and too weak due to their required replacement every three months. The first steel rails were made in England in 1857, and a steel railroad was trialled in 1862, prov
	th 
	Figure 1.1) 

	Rail track may possess different types of defects due to being subjected to different sources of external damage. Such damage includes sudden compressive loads from the weight of moving trains, thermal fatigue from changing yearly climate causing expansion, and corrosion (such as rust) from 
	Rail track may possess different types of defects due to being subjected to different sources of external damage. Such damage includes sudden compressive loads from the weight of moving trains, thermal fatigue from changing yearly climate causing expansion, and corrosion (such as rust) from 
	environmental exposure. Crack defects can initiate at the track’s surface boundary and propagate through the material due to various sources of fatigue stress. These defects grow until reaching a critical crack length, at which the remaining uncracked material is incapable of supporting the load and thus rapidly fractures. Such defects have led to train derailment and loss of life [4], so it is as important as ever to locate these growing defects before they can reach a critical length. shows an example of 
	Figure 1.2 


	The ability to evaluate the state of a component is a crucial aspect of industry, as it allows for the detection and measurement of internal features within material components. Within the context of rail track inspection, this is a necessity as reliable safety assurances are paramount for the wellbeing of the general public. Non-Destructive Testing (NDT) methods are used to monitor the physical state of materials without permanently damaging the material, and different methods have been employed throughout
	Rail inspections were originally performed visually by inspectors walking along the installed track with a Sands mirror [10]. Though accepted as the most efficient method of inspection at the time, this method was incapable of detecting internal defects. One such defect is an internal transverse fissure at the head of the rail, which caused the derailment in Manchester, New York in 1911 that killed 29 people and injured 62 more [11]. This incident brought the transverse defect into infamy and encouraged oth
	Sperry Rail’s transition from magnetic induction to ultrasonic testing led to the invention of the ultrasonic wheel probe, also known as a Roller Search Unit (RSU) [12], seen in The RSU consists of an assembly of nine ultrasonic probes within a couplant filled wheel that allows for rolling contact across a rail’s top surface. Fixed in position relative to the rail’s top surface, the RSU’s probe assembly consists of probes at different angles to transmit angled ultrasonic beams into the steel rail (as seen l
	Sperry Rail’s transition from magnetic induction to ultrasonic testing led to the invention of the ultrasonic wheel probe, also known as a Roller Search Unit (RSU) [12], seen in The RSU consists of an assembly of nine ultrasonic probes within a couplant filled wheel that allows for rolling contact across a rail’s top surface. Fixed in position relative to the rail’s top surface, the RSU’s probe assembly consists of probes at different angles to transmit angled ultrasonic beams into the steel rail (as seen l
	Figure 1.3. 
	Figure 2.13)
	Figure 
	1.3)

	present (such as those seen in . The reflected waves return to the RSU and are received by the probes. A defect propagating in the same orientation as an ultrasonic wave pathway would likely go undetected, however multiple waves at different angles allow for a higher probability of detection. 
	Figure 1.2)


	The RSU can be used in both a forward and backward direction and can be mounted onto Sperry trains or manual Sperry sticks [14]. Whilst capable of running up to speeds of 65km/h, the trains are driven at speeds of 45km/h to ensure safe and accurate detection of defects making them capable of scanning 150-210km of rail track in a single night. Sperry sticks are pedestrian versions of the RSU that are manually pushed along the rail to confirm the presence of the defects detected by the train. Comparing the re
	Traditional UT has limitations however, most notably its reliance on a liquid couplant to facilitate the transmission of the ultrasonic waves between the probe and material. An NDT method that overcomes this necessity is the Electromagnetic Acoustic Transducer (EMAT) [16], which utilises eddy current 
	Traditional UT has limitations however, most notably its reliance on a liquid couplant to facilitate the transmission of the ultrasonic waves between the probe and material. An NDT method that overcomes this necessity is the Electromagnetic Acoustic Transducer (EMAT) [16], which utilises eddy current 
	fields induced in an electrically conductive material, within a bias magnetic field to produce Lorentz forces. These forces, acting near the surface of the material, generate ultrasonic waves that travel into the bulk material or across the material’s surface. Different configurations of the magnet and coils are used to transmit different ultrasonic wave modes. Once such configuration is the Meander-Line-Coil (MLC) EMAT, which is capable of transmitting angled ultrasonic waves into the material or across th
	Figure 2.14) 


	1.2. Aims and Objectives 
	The aim of this work was to evaluate the possibility of replicating the Sperry RSU’s coherent multi-angle ultrasonic methodology with EMAT technology, specifically investigating the feasibility of transmitting ultrasonic waves at its angles of 0°, 37°, and 70°. Additionally, the capacity of steering the ultrasonic bulk waves by changing its angle via frequency. This would overcome the necessity to manually exchange the UT probes for ones of different angles. 
	Building on previous work with surface wave MLC EMATs [20], the novelty of this work incorporated: the steering of angled shear waves transmitted from an MLC EMAT; a study on the physical design of the EMAT; and the transmission of shear waves at multiple angles simultaneously. Objectives of this study included: 
	• 
	• 
	• 
	Design of a Finite Element Method (FEM) model of an MLC EMAT generating ultrasonic waves within a metallic sample. Due to the complexities of simulating the magnetostriction mechanism, these samples would be made of aluminium (for reasons stated in Chapter 3). 

	• 
	• 
	Analysis of the effects of steering on the MLC EMAT’s bulk wave directivity and magnitude. 

	• 
	• 
	Investigation into the performance of the MLC EMAT when transmitted with a signal of multiple individual signals simultaneously. 


	1.3. Organisation of the Thesis 
	This thesis is structured into eight chapters. Listed below are the purposes of each chapter followed by a brief summary of what each contains. 
	Chapter 1 serves as an introduction, providing the historical context that motivated this work. The general aims and objectives of the study are also stated, as well as the structure of the thesis and the novel contributions to knowledge that were a direct result from this work. 
	Chapter 2 is devoted to the background theory of the relevant knowledge. The chapter begins with an assessment of modern day NDT methods, especially a detailed summary of UT. The topic of electromagnetism is then explored to describe the interaction between the electric and magnetic fields, providing a foundation to the EMAT’s method of wave transmission and detection. A large proportion of this chapter is dedicated to the subject of EMATs themselves, detailing their transduction methods, design configurati
	Chapter 3 explains the use of FEM via ‘COMSOL Multiphysics’. This chapter details the model’s 2D structural geometry and physics interfaces that enabled the models to simulate the operation of the EMAT. Included also are parametric studies on the EMAT’s constituent magnet and coils, illustrating the effect that each has on the EMAT’s overall performance. The chapter closes with a description of the simulated EMAT model used for the majority of the thesis. 
	Chapter 4 provides the results from both the simulated and experimental testing. The chapter begins with a description of the experimental test setup and its differences from the FEM model. The samples chosen for both testing methods possessed geometries that would enable the EMAT’s beam directivity to be graphed across a range of steering angles. Selected simulations were then experimentally tested within the laboratory to validate their accuracy, and those of the simulated results as a whole. 
	Chapter 5 continues the work of Chapter 4, but with a focus on how the EMAT’s beam directivity is affected by changes to the EMAT’s magnetic configuration. These changes include: the number of magnets used; the width of the magnet(s); and their orientation. This work was conducted primarily through FEM modelling, however one of the alternate magnetic configurations was selected for experimental validation. 
	Chapter 6 explores the effect that the coils played on the EMAT’s beam directivity. Numerous parametric studies were conducted including: the shear wave steering angles; the number of coils within the array; and the coil spacing. These were carried out in order to push the steering limits set by the previous two chapters. 
	Chapter 7 examines the EMAT’s capability to generate multi-angle shear waves. These used the same simulation setup as the work in Chapters 4 and 5, however the transmission signals through the coils was altered to produce separate angled waves simultaneously. This chapter explores the permutation of angles that could be steered, determined via Fast Fourier Transform (FFT), and how their results could be filtered and used for real-world applications. 
	Chapter 8 ends the thesis with a discussion of the major conclusions drawn, followed by a summary of the work presented, and the suggested directions for future work to follow. 
	1.4. Contributions of the Thesis 
	Within the duration of this work, many unique and novel discoveries were made in the area of MLC EMATs for shear wave generation. The contributions of this work include: 
	• A study on the relationship between the theoretical steering angle of the shear wave and: its actual reception angle; its magnitude; and its coverage. This was achieved through the use of experimentally validated simulated models. 
	• 
	• 
	• 
	A proposed method of simulating an EMAT’s reception signal using displacement data extracted from the simulations. This negated the necessity for more complex modelling methods and provided a simple solution to process results for a higher degree of accuracy. 

	• 
	• 
	• 
	Parametric studies on the effects that the EMAT’s magnetic field had on the shear waves across steering angles. These include: 

	o 
	o 
	o 
	The width of the magnet 

	o 
	o 
	The number of magnets within a single EMAT 

	o 
	o 
	The directions of magnetisation 

	o 
	o 
	The configurations within pitch-catch setups 



	• 
	• 
	• 
	Parametric studies on the effects that the EMAT’s coil configuration had on the shear waves across steering angles. These include: 

	o 
	o 
	o 
	The number of coils within an array 

	o 
	o 
	The coil spacing 



	• 
	• 
	Evaluation and development of a multi-angle steering MLC EMAT utilising complex transmission signalling. This work utilises the previous chapters to create a custom beam directivity with numerous maxima that could prove capable of defect location. 


	1.5. Publications 
	Journal Papers: 
	1. S. Hurrell, P. Charlton, S. Mosey, O. Rees-Lloyd, R. Lewis. Study on the steering capability of a meander-line coil EMAT. Insight, 65 (2), February 2023, pp 95-102. Awarded the John Grimwade medal at the 61annual BINDT conference September 2024. 
	st 

	Conference Papers: 
	1. S. Hurrell, P. Charlton, S. Mosey, O. Rees-Lloyd, R. Lewis. Study on the Beam Directivity of a Steerable Meander-Line Coil EMAT. Presented at BINDT Telford September 2022. 
	2. S. Hurrell, P. Charlton, S. Mosey, O. Rees-Lloyd, R. Lewis. Multi-Angle Steering of a Meander-Line Coil EMAT. Presented at BINDT Edinburgh September 2025. Awarded the William Gardner award. 
	Chapter 2 -Theory 
	2.1. Introduction 
	This chapter presents the background theory and basic principles of EMATs, whilst simultaneously reviewing the historical literature on their operation and development within real world applications. The chapter begins with a look into various NDT techniques, before a more thorough investigation into the technique of ultrasonic testing. Maxwell’s electromagnetic equations are later discussed followed by an assessment of magnetic materials, as these topics directly relate to the transmission and reception of
	2.2. Methods of Non Destructive Testing (NDT) 
	NDT encompasses a wide variety of inspection methods, capable of measuring defects at and beneath the surface of materials without creating long term damaging effects. Different NDT techniques exist in order to detect and examine different types of defects within a variety of materials. A limitation to many of these methods are the types of material that can be tested. A thorough cleaning of the test part or removal of painted coatings may be required to access the area under inspection. Conversely, the are
	2.2.1. Penetrant Inspection (PI) 
	PI can be divided into a colouring method and a fluorescence method, but the working principle is the same. The material to be examined must be cleaned of contaminants, and a liquid penetrant is applied to seep into any surfacebreaking defects. The excess penetrant is then removed, and a powder-based 
	PI can be divided into a colouring method and a fluorescence method, but the working principle is the same. The material to be examined must be cleaned of contaminants, and a liquid penetrant is applied to seep into any surfacebreaking defects. The excess penetrant is then removed, and a powder-based 
	-

	developer applied to make the penetrant-filled defect visible. The colouring method displays the penetrant-filled defects under visible light, whilst the fluorescence method displays them under the irradiation of ultraviolet light [21]. 

	2.2.2. Magnetic Flux Leakage (MFL) 
	MFL uses magnetic phenomena to detect surface and near-surface defects within ferromagnetic materials. The working principle is that when a ferromagnetic material is magnetized, defects cause local distortion of the magnetic flux resulting in magnetic flux leakages from these defects. Magnetic sensors can detect this flux leakage, and be analysed to interpret the locations and depth of the defect [22]. 
	2.2.3. Acoustic Emission (AE) 
	AEs are the radiation of elastic waves travelling through a material. These are emitted when the material experiences a sudden change to its structure (such as cracking, impacting, or plastic deformation). The waves from these defects propagate through the material as elastically deforming waves, which are detected by piezoelectric transducers. Unlike NDT methods, AE is a Structural Health Monitoring (SHM) method, whereby the equipment can be left on the testing material to continuously monitor for lengthy 
	2.2.4. Eddy Current Testing (ECT) 
	ECT deploys an electrical coil fed by an Alternating Current (AC) to induce alternating electrical currents into an electrically conductive material. These included currents are known as eddy currents, and the direction of their magnetic field is such that it opposes the direction of the changing magnetic field inducing them (according to Lenz’s law). ECT uses its coil to simultaneously induce and measure the eddy currents within the sample via their electrical impedance. Any variations to the coil’s electr
	ECT deploys an electrical coil fed by an Alternating Current (AC) to induce alternating electrical currents into an electrically conductive material. These included currents are known as eddy currents, and the direction of their magnetic field is such that it opposes the direction of the changing magnetic field inducing them (according to Lenz’s law). ECT uses its coil to simultaneously induce and measure the eddy currents within the sample via their electrical impedance. Any variations to the coil’s electr
	method is limited to electrically conductive materials (primarily metallic materials, graphite, and carbon fibre composites) [24]. Understanding their electromagnetic principles was crucial to the topic of EMATs and are discussed in greater detail later in Section 
	2.5.4. 


	2.3. Ultrasonic Testing (UT) 
	2.3. Ultrasonic Testing (UT) 
	UT remains one of the most popular methods of NDT [25]. The working principle behind this method involves high-frequency sound energy in the form of ultrasonic waves transmitted from the surface of a material by a transducer. These waves travel through the material and reflect off of any changes in acoustic impedance that they encounter. These changes can be caused by cracks, density changes, or the back surface of the opposite side of the material. The times that the reflected waves arrive at a receiver ar
	Defect signals indicate the size, depth, and type of damage within the material. UT can be applied to fields such as flaw detection, dimensional measuring, and material characterization. It is common for this NDT method to use a Pulse-Echo (PE) configuration, where a single transducer is used as emitter and receiver, but it may also be performed via a Pitch-Catch (PC) setup, where two transducers act as either emitter or receiver. An example of UT used to detect a defect in a PE setup is seen in Figure 2.1.
	Figure
	Figure 2.1: Ultrasonic Testing Operation Example [26] 
	Figure 2.1: Ultrasonic Testing Operation Example [26] 



	2.3.1. Advantages and Disadvantages of UT 
	As with all NDT methods, UT holds many strengths and weaknesses compared to other methods. A list of the key advantages and disadvantages is shown in 
	Table 2.1. 

	Table 2.1. UT Advantages and Disadvantages 
	The ultrasonic wave velocity is determined by the elastic modulus of the material it travels through. The frequency of the ultrasonic wave is set to determine its wavelength within the material, shown in For a defect to stand a reasonable chance of detection, the frequency chosen must allow the wavelength to be no more than double the size of the defect. This means that discontinuities smaller than this distance possess a lower chance of being detected. The sensitivity therefore increases with frequency, ho
	Equation 2.1. 

	𝑣 =𝑓×𝜆 Equation 2.1 
	where v = wave velocity of a material (m/s); f = frequency of the wave (Hz); λ = wavelength (m). 
	In order to measure with ultrasonic waves at an angle, a wedge is introduced between the piezoelectric probe and the material’s surface, shown 
	In order to measure with ultrasonic waves at an angle, a wedge is introduced between the piezoelectric probe and the material’s surface, shown 
	in The shape of the wedge enables the wave to be refracted into the material at a single fixed angle, allowing for flaws to be detected from side on. Depending on the size of the material, the waves could reflect off of the backwall to improve the detectability of flaws close to the surface. 
	Figure 2.2. 


	2.3.2. Ultrasonic Wave Modes 
	There are a myriad of NDT applications via UT and EMATs, due to the various ultrasonic wave modes that they can transmit. It is important to understand these wave modes, how they propagate, and how they are used within NDT. 
	Within an infinite solid medium, mechanical waves propagate as a ‘bulk wave’. These are comprised of two wave modes: compression (or longitudinal) and shear (or transverse). shows an illustration of the wave propagation for both wave modes. 
	Figure 2.3 

	The particle motion for compression waves is orientated parallel to its propagation direction. The particles push-and-pull adjacent particles through elastic interconnection. The particle motion for shear waves is perpendicular to the propagation direction. This wave mode can only propagate via particles that are joined together in rigid materials. This means that while compression waves can travel through solids, liquids, and gases due to the elasticity in these states of matter, shear waves are constraine
	Equation 2.2 
	Equation 2.3. 
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	=√ =√ Equation 2.3
	𝑣𝑠 
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	where vc = compression wave velocity (m/s); E = Young’s modulus (N/m²); µ = Poisson’s ratio; ρ = material density (kg/m³); vs = shear wave velocity (m/s); G = shear modulus (N/m²). 
	The value of the shear wave velocity compared to the compression wave velocity is approximately 50% within the same medium. This means that the wavelength of the shear waves is also approximately 50% that of the compression waves (according to . This makes shear waves more sensitive to defects than compression waves. 
	Equation 2.1)

	Within a finite solid medium, boundary conditions are set through the introduction of the material’s surface. The two bulk wave modes interact with the material’s surface to form a Rayleigh wave, shown in For Rayleigh waves, the particle motion is elliptical in an anticlockwise direction as the wave travels from left-to-right. Due to the surface boundary condition, Rayleigh waves are most concentrated within a depth of one wavelength and can only propagate in two dimensions (unlike the three dimensions for 
	Figure 2.4. 

	When a second surface is introduced within a few wavelengths of the first, the medium becomes a thin structure that fully constrains the wave within it. The motion of both bulk waves impose on one another to form one of two new wave modes: Symmetrical and Asymmetrical. These new wave modes are known as Lamb waves, shown in Similar to Rayleigh waves, the particle motion is elliptical in an anticlockwise direction near the material’s surfaces. Due to the decreased volume that they are enclosed by Lamb waves a
	Figure 2.5. 

	2.3.3. Material Propagation 
	The further these ultrasonic waves travel from their original source the weaker they become. This is called ‘attenuation’ and is due to the combined effects of absorption and scattering. Absorption occurs when the wave energy is lost as thermal energy from the vibrating the molecules of the material. Scattering is the randomly directed reflection of wave energy from materials with a coarsegrain structure. Less energy is scattered from a longer wavelength, therefore low frequency compression waves are better
	-
	Equation 2.4. 

	𝐴 = 𝐴𝑒Equation 2.4 
	0
	−∝𝑥 

	where A = amplitude of wave after travelling distance x (%); A= initial amplitude (%); ∝ = attenuation coefficient (1/m); x = distance travelled by wave (m). 
	0 

	The energy lost from attenuation is relatively small compared to energy lost through reflection from boundaries of different materials. As previously mentioned, ultrasonic wave velocity is determined by the type of material being tested. This is due to the acoustic impedance of the material, shown in The boundary where two different materials meet (e.g. the material’s surface in contact with air) causes a fraction of wave energy to be reflected due to the differences in acoustic impedances or ‘impedance mis
	Equation 2.5. 
	Equation 2.6. 
	Equation 2.7. 

	𝑍 =𝜌×𝑣 Equation 2.5 
	𝑍−𝑍
	2
	1 
	2 

	𝑅=( ) Equation 2.6 
	𝑍+ 𝑍
	2 
	1 

	𝑇 = 1−𝑅 Equation 2.7 
	where Z = acoustic impedance (kg/m²s); R = reflection coefficient; T = transmission coefficient. 
	This explains why piezoelectric transduction necessitates the use of a coupling medium, reducing the energy lost from the transfer of wave energy from the transducer to the material’s surface. The difference in acoustic impedances particularly impacts these waves when travelling through their boundary at an angle. Due to the different acoustic velocities between materials, a wave passing through the material’s boundary at an incident angle is refracted at another angle. The angle of refraction is calculated
	Equation 2.8. 

	sin 𝜃sin 𝜃
	1 
	2 

	= Equation 2.8 
	𝑣𝑣
	1 
	2 

	where θ= angle of incidence (°); v= wave velocity of material-1 (m/s); θ= angle of refraction (°); v= wave velocity of material-2 (m/s). 
	1 
	1 
	2 
	2 

	Snell’s law shows that the greater the ratio of acoustic impedance, the greater the angle of refraction for a given incident angle. This law applies to both compression and shear waves and is calculated from their respective velocities. 
	At low angles of incidence for compression waves, some energy can cause particle motion in the transverse direction. This generates shear waves into the material, in addition to the refracted compression waves. This is called ‘mode conversion’ and can complicate the reading of ultrasonic waves due the differing acoustic velocities. Snell’s law applies to these mode conversions, and both the compression wave’s velocity and incident angle can be used to calculate the angle of refraction for both compression a
	Equation 2.8 
	Figure 2.6 

	As the angle of incidence increases for compression waves, a greater proportion of wave energy is mode converted to the shear waves. An angle of incidence that refracts a compression wave at an angle of 90° into the material is known as the ‘first critical angle’. Beyond this angle, all refracted wave energy is mode converted to the shear waves. For angled UT inspection, shear waves beyond the first critical angle are commonly used to avoid introducing 
	As the angle of incidence increases for compression waves, a greater proportion of wave energy is mode converted to the shear waves. An angle of incidence that refracts a compression wave at an angle of 90° into the material is known as the ‘first critical angle’. Beyond this angle, all refracted wave energy is mode converted to the shear waves. For angled UT inspection, shear waves beyond the first critical angle are commonly used to avoid introducing 
	compression waves into the material, simplifying the A-scan of the returning waves. 

	As the angle of incidence increases further, the refracted shear wave would begin to lose energy to the surface wave. An angle of incidence that refracts a shear wave at an angle of 90° into the material is known as the ‘second critical angle’. Beyond this angle, all wave energy is mode converted to surface waves. 
	2.4. Electromagnetics 
	2.4.1. Maxwell’s Equations 
	Electromagnetic phenomena and forces are characterised and governed by electromagnetic field equations known as ‘Maxwell’s equations’. They describe how both magnetic and electric fields coexist and are generated. These equations are shown in 2.11 & 
	Equation 2.9-
	Equation 
	Equation 2.13. 

	2.4.1.1. Gauss’ Laws 
	Gauss’ Law describes the relationship between an electrically charged particle 
	and its static electric field. A particle that holds an electric charge generates an electric field, which becomes weaker the further from the particle you observe. Written in the differential form, this is represented by 
	Equation 2.9. 

	While electric fields originate from electric monopoles, Gauss’ law for magnetism states that magnetic monopoles do not exist. This is due to a magnet’s north and south pole forming a dipole , in which a magnetic field can be thought as wrapping around. Written in the differential form, this is represented by 
	Equation 2.10. 

	where ∇.E = divergence of the electric field (V/m²); ρV = volume charge density (C/m³); ε= permittivity of free space (F/m); ∇.B = divergence of the magnetic flux density (T/m). 
	0 

	2.4.1.2. Faraday’s Law 
	Faraday’s law of induction describes how a spatially varying magnetic field 
	interacts with a time varying electric field and vice versa. The law states that a current will be induced in a conductor when exposed to a changing magnetic field. The induced current’s magnetic field will oppose the initial changing magnetic field that created it (according to Lenz’s law of electromagnetic induction). From Faraday’s experiment of moving a magnet towards and away 
	from a coil connected to a galvanometer, he concluded that whenever there is relative motion between a conductor and a magnetic field, the magnetic flux linkage (defined as the product of the coil’s inductance and the current flowing through it) within the coil changes. This change in flux linkage induces an Electro-Motive Force (EMF) across the coil. From this conclusion, two laws were formulated: 
	Faraday’s 1law: any change in the magnetic field of a coil will induce an EMF. If the coil’s circuit is closed, the induced current will circulate. The magnetic field may be changed by: moving a magnet to/from the coil; moving the coil into or out of the magnetic field; changing the area of a coil in the magnetic field; or rotating the coil relative to the magnet. 
	st 

	Faraday’s 2law: the magnitude of an EMF equals the rate of change of flux linkages in a coil. The induced EMF in the coil may be increased by: increasing the number of turns; increasing the magnetic field strength; or 
	Faraday’s 2law: the magnitude of an EMF equals the rate of change of flux linkages in a coil. The induced EMF in the coil may be increased by: increasing the number of turns; increasing the magnetic field strength; or 
	nd 

	increasing the speed of relative motion between the coil and the magnet. These two laws combined in the differential form are represented by 
	Equation 2.11. 


	𝛥𝐵 
	𝛻×𝐸 =− Equation 2.11 
	𝛥𝑡 where ∇ ×E = curl of the electric field (V/m²); ΔB/Δt = rate of change of magnetic flux density (T/s). 
	Modern day applications of Faraday’s laws include electrical generators, induction cookers, and electromagnetic flow meters. The most well-known application is the power transformer as it allows the generated magnetic flux from a primary coil’s current to induce a current within the secondary coil while the two coils share the same core. The transformer is crucial in electrical power grids, as the two coils possessing a different number of turns allow for high initial voltages to be lowered and later raised
	2.4.1.3. Ampere’s Law 
	The flow of electrons through a long straight wire generates a circular magnetic field perpendicular to it in free space. The strength of the field is proportional to the magnitude of the electric current density through the wire, shown in 
	Equation 2.12. 

	𝜇𝐼 
	0

	𝐵 = Equation 2.12 
	2𝜋𝑟 
	where µ= permeability of free space (H/m); I = current (A); r = radius of circular magnetic field around a wire (m). 
	0 

	When current flows through two parallel wires, the magnetic fields generated by both wires will interact and cause a force on each wire. The direction of force on each wire is dependent on the direction of current flowing through the parallel wires: like flow will attract the two wires; and opposite flow will repel them. In addition to current flowing through a conductor, there is the added movement of electrons contained within the atoms, known as ‘displacement current density’. This can happen when these 
	When current flows through two parallel wires, the magnetic fields generated by both wires will interact and cause a force on each wire. The direction of force on each wire is dependent on the direction of current flowing through the parallel wires: like flow will attract the two wires; and opposite flow will repel them. In addition to current flowing through a conductor, there is the added movement of electrons contained within the atoms, known as ‘displacement current density’. This can happen when these 
	of electric current in motion both induce magnetic fields and so may be written together in the differential form, represented by 
	Equation 2.13. 


	𝛥𝐸 
	𝛻×𝐵=𝜇(𝐽𝑒+𝜀) Equation 2.13 
	0
	0 

	𝛥𝑡 where ∇ ×B = curl of the magnetic field (T/m); Je = electric current density (A/m²); ΔE/Δt = rate of change of electric field (V/ms). 
	2.11 & show the generalised maxwell’s equations. In matter, 2.17 apply. 
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	𝛻. 𝐸 = 4𝜋𝜌Equation 2.14 
	𝑉 

	𝛻.𝐵 = 0 Equation 2.15 1 𝛥𝐵 
	𝛻 ×𝐸 = − Equation 2.16 
	𝑐 𝛥𝑡 1 𝛥𝐸 
	𝛻×𝐵= (4𝜋𝐽𝑒+ ) Equation 2.17 
	𝑐 𝛥𝑡 
	where c = speed of light (m/s). 
	2.4.2. Magnets 
	If a magnet broke in half, it would not separate into a north and a south pole but instead would become two smaller magnets each with their own north and south poles. Following this line of reason, a magnet could be broken down to its individual atoms which would each still possess a magnetic field. The atom’s electrons orbiting its nucleus create this magnetic field (according to Ampere’s Law) and its field strength and orientation is known as the ‘ magnetic moment’. The overall magnetic field and net magn
	Equation 2.18. 

	𝐵 = 𝜇𝐻 = 𝜇𝜇𝑅𝐻 = 𝜇(𝐻 + 𝑀) Equation 2.18 
	0
	0

	where B = magnetic flux density (T); H = magnetic field strength (A/m); μ = absolute permeability of the material (H/m); μR = relative permeability of the material; M = magnetisation of the material. 
	The three most common magnetic behaviours within all materials are: Diamagnetism; Paramagnetism; and Ferromagnetism. In diamagnetic materials, all the electrons in the atoms are paired thus there is no net magnetic moment. 
	When applied with an external magnetic field, the material is repelled due to the external field inducing an opposite magnetic field within it. A trait of these materials is that their magnetic permeability is less than that of the permeability of a vacuum. Such materials include water, carbon, and superconductors. 
	In paramagnetic materials, there are unpaired electrons, so all atoms have incomplete atomic orbitals. The magnetic moment from these unpaired electrons aligns with an external magnetic field, resulting in attraction between the material and the external magnet. Only a small proportion of moments align with the external field, and they cannot retain their magnetisation due to thermal motion. A trait of these materials is that their magnetic permeability is slightly greater than that of the permeability of a
	In ferromagnetic materials, the spin of the unpaired electrons lines up naturally without the need for an external magnetic field. These magnetic dipoles group together and form magnetic domains that each contain their own individual magnetic field, therefore ferromagnetic materials can be considered as being made up of many small magnets. In an unmagnetized state, the material is formed up of multiple domains in random orientations, weakening or cancelling out a resultant magnetism. An external magnetic fi
	For both diamagnetic and paramagnetic materials, the relative permeability of the material remains constant. For ferromagnetic materials however, the relationship between magnetic flux density and field strength is non-linear. shows an example of this non-linear relationship in the form of a hysteresis loop. 
	Figure 2.7 

	The material begins in an unmagnetized state, until the external magnetising field is applied and causes the material’s magnetic domains to align with its direction. As this field strength increases, most of the domains begin to irreversibly grow into alignment. The gradient of this section (represented by the linear section of the dashed line in allows for the absolute permeability of the material to be measured. The magnetic flux density continues to increase and begins to plateau as almost all of the dom
	Figure 2.7) 
	Figure 2.7)

	From the point of magnetic saturation, reduction of the external magnetising field strength back to zero would not cause the material to become demagnetised. The material instead retains a residual value of magnetic flux density (also called remanence) due to the majority of the magnetic domains maintaining alignment and not returning to their original orientation. This is the material’s retentivity (represented by point ‘b’ in . It must be noted that any difference between the remanence and retentivity may
	From the point of magnetic saturation, reduction of the external magnetising field strength back to zero would not cause the material to become demagnetised. The material instead retains a residual value of magnetic flux density (also called remanence) due to the majority of the magnetic domains maintaining alignment and not returning to their original orientation. This is the material’s retentivity (represented by point ‘b’ in . It must be noted that any difference between the remanence and retentivity may
	Figure 2.7)

	external magnetic field is further reduced (increasing in the opposite direction) the material’s remanence reduces to zero. This is due to the reversed magnetic field reorientating enough domains to cancel out the net magnetic flux within. The value of external magnetic force required to remove the material’s residual magnetic flux is known as its coercive force (represented by point ‘c’ in . As the external magnetic field is reduced further, the material will become magnetically saturated in the opposite d
	Figure 
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	Figure 2.7)
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	As ferromagnetic materials become magnetised, shape change occurs in either its length or volume due to the magnetic domains aligning with surrounding magnetic fields, shown in The source of the magnetic field determines the type of magnetostriction that occurs. 
	Figure 2.8. 

	‘Spontaneous magnetostriction’ occurs when the material transitions from a paramagnetic to a ferromagnetic material by being cooled through its ‘Curie temperature’. When heated above its Curie temperature, the material loses its ferromagnetic properties due to the massive amount of thermal energy randomly aligning the magnetic dipoles. As the material is cooled through this 
	‘Spontaneous magnetostriction’ occurs when the material transitions from a paramagnetic to a ferromagnetic material by being cooled through its ‘Curie temperature’. When heated above its Curie temperature, the material loses its ferromagnetic properties due to the massive amount of thermal energy randomly aligning the magnetic dipoles. As the material is cooled through this 
	temperature point, the dipoles align into domains with their own magnetic field This results in spontaneous magnetostriction of the domain, where the dipoles generate their own magnetic field that aligns them. This type of magnetostriction causes a change in volume for isotropic materials but not shape. ‘Field-induced magnetostriction’ is when an external magnetic field is applied to a ferromagnetic material below the Curie temperature. The magnetic domains in the material align with the external field whic

	2.5. EMATs 
	EMATs are a non-contact method of NDT, that uses a bias magnetic field and a coil of wire to transmit ultrasonic waves into electrically conductive materials. Their transduction method makes them capable of transmitting and receiving a variety of wave modes (listed in Section without the necessity of a coupling medium. This enables them to be used in high-speed inspection, hightemperature inspection, and applications that preclude the use of liquid couplant. 
	2.3.2) 
	-

	2.5.1. Transduction Methods 
	EMATs consist of a permanent magnet and a coil driven by an AC, that generate static and dynamic magnetic fields respectively. Together they are capable of generating ultrasonic waves into ferromagnetic and electrically conductive materials by a combination of the transduction methods displayed in 
	Equation 

	Lorentz forces, magnetisation forces, and magnetostriction forces. 
	2.19: 

	𝐹 = 𝐹𝐿 + 𝐹𝑀 + 𝐹𝑚𝑎𝑔 Equation 2.19 
	where F = total force acting upon tested material (N); FL = Lorentz force (N); FM = magnetisation force (N); Fmag = magnetostrictive force (N). 
	The primary transduction that the EMAT uses is dependent on the material type being inspected. 
	2.5.1.1. Lorentz Force 
	When an electric charge travels within a magnetic field there is a resultant force. An electrically conductive material is composed of a lattice of positive ions surrounded by a sea of negative electrons. When an electric field is produced from the coil’s AC, a force is exerted on the material’s electrons known as a ‘Coulomb force’. This force accelerates the electrons to an average velocity, which then becomes subjected to Lorentz force due to their motion while in the presence of a bias magnetic flux dens
	Equation 
	2.20. 

	𝐹𝑒 = −(𝑛𝑒𝑒𝑣𝑒 × 𝐵𝑠) − 𝑛𝑒𝑒𝐸 Equation 2.20 
	where ne = electron density (C/m³); e = electron charge (C); ve = average electron velocity (m/s); E = electric field strength (V/m). 
	The speeding electrons collide with the material’s ion lattice and transfer their momentum to the ions causing movement [31]. The force from the electrons colliding with the ions is shown in 
	Equation 2.21. 

	𝐹𝑖 = 𝑁𝑖𝑍𝑖(𝐸 + 𝑣𝑖 × 𝐵𝑠) + 𝑛𝑒𝑒𝐸 Equation 2.21 
	where Ni = ion density (C/m³); Zi = ion charge (C); vi = average ion velocity (m/s). 
	The total force of the electrons colliding with the ions is approximately equal to the Lorentz force acting on the electrons for two reasons: the Coulomb force acting on both the ions and electrons are equal and opposite due to the lack of overall electric charge (𝑛𝑒 = 𝑁𝑍) thus cancelling each other out; and the velocity of the ions is so small (𝑣≈0) that the Lorentz force acting upon them is negligible. and can therefore be combined and reduced to which equates to the Lorentz force acting upon the ele
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	𝐹= −𝑛𝑒𝑣× 𝐵= 𝐽× 𝐵Equation 2.22 
	𝐿 
	𝑒
	𝑒 
	𝑠 
	𝑒 
	𝑠 

	When the AC-driven coil is placed adjacent to an electrically conductive material, the coil’s changing magnetic field induces alternating eddy currents in the material with their own magnetic fields. The eddy current’s electrons 
	When the AC-driven coil is placed adjacent to an electrically conductive material, the coil’s changing magnetic field induces alternating eddy currents in the material with their own magnetic fields. The eddy current’s electrons 
	interact with the EMAT’s bias magnetic field to produce Lorentz forces in the material which (due to the alternating eddy current densities) also alternates. This alternating force generates ultrasonic waves in the material, whose frequency is determined by the frequency of the AC. This Lorentz effect also works in reverse, whereby the movement of charged particles within a magnetic field produces an electric field, shown in The EMAT’s wave reception works by this reciprocal Lorentz effect, as these dynamic
	Equation 2.23. 


	fields within the EMAT’s coil. This enables ultrasonic waves to be received by 
	EMATs. 
	𝑑𝑢 
	𝐸= ×𝐵Equation 2.23 
	0 

	𝑑𝑡 
	where du/dt = rate of change of particle displacement (m/s). 
	2.5.1.2. Magnetisation Force 
	The magnetisation forces are those that act upon ferromagnetic materials only due to a spatially varying magnetic field distribution [32]. This is determined by the magnetic energy density of a magnetised sample within a magnetic field, shown in The magnitude of the magnetisation force is relatively small compared to the Lorentz force and is typically ignored in simulated modelling [33]. If the bias magnetic field is tangential to the surface of a ferromagnetic material, the magnetisation force is of simila
	Equation 2.24. 

	𝐹𝑀 = −𝛻. 𝑈𝑀 = 𝛻𝐻. 𝑢𝑀 Equation 2.24 
	0

	where UM = magnetic energy density. 
	2.5.1.3. Magnetostrictive Force 
	As previously mentioned, field-induced magnetostriction is a transduction principle applicable only to ferromagnetic materials, important to the generation of elastic waves. The static stress from the bias magnetostrictive force superimposes on the dynamic stresses from the Lorentz forces. These 
	As previously mentioned, field-induced magnetostriction is a transduction principle applicable only to ferromagnetic materials, important to the generation of elastic waves. The static stress from the bias magnetostrictive force superimposes on the dynamic stresses from the Lorentz forces. These 
	total into a dynamic force that causes dynamic stresses in the material, which propagate as mechanical elastic waves through the material. 

	The degree of strain that the ferromagnetic material undergoes in the presence of a bias magnetic field is dependent upon the material. The materials are therefore distinguished by their magnetostrictive curves, shown in a). This shows the magnitude of the material’s magnetostrictive strain as a result of the applied bias magnetic field. As with the Lorentz force transduction method, magnetostrictive forces work in reverse. This is known as the ‘Villari effect’ [35], and describes the change in a ferromagne
	Figure 
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	Without a large current through the coils, the bias magnetic field from the magnet is assumed to be greater than the dynamic magnetic field from the coils. The magnetostrictive strain can therefore be approximated locally as a linear relationship between the magnetic field and stress, as shown in 
	Equation 

	This is the most commonly used method of modelling the EMAT’s 
	2.25. 

	magnetostrictive strain. The matrix of piezomagnetic strain coefficients for a magnetic field directed vertically (in the y-axis) is shown in 
	Equation 2.26. 
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	𝜀𝐼 = d𝐼𝑗 𝜎𝐼𝐽 Equation 2.25 
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	𝑑𝐼𝑗= 0 − 0 Equation 2.26 
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	where I,J = 1-6 and j = x,y,z; εI = magnetostrictive strain; Hj = magnetic 
	field; σIJ = stress; dIj = piezomagnetic strain coefficients. 
	dwithin describes the behaviour of the material when the bias magnetic field is parallel to the dynamic magnetic field. This is the first derivative of the static magnetostriction curve with respect to the magnetic field and is represented by ddescribes the behaviour of the material when the bias and dynamic magnetic fields are perpendicular to one another. This value is directly proportional to the total magnetostrictive strain, and shows this value as defined by Ogi and Hirao [37]. 
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	Equation 2.28 

	𝑑𝜀 𝑑= Equation 2.27 
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	𝑑𝐻𝑦 
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	3𝜀 𝑑= Equation 2.28 
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	𝐻𝑦 
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	The absolute values of these two coefficients in relation to the bias magnetic field is shown in b). The maximum magnitude of the magnetostrictive force produced by the EMAT occurs at the maximum values of these two coefficients. It is important therefore to consider the value of the 
	Figure 2.9(

	bias magnetic field with respect to the material’s magnetostricitve properties. 
	2.5.2. EMAT Configurations 
	The configuration of the EMAT’s magnetic field and coils allows the transducer 
	to excite different wave modes into the material. As previously mentioned, the AC-driven coil induces eddy currents within electrically conductive materials. When the induced eddy currents interact with the magnet’s bias magnetic field, Lorentz forces are produced within the material which generates ultrasonic waves. The most common EMAT configurations are divided into two categories: normal-beam and angle-beam. 
	2.5.2.1. Normal-Beam EMATs 
	Normal-beam EMATs transmit bulk waves into the material, propagating perpendicular to the surface they enters. shows one of the simplest and most common configurations of the normal-beam EMATs: the spiral-coil EMAT (also known as a pancake-coil EMAT). 
	Figure 2.10 

	a) shows the spiral-coil EMAT from a worm’s-eye view, with the circular coil of wire beneath the cylindrical magnet. b) shows the spiral-coil EMAT from a landscape view, with the coil between the magnet and the material’s surface. The direction of the AC driving the coil is denoted by the black arrows in a) with their corresponding directions denoted in b) (where the pink dotted circles indicate AC out of the page and pink crossed circles indicate AC into the page). The eddy currents are induced in the oppo
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	shows a second normal-beam EMAT: the rectangular-coil EMAT (also known as a racetrack-coil EMAT or elongated spiral-coil EMAT). 
	Figure 2.11 

	a) shows that the direction of AC through the rectangularcoils is the same as that of the spiral-coils in a), however this EMAT’s coil runs are straight rather than circular. b) shows that the direction of the vertical bias magnetic field is not constant, but rather it inverts. This results in the Lorentz forces aligning in the same direction, thus generating linearly polarised shear waves that propagate normal to the material’s surface. shows the final normal-beam EMAT: the butterfly-coil EMAT (also known 
	Figure 2.11(
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	Figure 2.12 

	b) shows that the magnet for this EMAT is shaped similar to a horseshoe magnet to provide a constant horizontal magnetic field, parallel to the surface of the material. The single coil wraps around each of the magnet’s poles, essentially forming two spiral-coils in opposing directions. This creates a uniform direction of AC within the horizontal magnetic field, as show in a). The magnetic field and eddy current density (both parallel to the material’s surface) produce vertical Lorentz forces, that generate 
	b) shows that the magnet for this EMAT is shaped similar to a horseshoe magnet to provide a constant horizontal magnetic field, parallel to the surface of the material. The single coil wraps around each of the magnet’s poles, essentially forming two spiral-coils in opposing directions. This creates a uniform direction of AC within the horizontal magnetic field, as show in a). The magnetic field and eddy current density (both parallel to the material’s surface) produce vertical Lorentz forces, that generate 
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	materials better than the previous two shear wave EMATs. Due to its bias magnetic field directed tangentially to the surface, this EMAT configuration is not suitable to inspection of ferromagnetic materials (as explained in Section . 
	2.5.1.2)


	2.5.2.2. Angle-Beam EMATs 
	Angle-beam EMATs transmit bulk waves into the material, that propagate at an angle to the surface they enter. A major advantage EMAT technology has over other forms of UT is their unique capacity to excite Shear Horizontal (SH) waves. Unlike conventional Shear Vertical (SV) waves whose particle motion is perpendicular to the surface plane (in-plane), the particle motion of SH-waves is parallel to the surface (out-of-plane). This is a guided wave mode typically used for the NDT of surfaces or plates [39], an
	Figure 2.13 

	a) shows the PPM EMAT’s array of permanent magnets that provide alternating magnetic fields normal to the material’s surface. Looped around this magnetic array is the coil, with straight runs carrying the AC in a uniform direction, as shown in b). This combination produces alternating Lorentz forces parallel to the material’s surface , which generates the SH-waves into the material. The wavelength of the SH-waves is determined by the spacing of the magnetic array’s alternate spacing (denoted in a) as 2d). T
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	Equation 2.29. 

	𝜆 𝑣𝑠 
	𝑠𝑖𝑛 𝜃 = = Equation 2.29 
	2𝑑 (2𝑑 × 𝑓) 
	where θ = propagation angle of shear waves (°); d = spacing between two adjacent magnets (mm). 
	a) shows the serpentine design of the coil, with straight runs underneath the magnet. b) shows that the magnet produces a normal magnetic field, which interacts with the alternating eddy currents from the MLC’s alternating directions to produce periodic alternating Lorentz forces parallel to the material’s surface. This operation is similar to the PPM EMAT, as both the SV-wave’s wavelength and angle of transmission are dependent on the coil spacing (denoted in a) as 2d)) and the frequency of the AC. This EM
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	material’s surface, with a wavelength equal to double the spacing of the MLC’s 
	runs. This EMAT is also capable of transmitting guided Lamb waves on thinly plated samples. 
	2.5.3. EMAT Advantages and Disadvantages 
	Compared to conventional UT methods, EMATs have a number of advantages and limitations. A list of the EMAT’s advantages and disadvantages is shown in and are explained in greater detail in this section. 
	Table 2.2 

	Due to the EMAT’s ability to transmit and receive ultrasonic waves via its electromagnetic transduction methods, they do not require to be in direct contact with the material. This allows EMATs to operate on surfaces that may not only be difficult to reach but also impossible or undesirable to do so (e.g. materials that are heated to extreme temperatures or within irradiated locations [43]). The ability to scan without contact also eliminates the need for any liquid couplant between the transducer and mater
	As previously mentioned, the EMAT configuration determines the wave mode that is transmitted and includes both bulk waves and guided waves (Rayleigh, Lamb, and SH-wave). The bulk waves can be transmitted normal to the surface or at an angle without requiring a wedge or any intermediary boundaries. SH-wave generation cannot be easily done with traditional NDT methods and has been proven to be superior to bulk waves in certain applications [44]. 
	EMATs do however have limitations, the primary disadvantage being their low transduction efficiency. This efficiency decays exponentially as the lift-off distance between the EMAT’s face-plate and the material’s surface increases. Reasonable lift-off for EMAT operation is generally limited to 03mm. Huang et al [42] have documented an EMAT PC setup to work with both transducers at a lift-off of 2mm, and that increases in lift-off affected the 
	EMATs do however have limitations, the primary disadvantage being their low transduction efficiency. This efficiency decays exponentially as the lift-off distance between the EMAT’s face-plate and the material’s surface increases. Reasonable lift-off for EMAT operation is generally limited to 03mm. Huang et al [42] have documented an EMAT PC setup to work with both transducers at a lift-off of 2mm, and that increases in lift-off affected the 
	-

	transmitter more than the receiver. This transduction efficiency and subsequent Signal-to-Noise Ratio (SNR) is hindered further by its frequency and application. 

	EMATs are limited to operating on electrically conductive and ferromagnetic materials due to the EMAT’s transduction method typically consisting of Lorentz and magnetostrictive forces. This excludes other materials that UT is capable of inspecting (e.g. plastics, ceramics, and composites). Specialised training is required operate the EMAT, particularly if it is in a PE setup (rather than a PC setup). Angle-beam EMATs at low angles transmit multiple wave modes with a single pulse (as with UT). This can compl
	2.5.4. Electrical Circuits 
	The EMAT’s poor transduction efficiency puts a greater emphasis on its electronic components and circuitry to maximise its efficiency [40]. The EMAT’s coils must be driven by high-power pulsers to increase the eddy currents densities that they induce. For maximum efficiency, the EMAT’s ResistanceInductance-Capacitance (RLC) circuit must be analysed. 
	-

	2.5.4.1. RLC Circuits 
	EMAT circuits can be considered to be composed of three primary components: resistors; inductors; and capacitors, as shown in The values of these three components are dependent on the EMAT’s AC frequency and the material that it is operating on. When AC flows through each of these components: resistors dissipate energy; inductors store in energy in a magnetic field; and capacitors store energy in an electric field. These storages of energy convert back into electrical current once the polarity of the AC rev
	EMAT circuits can be considered to be composed of three primary components: resistors; inductors; and capacitors, as shown in The values of these three components are dependent on the EMAT’s AC frequency and the material that it is operating on. When AC flows through each of these components: resistors dissipate energy; inductors store in energy in a magnetic field; and capacitors store energy in an electric field. These storages of energy convert back into electrical current once the polarity of the AC rev
	Figure 2.15. 

	(DC) circuit), the voltage across the inductor and capacitor causes the voltage to become out of phase with the current. 

	Ohm’s law can be applied to the inductor and capacitor within this AC circuit, however these give a different type of resistance called ‘reactance’. Reactance is the opposition to a change of current or voltage due to inductance or capacitance. In a purely inductive circuit (no capacitive reactance), the voltage leads current by a phase of 90°. Conversely, the voltage lags behind current by a phase of 90° in a purely capacitive circuit. The combined effects of resistance and reactance opposing the AC is cal
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	𝑍 = Equation 2.31 
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	where Z = Impedance (Ω); R = Resistance (Ω); XL = inductive reactance (Ω); XC = capacitive reactance (Ω); V = Voltage (V). 
	To maximise its power output (increasing its transduction efficiency) the EMAT’s RLC circuit must have its inductive and capacitive reactances matched to equate the circuit’s impedance to its resistance. The precise RLC circuit design varies depending on the EMAT’s coil configuration and application, however both reactances are dependent on the frequency of the AC, as shown in and The frequency at which the inductive and 
	To maximise its power output (increasing its transduction efficiency) the EMAT’s RLC circuit must have its inductive and capacitive reactances matched to equate the circuit’s impedance to its resistance. The precise RLC circuit design varies depending on the EMAT’s coil configuration and application, however both reactances are dependent on the frequency of the AC, as shown in and The frequency at which the inductive and 
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	capacitive reactances equate is known as the ‘resonant frequency’, and can be calculated by combining and into 
	Equation 2.32 
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	𝑓𝑟𝑒𝑠 = Equation 2.34 2𝜋√
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	where fres = resonant frequency (Hz); L = inductance (H); C = capacitance 
	(F). 
	Given that the frequency of the transmitted waves are dependent on the frequency of the AC, the RLC circuit must be designed to have its resonant frequency equal to the desired frequency of the wave. As discussed later in Section the inductance of the EMAT circuit at a given frequency was measured using an impedance analyser. This enabled capacitors to be applied in parallel to the EMAT, improving its transduction efficiency. 
	4.2, 

	2.5.4.2. Skin Depth 
	The Lorentz force transduction is reliant on the distribution and magnitude of 
	the induced eddy currents. Eddy currents however are not evenly distributed 
	throughout the material but are concentrated at the surface of the material. Their density decreases exponentially as distance from the surface increases. This phenomenon is known as the ‘skin effect’ and is measured using the Standard Depth of Penetration (SDP), shown in The SDP is defined as the depth at which the eddy current intensity is 1/e (approximately 37%) that of the surface intensity. The SDP is proportional to the power of the density decrease: at a depth of 3SDP, the eddy current density decrea
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	√𝜋𝑓𝜇𝜎𝑒 
	where δ = SDP (mm); σe = electrical conductivity of the material (S). 
	2.6. EMATs in Literature 
	EMATs have been to topic of research over many years, due to their advantage of non-contact transmission and reception of ultrasonic waves. Much work has gone into optimising their design and studying their effects within given applications. 
	Given the MLC EMAT’s bidirectional wave transmission (as shown in b)) the task of achieving unidirectional wave transmission has been undertaken. Wang et al [46] used two MLCs within a single array, offset by half a coil spacing and driven by two separate high-power signals out of phase by 90°. This was capable of transmitting both shear and Rayleigh waves in a single direction at approximately twice the amplitude, agreeing well with corresponding modelling results. This study also compared the performance 
	Figure 2.14(

	The use of unidirectional EMATs is not limited to the MLC configuration. Kubrusly, Kang, and Dixon [49] investigated the design of PPM EMATs that would generate SH-waves in a single direction. As with the MLC EMAT, the arrangement of magnets was stacked at an offset distance equal to half the magnet spacing. Coupled with a second linear-coil driven by a high-power pulser out of phase by 90°, SH-waves were transmitted unidirectionally across the surface of an aluminium plate. A similar study by Sun et al [50
	The use of unidirectional EMATs is not limited to the MLC configuration. Kubrusly, Kang, and Dixon [49] investigated the design of PPM EMATs that would generate SH-waves in a single direction. As with the MLC EMAT, the arrangement of magnets was stacked at an offset distance equal to half the magnet spacing. Coupled with a second linear-coil driven by a high-power pulser out of phase by 90°, SH-waves were transmitted unidirectionally across the surface of an aluminium plate. A similar study by Sun et al [50
	field relative to a single coil, which increased the SH-waves in one direction while suppressing it in the other. 

	Further development on point-focusing PPM EMATs was documented by Sun et al [51], whereby parametric studies looked at increasing its SNR as a receiver EMAT. The work concluded that the two biggest influences on signal intensity were the lift-off of the coils and the number of magnets in the array. Studies that have looked into the optimisation of EMATs by parametric study of their components have been conducted for other configurations. Sun et al 
	[52] investigated optimising a point-focusing spiral-coil EMAT, whose 2D axisymmetric model was akin to that of an MLC EMAT. Five parameters were selected to investigate the EMAT’s, and it was found that the lift-off had the greatest effect on signal intensity. 
	The correlation of SNR with lift-off is a recurring conclusion [40, 51, 52], with studies such as that by Ding et al [55] agreeing that the EMAT’s lift-off should be kept below 3mm for sufficient SNR. There are situations however where this limit must be overcome. Petcher, Potter, and Dixon [56] investigated transmitting Rayleigh waves across a steel rail while at high speeds, with variations in the rail’s surface that could damage the EMAT. It was found that the lift-off of the magnet alone could be increa
	[57] performed parametric studies on a spiral-coil EMAT’s design, and was capable to increase the transduction efficiency by 22.5% on aluminium by exchanging the coil’s circular Cross-Sectional Area (CSA) for a square. Further improvements could be made by: decreasing the CSA; decreasing the driving frequency; decreasing the coil spacing; and by increasing the current within the coils. 
	Beyond the two primary components of the magnet and coil, further improvements have been made to the EMAT’s physical design. Lan et al [58] also investigated the optimisation of an EMAT via parametric studies, however an Fe-based 1K107 nanocrystalline ribbon was also applied to the upper surface 
	Beyond the two primary components of the magnet and coil, further improvements have been made to the EMAT’s physical design. Lan et al [58] also investigated the optimisation of an EMAT via parametric studies, however an Fe-based 1K107 nanocrystalline ribbon was also applied to the upper surface 
	of the MLC to increase the eddy current density it induced into a metal plate. The optimised design increased the surface wave amplitude by a Scale Factor (SF) of ~4.51, and the application of 0.6mm of 1K107 ribbon increased it further by ~1.35. Iron-based film has been used as a means of increasing an EMAT’s transduction efficiency in other studies. Dhayalan et al [59] investigated the application of a soft iron-based alloy beneath the magnet to increase the magnetic flux density. The use of this magnetic 

	A large proportion of studies on EMATs in a PC setup have involved the Rayleigh wave mode, however their shear wave transduction has also been greatly explored. Xiang and Edwards [60] used racetrack coils with a normal magnetic field to reflect oblique shear waves off of the backwall of a 60mm thick aluminium sample, to be registered by a receiver EMAT. It was discovered via a parametric study of the operating frequency that the shear waves generated had the greatest magnitude at an angle of 30-40°. This he
	Within the context of rail track inspection, Dixon, Edwards, and Jian [61] employed an EMAT system to identify crack defects within the surfaces of rail track head. Two EMATs in a PC setup were set apart on either end of a rail track with a corner transverse crack between them. An FFT of the received Rayleigh wave signal showed that a higher proportion of the lower frequencies propagated underneath the cracks. Small variations in the Rayleigh wave’s velocity were also recorded from around the rail head, ind
	Within the context of rail track inspection, Dixon, Edwards, and Jian [61] employed an EMAT system to identify crack defects within the surfaces of rail track head. Two EMATs in a PC setup were set apart on either end of a rail track with a corner transverse crack between them. An FFT of the received Rayleigh wave signal showed that a higher proportion of the lower frequencies propagated underneath the cracks. Small variations in the Rayleigh wave’s velocity were also recorded from around the rail head, ind
	the rail’s head with longitudinal cracks [62]. Li et al [63] used a spiral-coil EMAT to inspect subsurface cracking of rail track. An increase in frequency decreased the beam divergence in the EMAT’s normal shear waves and was experimentally proven to reach a limit at over 3MHz. This narrowing of beam divergence increased the SNR of the crack’s signal. 

	Yi et al [64] proposed the use an array of EMATs to inspect rail track: one spiral-coil EMAT to detect longitudinal cracks in the rail web or base; one 37° MLC EMAT to detect transverse cracks around the rail’s bolt hole and its base; two 60° MLC EMATs oriented either parallel or perpendicular to the direction of rail track to detect transverse cracks and longitudinal cracks respectively within the rail head; and one unidirectional 90° MLC EMAT to detect transverse cracks at the rail head’s surface. While t
	2.7. Summary 
	This chapter has explored the operating principle of EMATs, specifically the means by which they transmit and receive ultrasonic waves, and how their design influences the wave modes transmitted. Their place within both NDT and research has also been discussed, specifying their advantages and limitations, and their advances within academic literature. 
	Chapter 3 -Finite Element Method (FEM) 
	The purpose of this chapter is to detail the simulated FEM models that were used throughout the study, specifically regarding: their structural and physicsbased design; the data that was exported; and the conclusions that were drawn from them. 
	-

	3.1. Introduction 
	FEM is a mathematical modelling tool that builds complex and dynamic systems on a computer, in order to calculate approximate solutions for a given application [65, 66]. These solutions are calculated by the governing equations dictated by the given time or space dependent problems. In the case of EMATs, these governing equations relate to electromagnetism and solid mechanics. The models are composed of elemental shapes (usually triangular or rectangular for 2D models) with node points at each of these elem
	In this context of this work: the system would be of an EMAT transmitting ultrasonic waves within an aluminium sample, thus the applications would include electromagnetic induction and ultrasonic wave propagation. The 2D simulations would allow both the electromagnetic features (magnetic field lines and eddy current densities) and ultrasonic waves to be visualised within the aluminium, and values of displacement to be extracted from the surfaces of the samples. Aluminium was chosen as the sample’s material 
	1. As a non-ferromagnetic material, the only transduction method would be Lorentz forces, simplifying the ultrasonic wave generation. Previous studies have detailed the complexities that arise from 
	1. As a non-ferromagnetic material, the only transduction method would be Lorentz forces, simplifying the ultrasonic wave generation. Previous studies have detailed the complexities that arise from 
	modelling the EMAT’s magnetostriction transduction , due to their combination of hysteresis effects and changing magnetostriction curves with applied or residual stresses in the material [33, 67]. 

	2. 
	2. 
	2. 
	Aluminium and other non-ferromagnetic materials are commonly used in industry and routinely in need of evaluation via NDT. 

	3. 
	3. 
	Many scientific papers on the topic of EMATs test on aluminium, allowing their conclusions to be used as comparisons to this work. 


	‘COMSOL Multiphysics’ is an FEM analysis software widely accepted by academic establishments for constructing accurate scientific models and has been shown to operate accurately in a myriad of scientific papers [68, 69, 70]. COMSOL is also capable of coupling the EMAT’s governing equations together and solving them automatically. Since the EMAT’s operation hinges on the interaction between its bias magnetic field and induced eddy current densities, it was important to analyse these two components separately
	3.2. Governing Equations 
	The two physics interfaces for the EMAT model include electromagnetics and ultrasonic wave propagation. Each of these interfaces are governed by a different set of equations, thus the two COMSOL package required were: the AC/DC module; and the Structural Mechanics module [71]. 
	The AC/DC module is capable of solving the electromagnetic governing equations, derived from Maxwell’s equations 
	(Equation 2.9-
	Equation 

	& . These governing equations describe the behaviour of the electromagnetic fields based upon the model’s chosen physics interface. A quasi-static approximation is applied to Ampere’s law to neglect the lagging of induced fields, reducing it to The Helmholtz decomposition theorem can be applied to certain differentiable vector fields to re-express them to the sum of irrotational and solenoidal vector fields. This allows for both the magnetic and electric fields to be rewritten in terms of a 
	& . These governing equations describe the behaviour of the electromagnetic fields based upon the model’s chosen physics interface. A quasi-static approximation is applied to Ampere’s law to neglect the lagging of induced fields, reducing it to The Helmholtz decomposition theorem can be applied to certain differentiable vector fields to re-express them to the sum of irrotational and solenoidal vector fields. This allows for both the magnetic and electric fields to be rewritten in terms of a 
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	scalar potential and a vector potential, defined in and 
	Equation 3.2 
	Equation 


	respectively. 
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	∇ × 𝐵 = 𝜇𝐽Equation 3.1 
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	B = ∇×𝐴 Equation 3.2 
	𝑑𝐴 
	𝐸 =−𝛻𝑉− Equation 3.3 
	𝑑𝑡 
	where A = magnetic vector potential; V = scalar potential. 
	Using 3.3 with simulated model defines Ampere’s law as and represents the divergence of this law. 
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	𝑑𝐴 ∇×𝐴 
	𝐽𝑒=σ +∇×( −𝑀)−𝜎𝑣×(∇×𝐴)+𝜎∇𝑣 Equation 3.4 
	𝑑𝑡 𝑑𝐴 
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	∇.(−𝜎 +𝜎𝑣×(∇×𝐴)−𝜎∇𝑣+𝐽𝑒)=0 Equation 3.5 
	𝑑𝑡 
	and act as simultaneous equations to solve for A and Je, from which all other electromagnetic values are derived. For timedependent magnetic simulations, COMSOL’s default value for the scalar potential is equal to zero, allowing A and Je to be solved via FEM. 
	Equation 3.4 
	Equation 3.5 
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	The structural mechanics module is capable of solving the ultrasonic wave propagation. This governing equation is represented by and is directly solved by FEM. Via FEM, all other quantities in this module can be derived. 
	Equation 3.6, 
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	where Fv = Force per unit volume (N/m³). 
	3.3. Magnet Model 
	The MLC EMAT used a neodymium magnet (NdFeB) graded at N42, and its corresponding physical and magnetic properties is stated in The magnet was coated with three layers of: nickel; copper; and nickel, for a smooth surface finish and to improve resistance to corrosion. The magnetic 
	Table 3.1. 

	face was positioned tangentially to the tested material’s surface (as seen in b)) to provide the EMAT its vertical bias magnetic field. Table 3.1: N42 NdFeB Magnet Properties [72] 
	Figure 2.14(

	The aluminium sample was designed to be semicircular (for reasons explained in Section . This sample was 100mm in radius, with the magnet positioned at the centre of the surface, as shown in The lift-off between the bottom of the magnet and the sample’s surface was varied in order to perform parametric studies of the effects that lift-off had on the aluminium. The entire model was surrounded by a boundary of air, with 20mm layers at the end in which artificial infinite element domains were constructed. Thes
	3.5)
	Figure 3.1. 

	From COMSOL’s material library: ‘N42 (Sintered NdFeB)’ was used for the magnet; standard aluminium (σe = 37.74MS/m) was used for the sample; and air was used for its respective parts within the model. From the AC/DC module, the ‘Magnetic Fields (mf)’ physics interface was used to define the magnet’s magnetisation model as ‘remanent flux density’, and the direction of magnetisation for the MLC EMAT was positive in the vertical. A free triangular mesh was used for the finite domains of the model, with a maxim
	A parametric study was performed to observe how the magnet’s lift-off affected the magnetic flux density at the aluminium’s surface. shows COMSOL’s 2D plot of the magnetic field within the sample, and shows both the components and magnitude of magnetic flux density across the aluminium’s surface for a lift-off of 0mm. 
	Figure 3.2 
	Figure 3.3 

	shows that the magnetic flux density concentrates at the edges of the magnet. The orientation of the magnetic field was calculated from the two components of magnetic flux density using where: 0° points vertically down; ±180° points vertically up; -90° points horizontally to the left; and +90° points horizontally to the right. 
	Figure 3.3 
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	where θB = angular orientation of magnetic flux density (°); Bx = xcomponent of magnetic flux density (T); By = y-component of magnetic flux (T). 
	-

	shows the orientation of the magnetic field across the surface of the aluminium, based upon the results shown in From the corners of the magnet at ±10mm, the vertical component of magnetic flux density inverts from positive (upwards) directly beneath the magnet to negative (downwards) outside of the magnet. Since the induced eddy current densities from the coil retain their alternating direction, this inversion of the magnetic flux density also inverts the alternating orientation of the Lorentz forces that 
	Figure 3.4 
	Figure 3.3. 

	and show that the maximum value of magnetic flux density at the surface of the sample decreases as lift-off increases, due to the lines of magnetic flux spreading over a larger area. The data also shows that the position of maximum magnetic flux density on the sample’s surface shifts from beneath the edge of the magnet to beneath the centre as lift-off increased. 
	Figure 3.5 
	Figure 3.6 

	Due to their low transduction efficiency, much work has gone into optimising the performance of EMATs by altering their structural design [49, 50, 70]. Jia, Ouyang, and Zhang [74] improved the performance of a spiral-coil EMAT by exchanging its cylindrical magnet for an annular magnet around a smaller cylindrical magnet. Using the same spiral-coil, this new magnetic configuration increased the EMAT’s SNR from 4.08dB to 13.96dB. 
	A second parametric study was therefore performed on different magnetic configurations. This was done to investigate the effect that this had on the magnetic flux density at the surface of the aluminium, and whether an alternative magnetic configuration could be used to optimise the MLC EMAT’s transduction efficiency (explored in Chapter 5). Alternate configurations included changing the width of the magnet and/or stacking multiple magnets together in alternating polarity (akin to a PPM EMAT). The limits im
	1. 
	1. 
	1. 
	The magnets must remain N42-NdFeB block magnets with vertically directed magnetic fields. 

	2. 
	2. 
	The magnets must fit into the experimental MLC EMAT’s casing (40mm x 40mm x 20mm) giving a total width of 40mm and a total height of 20mm. 

	3. 
	3. 
	The magnets must be able to be bought from commercial suppliers. 


	These requirements limited the magnets used to three different widths: 20mm; 40mm; and 10mm. The magnetic configurations simulated are listed in and show the magnetic fields of the alternate configurations. also includes the number of peaks in magnetic flux density across the surface at 1mm lift-off, and how many of those peaks fell within the width of the coil array (stated later in Section to be equal to 28.5mm). These number of peaks tends to be equal to the number of magnets used plus one. This was due 
	Table 3.2, 
	Figure 3.13 
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	3.4 
	Equation 2.22)

	3.15 show the magnitudes and positions respectively of maximum magnetic flux density across the aluminium’s surface for these magnetic configurations. shows that the magnetic configurations with the largest magnetic flux density were those with two or more magnets in its configuration, with Magnet-3 as the greatest. These values of magnetic flux density originate from beneath the positions where the vertical polarity of the magnetic field inverts (at the corners of the magnets). Magnets 1, 2, & 5 by compari
	Figure 3.14 

	shows that as lift-off increases, the position of maximum magnetic flux tends to move from the corners of magnets to the centre of the overall magnetic configuration. This is due to the y-component of magnetic flux density at the centre of the configuration becoming proportionally greater than the x-component at a given point, as shown in This trend is certainly true for Magnets 1, 2, 4, & 5, while Magnets 3 & 6 keep a constant position at 0mm due to having two magnets of equal width concentrating the magne
	Figure 3.15 
	Figure 3.5. 

	3.4. Coils Model 
	3.4. Coils Model 
	The experimental MLC consisted of six turns of a printed copper coil track within a 25/25/0 plastic coverlay, shown in Each turn consisted of two coil runs, the spacing interval between each run was 2.5mm, and each run was made up of three strands to spread the induced eddy current density across the surface more evenly. is annotated with the coil numbers for each run, as well as to highlight the overall width and depth of the coil array. Figure 3.17 shows the simulated dimensions of the coil’s CSA for a si
	Figure 3.16. 
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	27.5mm 30.0mm 12108642 1197531 
	Figure 3.16: Experimental MLC design 
	Figure 3.16: Experimental MLC design 



	The design of the coil model mostly followed that of the magnetic model, however there were a few key differences. The thickness of the plastic coverlay added an additional 0.125mm to any lift-off applied, so for an MLC lift-off of 0mm (shown in the actual lift-off is 0.125mm. The centre of this coil array (between coils 6 & 7) was positioned at the centre of the aluminium’s surface. Standard copper from COMSOL’s material library (σe = 59.98MS/m) was used for the coils, however the plastic coverlay was omit
	Figure 3.17) 

	Due to the direction of AC, z-components of eddy current density were extracted from the aluminium. 
	The same parametric study on the effects of lift-off were performed on the MLC, to recording the induced eddy current density at the aluminium’s surface. A second parametric study on the frequency of the AC through the coils was also conducted, as this was how the shear waves would be steered (according to . This model therefore required a frequency study step, replacing the stationary study step used for the magnet’s model. 
	Equation 2.29)

	shows the values of frequency calculated for steering angles of 15-90°. The frequency range of 0.6240-2.4110MHz has an SDP range of 0.1037-0.0528mm respectively within the aluminium’s surface, according to Values of eddy current density required extraction at 0.01mm increments to allow for at least five nodes per skin depth for all steering angles, necessitating a maximum mesh size of 0.01mm. As it was impractical to achieve this mesh across the entire aluminium sample, an area of high-mesh density was cons
	Figure 3.18 
	Equation 2.35. 

	shows the design of the coil model, annotated to show the area of high-mesh density. shows the maximum value of eddy current density across the surface of the aluminium as lift-off increased, for the 15° and 90° steering angles. There is a noticeable exponential decay in eddy current density as lift-off increases, both at and beneath the surface of the aluminium. 
	Figure 3.19 
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	and show the distribution of the eddy current density at the surface of the aluminium as lift-off increases, for the 15° and 90° steering angles respectively. 
	Figure 3.21 
	Figure 3.22 

	Between these two extreme steering angles, the maximum value of eddy current density at the surface decreases from 385A/mm² to 200A/mm² at 0mm lift-off. Despite this drop, the decay in eddy current density as lift-off increases remains proportional across steering angles, as seen in 
	Figure 3.23. 

	It is also noticeable from the 15° steering angle that the eddy current profile at 0mm MLC lift-off is well-defined enough to plot the induction from each coil strand. This is due to the reduced SDP concentrating the eddy currents at the surface. As the steering angle increases, the SDP also increases causing the eddy currents to become more dispersed at the surface, thus causing the eddy current profile to lose its definition. shows the values of eddy current density for steering angles of 15° and 90° as d
	Figure 3.24 

	shows that the induced eddy current density for the 15° steering angle decays at a faster rate with depth than the 90° steering angle, due to its comparatively greater eddy current density at the surface and reduced SDP. For steering angles of 15° and 90° (with SDPs of 0.0528mm and 0.1037mm respectively) the values of eddy current density at 3SDP would be equal to their surface values (of 385A/mm² to 200A/mm² respectively) scaled by a factor of 1/e³. These values were measured at 17.8A/mm² and 9.7 A/mm² res
	Figure 3.24 

	What is noteworthy from and was that for all eddy current profiles, the position of maximum eddy current density is located beneath coils 1 and 12. This is due to their positions at the ends of the coil 
	What is noteworthy from and was that for all eddy current profiles, the position of maximum eddy current density is located beneath coils 1 and 12. This is due to their positions at the ends of the coil 
	Figure 3.21 
	Figure 3.22 

	array, meaning that they had only one neighbouring coil (rather than two) in an alternating direction to reduce its induced eddy currents. Moving inward from the ends of the array, the value of eddy current density oscillated until it reached a centre. A third parametric study was conducted on the number of coils within the array, to observe whether this pattern of behaviour remained consistent. The number of coils reduced from twelve to two in increments of two. shows the peak values of eddy current densit
	Figure 3.25 
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	Figure 3.25: Maximum Eddy Current Density Peaks across Number of Coils at 0mm lift-off 
	Figure 3.25: Maximum Eddy Current Density Peaks across Number of Coils at 0mm lift-off 



	This pattern remains consistent for all steering angles and for lift-offs up to 2mm. Beyond 2mm lift-off, the eddy current profiles become so distributed that only two peaks are measured. By this point however, the maximum eddy current density values decay so much that they would be impractical to use. 
	3.5. EMAT Model 
	To build a model of the complete EMAT, both magnet and coil models were combined into a single 2D model. The primary difference with this model was the inclusion of the multiphysics coupling between the ‘Magnetic Fields’ and the ‘Solid Mechanics’ physics interfaces. This permitted the simulation of the ultrasonic waves generated from the Lorentz forces, calculated by the induced eddy current and the bias magnetic field within the aluminium (according to 
	To build a model of the complete EMAT, both magnet and coil models were combined into a single 2D model. The primary difference with this model was the inclusion of the multiphysics coupling between the ‘Magnetic Fields’ and the ‘Solid Mechanics’ physics interfaces. This permitted the simulation of the ultrasonic waves generated from the Lorentz forces, calculated by the induced eddy current and the bias magnetic field within the aluminium (according to 
	. The stationary study step was used to calculate the magnet’s static magnetic field, however the coil’s frequency study step was replaced with two time-dependent steps: the first to simulate the produced Lorentz forces via the multiphysics coupling; and the second to simulate the ultrasonic wave propagation via the solid mechanics physics interface only. 
	Equation 2.22)


	The reason for two separate time-dependent study steps was due to the multiphysics coupling within the first step. This required the area of high-mesh density from the coil model, which created a greater computational load. This area of high-mesh density was not required within the second step due to the simulation of the wave propagation only. shows the difference in meshing between these two time-dependent study steps. 
	Figure 3.26 

	To further reduce the computational load, changes were made to the mesh density of the model. Mesh convergence tests were conducted on different sections of the model. Firstly, maximum mesh size within the bulk material (within which the bulk waves propagated) was set at a value of six elements per wavelength. This number of elements per wavelength changed the desired results by less than 0.8% (as shown in and has been accepted in previous literature [75]. This maximum mesh size value changed for a given st
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	== Equation 3.8
	ℎ𝑚𝑎𝑥 
	𝑁 𝑁 
	where hmax = maximum mesh size (m); λmin = minimum wavelength (m); 
	N = number of mesh elements per wavelength (1/m). 
	The width of this high-mesh area was also decreased from 60mm to 40mm, as and shows that the induced eddy current density reduces to less than 1% the maximum value at 20mm from the centre. These values provided a compromise between the number of simulations that could be run, the time taken to run them, and their overall accuracy. 
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	When solving time-dependent (transient) models it is important to consider the length of the timestep, as it resolves the wave equation across time just as the mesh resolves it across space. Since longer timesteps do not make optimal use of the mesh and shorter timesteps do not increase the simulations runtime without any significant improvement to the results, the relationship between these two values was made proportional to the CourantFriedrichs-Lewy (CFL) number [76], shown in The model used COMSOL Mult
	-
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	𝐶𝐹𝐿 = Equation 3.9 ℎ𝑚𝑎𝑥 
	where CFL = Courant-Friedrichs-Lewy number; Δt = timestep (s). 
	A gaussian window was used to modulate the transmission signal within the coils, shown in The reason that a modulated gaussian pulse was preferable over a purely sinusoidal pulse is explained by Hong, Sun and Kim [78], but in summary: its time and frequency localisation are better due to the pulse energy being concentrated near the centre. While the method of experimental signal transmission (discussed later in Section was as a voltage pulse, a current pulse was chosen for this thesis due to its direct prop
	Equation 3.10. 
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	− Equation 3.10
	𝐼(𝑡) = 𝐼𝑚𝑎𝑥 × 𝑒 𝑐𝑜𝑠(2𝜋𝑓(𝑡 − τ)) 
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	where I(t) = current of signal at time ‘t (µs)’ (A); Imax = maximum current amplitude = 6A; τ = time delay (s); σ = standard deviation (s). 
	The current pulse was designed to emit multiple peaks with the maximum at the centre (occurring at t = τ), that could be used for ToA calculations. The amplitude of the respective peaks was equal across the range of angles, as the standard deviation was inversely proportional to the frequency (σ = 1.2/f). 
	To further reduce its computational load, the timeframe of the first timedependent step was limited to the period in which the transmission signal’s peaks were greater than 1% of the maximum amplitude. A range of at least 3σ from the centre of a normal distribution is typically used, however for this range it was increased to 3.125σ (equal to 3.75/f) to allow the pulse to complete 7.5 cycles. The time delay was rounded up to the nearest timestep (expressed in which resulted in the timeframe of the first tim
	-
	Equation 3.11) 
	-
	Figure 

	shows the transmission signals for steering angles of 15° and 90° for a coil spacing of 2.5mm, and shows the simulation variables across that range of steering angles. 
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	𝜏 = 𝑟𝑜𝑢𝑛𝑑𝑢𝑝 [ ] × ∆𝑡 Equation 3.11 
	𝑓 ×∆𝑡 
	The timeframe of the second time-dependent study step for each steering angle ranged from 2τ to the end of the simulation at 99µs, as this included the return of the shear waves to the MLC. The value of the timestep was calculated using and rounded down to the nearest value, such that dividing 99µs by it would produce an integer number of timesteps for the duration of the model. 
	Equation 3.9 

	The design of the magnet and coils (discussed in Sections ) was unchanged for the EMAT model, however their lift-off distances were set at fixed values. The MLC’s lift-off was set at 0mm, meaning that the copper coils had an actual lift-off of 0.125mm due to their design (as explained in . The magnet’s lift-off however was set at 1.1mm. This was based off of the experimental EMAT’s design, consisting of: the 0.4mm-thick MLC; three layers of 0.2mm-thick plastic shims; and one layer of 0.1mm-thick copper tape
	3.3-
	3.4
	Figure 
	3.17)

	The inclusion of the copper and plastic layers in this order diminished any induced eddy currents (and thus Lorentz forces) within the nickel surface of the magnet. These forces generated ultrasonic waves in the magnet’s surface that were received up by the EMAT when used in a PE configuration. shows the effect that these plastic shims and copper tape had on the received signals from the experimental MLC EMAT in a PE setup. Not only is the signal far noisier, but it could not be filtered out and resulted in
	Figure 3.31 

	The shape of the aluminium sample was semicircular (100mm in radius) to measure the beam directivity of the bulk waves. The x & y components of displacement were extracted from the sample’s curved surface across time, to plot the beam directivity of each bulk wave and locate their positions of maximum displacement. Components of displacement were preferable over its magnitude, as they could be used to differentiate between the two types of bulk waves striking the surface based on particle movement (as discu
	4.3.1)
	Figure 3.32) 

	Within the context of rail track inspection, the EMAT would transmit and receive waves in its direction of travel along the track, similar to Yi et al [64] and Edwards et al [79]. The 2D model of the rail track would be rectangular when viewed from side-on, rather than the flat-bottomed rail profile shown in 
	Figure 3.32: EMAT Semicircular Model 
	As with the semicircular sample, x & y components of displacement were extracted from the surfaces across time, however this was to measure the shear wave steerability across the backwall. Due to its bidirectional transmission, the transmission EMAT (Tx) was positioned 50mm from the edge of the sample’s surface. This meant that the shear waves that reflected off of the sample’s sidewall onto the backwall could be isolated in time from the shear waves that propagated directly to the backwall. The x & y compo
	Figure 3.33)

	For both aluminium samples, electromagnetic values were also extracted from the area of high-mesh density directly beneath the EMAT. These values included the x & y components of magnetic flux density and the z-component of eddy current density (as they were in the magnet and coil models). These values were extracted from the first time-dependent study step (during which 
	For both aluminium samples, electromagnetic values were also extracted from the area of high-mesh density directly beneath the EMAT. These values included the x & y components of magnetic flux density and the z-component of eddy current density (as they were in the magnet and coil models). These values were extracted from the first time-dependent study step (during which 
	the area of high-mesh density existed) and could be used to show the EMAT’s electromagnetic behaviour during transmission. 

	The results and data analysis of these simulated models is discussed in Section however shows an example colour-plot of this EMAT model. has been annotated to highlight the various wave modes transmitted bidirectionally. 
	4.3.1, 
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	Figure 3.34 

	The compression waves reached the curved surface first due to their greater wave velocity and were reflected or mode converted back to the EMAT. 
	The two angled shear waves were greater in magnitude than any other wave mode and were next to reach the curved surface. Between these two shear waves were sidelobes angled close to 0°. The Rayleigh waves are seen propagating from the EMAT, across the flat surface, to the curved surface via the corners of the sample at ±90°. 
	3.6. Summary 
	A description of the various FEM models was provided within this chapter. These models were of the magnet and MLC individually, culminating in the design of the EMAT model itself. The effects that lift-off has on the electromagnetic properties within the aluminium sample was explored, and the parametric studies performed on the magnetic configurations and number of coils are continued in Chapters 5 and 6 respectively. The trade-offs made in the areas and densities of the EMAT model’s mesh has been discussed
	Chapter 4 -MLC EMAT Beam Directivity and Steerability 
	The previous chapter details the simulation models crucial for this thesis, as they enabled a myriad of tests to be run remotely at minimal cost. This chapter explains the results from the numerous simulations performed, and from the experimental testing performed to validate these models. 
	4.1. Introduction 
	With the EMAT simulation models constructed, they required validation by experimental setups. Once the experimental results had reliably corroborated the simulated results, further simulations were then performed to investigate the EMAT via parametric studies, without the necessity of experimental verification. The aluminium samples described in Section were manufactured according to their simulated counterpart’s design, at a depth of 70mm. Using an “Olympus OmniScan MX2” and 4MHz 0° shear and compression p
	3.5 

	4.2. Experimental Setup 
	Since the simulated EMAT’s design was based on the experimental MLC EMAT, and the aluminium samples were manufactured to match those in the model’s, the primary differences between the simulated and experimental tests was the transmission and reception of the ultrasonic waves. For a PC configuration, Tx was compressed into a fixed position on the aluminium sample’s surface and connected to the high-voltage RF burst output of a “RITEC SNAP system”. The SNAP system was used due to its high 5kW power burst, it
	The SNAP system’s two gated amplifiers were used to produce separate carrier and modulation frequencies that were multiplied together to produce a single Hanning window pulse. The simulation’s gaussian pulse was designed to replicate the SNAP system’s Hanning window pulse. The carrier signal consisted of a six-cycled sinusoidal pulse (the frequency of which was calculated from the given steering angle via at a 90° phase shift, and the modulation signal consisted of a single-cycled cosinusoidal pulse (the fr
	Equation 2.29) 
	Figure 

	shows both the carrier and modulation signals to generate the Hanning window for a steering angle of 30°, as well as the simulated gaussian pulse. Due to the SNAP system’s maximum Pulse Repetition Frequency (PRF) firing rate limitation, the firing rate for all steering angles was kept at 250Hz. 
	4.1 

	Capacitors were used in parallel with both EMATs to match their electrical impedance and improve their transduction efficiency. Their capacitance was measured by connecting Tx to a “Solartron SI 1260 impedance/gain-phase analyser” whilst on the aluminium sample, and a peak voltage of 3V at the required frequency was passed through the coils. Values of parallel inductance and resistance were recorded and used to calculate an average inductance and resistance at the given frequency. (derived from was used to 
	Equation 4.1 
	Equation 2.34) 

	1 𝐶 = Equation 4.1 
	𝐿
	𝐿
	(
	2𝜋𝑓𝑟𝑒𝑠
	)
	2 

	Standard ceramic capacitors were used for the reception EMAT (Rx) as the induced voltage from the received waves was not sufficient to breach their 50V limit, however Tx required leaded high-voltage ceramic RF power capacitors. shows the experimental variables across a range of steering angles, including the values of capacitance measured by the impedance analyser for Tx. 
	Table 4.1 

	Table 4.1: EMAT experimental variables for a given steering angle 
	Due to their low transduction efficiency, Rx was connected to a “Sonemat Standalone Amplifier SAA1000” [80] for a signal gain of +30dB. For a further enhancement to the received signal, the amplifier’s output was connected to the SNAP system’s internal superheterodyne receiver channels. It is recommended by the SNAP system’s user guide [81] that the high-pass filter “should be set to as high a frequency as possible but below the lowest frequency of operation during a measurement”, and that the low-pass filt
	amplifier had high-pass and low-pass filters of 0.05MHz and 20MHz respectively. An output gain of +40dB from the SNAP system was also applied for all the experimental testing, unless stated otherwise. The SNAP’s superheterodyne receiver had its detector tracking enabled to the first harmonic frequency of the pulse’s carrier frequency. Additionally, the output of the SNAP system’s RF burst monitor was recorded as according to [81] “the RF Burst Monitor signal provides an accurate representation of the high -
	While Tx remained in a fixed position, Rx was repositioned across the surfaces of the samples at regular intervals. An oscilloscope was used to display the filtered signal from the SNAP system and record an average of sixteen signals from the ultrasonic waves received by Rx. These signals were exported as A-scans from each position across the surface. shows this experimental setup for a PC EMAT configuration on the semicircular aluminium sample. 
	Figure 4.2 

	4.3. Beam Directivity 
	Using the EMAT model with a semicircular aluminium sample, parametric studies were performed on the steering angle of the transmitted shear waves. The results of these simulations were compared to experimental setups of the same model to validate their accuracy. 
	4.3.1. Simulated Results 
	show the colour-plots for steering angles of 15-90° at 5° intervals. These colour-plots were taken at a timestep of ‘τ + 19.8µs’, as the shear waves would not yet have reached the curved surface of the sample, and thus the effects of the change in steering angle were more apparent. The Rayleigh waves would also not yet have reached the curved surface at this time, however the compression waves would have reflected and (if applicable) modeconverted off of it and overlay on top of the shear waves. 
	Figure 4.18 
	Figure 4.3-

	-

	From the intensity of the shear waves appears to reach a maximum at a steering angle of 30°. It is at this steering angle that the first critical angle is reached. Rearranging Snell’s Law compare the steering angles of the shear and compression waves (based upon their respective velocities in the aluminium) shows that the first critical angle (as described in Section is at a shear wave steering angle of 29.18° (~30° steering angle). It is at this steering angle that the compression wave energy is being conv
	Figure 4.18, 
	Figure 4.3-

	(Equation 2.8) to 
	2.3.3) 
	Figure 4.3-
	Figure 

	The reception angle of the shear waves increases with their steering angle until approximately 50° when a steering limit is reached. Beyond this steering angle, their reception angle does not increase at the same rate as with the previous steering angles. At this steering limit, the Rayleigh waves also begin to supplant the shear waves as the dominant wave mode. This is due to the EMAT transmitting shear waves at the second critical angle. 
	(Figure 4.10) 

	What is most noticeable from these figures (particularly from the 45° steering angle onwards) was that the transmitted shear waves appear to be transmitted as two split-waves in each direction. It is clearly seen from the flat surface of that this extended to the Rayleigh waves also. show graphs of displacement magnitude against time from different reception angles across the curved surface for steering angles of 15°, 30°, 45°, and 90°. From these graphs, the individual split-waves for all three wave modes 
	Figure 4.18 
	Figure 4.3-

	Figure 4.22 
	Figure 4.19-


	shows that the compression waves similarly exhibited this split-wave behaviour at lower steering angles, but shows that they merge into a single wave as the steering angle increases. This behaviour is also seen with the shear waves as they begin to merge from however it is not seen with the Rayleigh waves as the frequency does not continue to decrease beyond this steering angle. It is also shown from both 4.9 and that as the steering angle increases from 15-45°, the split-waves begin to merge into a single 
	Figure 4.19 
	Figure 4.21 
	Figure 4.22, 
	Figure 4.21-

	Figure 4.3-
	Figure 
	Figure 4.21 
	Figure 4.19-


	The particle motion of the shear and compression waves are perpendicular to and parallel to their direction of propagation respectively (as previously stated in Section . Since the EMAT was positioned at the centre of the semicircular sample’s flat surface, the bulk waves should propagate at an angle normal to any point across the sample’s curved surface. were therefore used with the components of displacement at a given point from across the sample’s curved surface to determine the wave mode striking the c
	2.3.2)
	Equation 4.2
	-

	Equation 4.3 

	𝑢𝑠 = 𝑢𝑥 𝑐𝑜𝑠 θ𝑟 + 𝑢𝑦 𝑠𝑖𝑛 θ𝑟 Equation 4.2 
	𝑢𝑐 = 𝑢𝑥 𝑠𝑖𝑛 θ𝑟 − 𝑢𝑦 𝑐𝑜𝑠 θ𝑟 Equation 4.3 
	where us = displacement tangential to the curved surface (m); uc = displacement normal to the curved surface (m); ux = x-component of displacement (m); uy = y-component of displacement (m); θr = angle normal to the curved surface (°). 
	Positive values of us and uc are orientated anti-clockwise and outwards from the sample’s surface respectively. For each reception angle, the tangential and normal displacements were calculated at each timestep and filtered through a bandpass filter, with cutoff frequency limits of ±1/3 of the transmission signal’s frequency (e.g. for a 30° steering angle the frequency was 1.248MHz, thus bandpass limits of 0.832-1.664MHz). show the results of this process using the data shown in 
	Figure 4.26 
	Figure 4.23-

	Figure 4.19-
	Figure 
	4.22. 

	The use of and on the components of displacement is clearly able to differentiate between wave modes at a given reception angle. The peak values of tangential displacement are far larger than those of normal displacement for the shear waves (in accordance with their particle motion) and vice versa for the compression waves. The Rayleigh waves however possess both tangential and normal displacements due to their elliptical particle motion (as discussed in Section . 
	Equation 4.2 
	Equation 4.3 
	2.3.2)

	The semicircular sample enabled a plot of the directivity patterns for both the shear and compression waves to be drawn for each steering angle. At each reception angle from across the curved surface, the maximum values of each differentiated bulk wave was recorded and graphed into a directivity plot. At reception angles beyond 75°, the shear waves arrived at similar times to the Rayleigh waves, and it became impossible to differentiate between them and extract the maximum shear wave value. The reception an
	Figure 4.42 
	Figure 4.27-

	Figure 4.3
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	Figure 4.18. 
	Equation 4.2 
	Equation 4.3 

	shows the maximum directional displacements for each of the three wave modes as the steering angle increased from 15-90° at 1° intervals. While the bulk wave displacements were extracted from the directivity plots, the Rayleigh wave displacements were taken from the reception angles at ±90°. Due to the values of maximum displacement being comparatively larger for the Rayleigh waves than the bulk waves, these were graphed using the right axis with an increased scale factor of 5. 
	Figure 4.43 

	From the 15° steering angle, the maximum shear wave displacement gradually increases to its peak value at the 31° steering angle. From here, the maximum shear wave displacement gradually decreases to a trough value at the 42° steering angle, and from there plateaus for the remaining steering angles. A similar pattern of behaviour is seen with the maximum compression 
	From the 15° steering angle, the maximum shear wave displacement gradually increases to its peak value at the 31° steering angle. From here, the maximum shear wave displacement gradually decreases to a trough value at the 42° steering angle, and from there plateaus for the remaining steering angles. A similar pattern of behaviour is seen with the maximum compression 
	wave displacements, however its peak value occurs at a lower steering angle of 25°. It is likely that the compression wave displacement also gradually increases from steering angles lower than 15°. 

	From & the maximum Rayleigh wave displacement gradually increases from a trough value at the 32° steering angle (as the maximum shear wave displacement begins to decrease from its peak). As the steering angle increases, the maximum displacement of the Rayleigh waves increases until it overtakes that of the shear waves at a 45° steering angle. After reaching a maximum rate of increase at the 56° steering angle, it begins to plateau until it reaches its peak at the 90° steering angle. There is also a smaller 
	Figure 4.18 
	Figure 4.3-

	Figure 4.43, 

	shows the reception angles at which the maximum shear waves displacement occurs across the range of steering angles. Included within these results are error bars indicating the shear wave beamwidth (defined as the range of reception angles with displacements above a cutoff of -6dB the maximum) for that particular steering angle. Graphed on the right axis is the Relative Time of Arrival (RToA), defined in By graphing the maximum shear wave displacement in both time and space, the effect that the steering ang
	Figure 4.44 
	Equation 4.4. 

	𝑟 
	𝑅𝑇𝑜𝐴 = 𝑇𝑜𝐴 − τ − Equation 4.4
	𝑣𝑆 
	𝑣𝑆 

	RToA values equal to zero suggests that the shear wave originated from the centre of the flat surface, while positive or negative values suggest that the origin positions were further or closer than the centre. Previous work on this subject (included in Appendix A) investigated the relationship between the reception angle of maximum shear wave displacement and its RToA [84]. While that body of work had differences in the simulation’s setup (most notably different lift-offs for both the magnet and coil and a
	It was immediately noticeable that reception angle does not increase linearly across the steering angle range. There are sudden increases in the reception angle which correlate with sudden changes in pattern for the RToA. The sudden changes in the RToA was used to separate the steering angle range into six sections: A (15-25°), B (26-36°), C (37-41°), D (42-65°), E (66-70°), and F (71-90°). 
	Section A sees the increase of steering angle from 15° to 25° linearly increase the reception angle from 16.3° to 26.8° and linearly decrease the RToA from -0.233µs to -0.405µs. The linear change in both of these values was due to the maximum peak in the reception angle’s A-scan (from which these results were both derived) originating from the same wavefront in the same splitwave. The shear wave increases in both displacement and reception angle as the steering angle increases, however the RToA decreases as
	-
	(Figure 4.29)

	This emerging sidelobe causes a sudden increase in the RToA and the transition into Section B. Within this section, the maximum displacement 
	increases to its 31° steering angle peak before diminishing. While the RToA across this section linearly decreases from -0.068µs to -0.221µs, its sudden increase from section A is due to the maximum displacement occurring from another wavefront. This secondary wavefront lags behind Section A’s wavefront by half a cycle (defined as 0.5/f) which for a 25° steering angle is equal to 0.3375µs, corresponding with the sudden change in RToA between the 25-26° steering angles. Section B’s change in reception angle 
	The reception angles within Section C continue the trend from Section B, from the 32° steering angle onwards. Section C’s first steering angle of 37° recorrelates its RToA with Section A’s trend, while the four remaining steering angles group into two pairs (38-39° and 40-41°) based on their far greater RToAs. Like the transition from Sections A to B, the reason for these increases in RToA is due to the peak displacement occurring from wavefronts that strike the curved surface later than those of lower stee
	-
	Figure 4.45. 
	-

	The transition from Section C to Section D sees both a sudden increase in reception angle and a large decrease in RToA. The change in reception angle is due to the higher-angled sidelobe supplanting the main lobe, as shown in and The decrease in RToA is due to the new main lobe’s maximum displacement occurring from the first split-wave to arrive rather than 
	The transition from Section C to Section D sees both a sudden increase in reception angle and a large decrease in RToA. The change in reception angle is due to the higher-angled sidelobe supplanting the main lobe, as shown in and The decrease in RToA is due to the new main lobe’s maximum displacement occurring from the first split-wave to arrive rather than 
	Figure 4.32 
	Figure 4.33. 

	the second, which remains consistent across Section D. As the steering angle increases from 42-65°, there is a reception angle increase of less than 4°, suggesting that the EMAT has reached a steering limit. It was decided that the MLC reached a steering angle limit at 40° [84], however as those models used different lift-off distances for both the magnet and coil compared to those in these model’s, a new steering angle limit of 48° was determined, as the rate of increase in reception angle compared to stee

	Both Sections E and F change in the same manner as their predecessors as steering angle increases. Sudden increases in reception angle are due to a higher-angled sidelobe becoming the main lobe. The RToA changes accordingly with the reception angle, and the lower RToA values are due to the values of displacement originating from the first of the split-waves to strike the sample’s curved surface. 
	For an EMAT positioned at the centre of the flat surface of the semicircular sample, it would make sense for the RToA to be equal to 0µs across all steering angles, however shows this not to be the case. The RToAs for Sections A and B remain close to this value due to their single shear wave, however those of Sections C-F diverge significantly from this value depending on which of the split-waves has the larger displacement. Due to the sample’s constant radius and shear wave velocity, the only explanation f
	For an EMAT positioned at the centre of the flat surface of the semicircular sample, it would make sense for the RToA to be equal to 0µs across all steering angles, however shows this not to be the case. The RToAs for Sections A and B remain close to this value due to their single shear wave, however those of Sections C-F diverge significantly from this value depending on which of the split-waves has the larger displacement. Due to the sample’s constant radius and shear wave velocity, the only explanation f
	Figure 4.44 

	two split-waves with different RToAs is two different origin positions of the shear waves. 

	For a single steering angle, the Time of Flight (ToF) (equal to ‘ToA – τ’) for both split-wave peaks was multiplied by the shear wave velocity to calculate two distances between the two origin positions and a given reception angle. These distances from various reception angles were used to triangulate the origin position of each split-wave. The reception angles used were ones whose A-scans clearly show the two split-waves (e.g. & . Assumptions made for this method included: the direct correlation between th
	Figure 4.23, 
	Figure 4.25 
	Figure 
	4.45)
	Figure 4.46 

	The origin positions for the split-waves are explained using the electromagnetic data extracted from the area of high-mesh density beneath the EMAT. From the x & y components of magnetic flux density and the zcomponent of eddy current density, x & y components of Lorentz Force density were calculated at regular points beneath the EMAT using and 
	-
	Equation 4.5 
	Equation 4.6. 

	𝐹𝐿,𝑥 = −𝐵𝑦 × 𝐽𝑒,𝑧 Equation 4.5 
	𝐹𝐿,𝑦 = 𝐵𝑥 × 𝐽𝑒,𝑧 Equation 4.6 
	where FL,x = x-component of Lorentz force density (N/m²); FL,y = ycomponent of Lorentz force density (N/m²); Je,z = z-component of induced eddy current density (A/m²). 
	-

	From these components, not only was the magnitude of the Lorentz force density known, but also its angular orientation via Due to the changing eddy current density induced from the MLC’s changing transmission signal, the point in time from which these values were taken was when the induced eddy current density was at its absolute maximum. shows this as a plot from the sample’s flat surface for the 15° steering angle, marked to show the phase lag from the time delay at the surface. The phase lag at the flat 
	Equation 3.7. 
	Figure 4.47 
	Figure 4.48 

	and show the components and orientation of the Lorentz force density respectively, at the point in time highlighted in 
	Figure 4.49 
	Figure 4.50 
	Figure 

	also includes the components of the bias magnetic field to illustrate the effects that they had on the components of Lorentz force density. 
	4.47. 
	Figure 4.49 

	It is clear from that the maximum values of Lorentz force density come from beneath coils 3 and 10 in the array, positioned at ±8.75mm. The reason for this is due to the magnetic flux density for this magnetic configuration (shown in . Coils 3 and 10 were beneath the concentrations of magnetic flux density at the edges of the magnet. 
	Figure 4.49 
	Figure 3.3)

	The maximum Lorentz force densities due to the concentrations of magnetic flux density were initially thought to be responsible for the splitwaves. however shows that the orientation of the Lorentz forces become vertical beneath coils 2 and 11, positioned at ±11.14mm. These xpositions are closer in value to those of the average origin positions for the split-waves (shown in . It was concluded that the orientation of the Lorentz force density determined the origin positions of the split shear waves, rather t
	-
	Figure 4.50 
	-
	Figure 4.46)

	4.3.2. Experimental Results 
	Based on the simulated results, steering angles of 65-85° were omitted from experimental testing due to the limited variance of their results, leaving steering angles of 15-60° at 5° intervals & 90°. Additionally due to Tx’s shear wave origin positions, an Rx with an MLC was not deemed suitable as its reception positions would likely be in the same positions and the EMAT would not be able to conform to the sample’s curved surface. Rx instead consisted of a ‘Sonemat shear wave EMAT (HWS2225-GC)’ [86] to meas
	Based on the simulated results, steering angles of 65-85° were omitted from experimental testing due to the limited variance of their results, leaving steering angles of 15-60° at 5° intervals & 90°. Additionally due to Tx’s shear wave origin positions, an Rx with an MLC was not deemed suitable as its reception positions would likely be in the same positions and the EMAT would not be able to conform to the sample’s curved surface. Rx instead consisted of a ‘Sonemat shear wave EMAT (HWS2225-GC)’ [86] to meas
	at 1° intervals. shows the CAD drawing of the probe housing for the EMAT shear probe. 
	Figure 4.51 


	This probe housing ensured that the centre of Rx’s faceplate was tangential to the curved surface, at the same height as the centre of Tx. Rx was positioned across this surface from -90° to 90° at 1° intervals and recorded an average signal from each position. shows the two experimental EMATs on the semicircular aluminium sample. 
	Figure 4.52 

	Like the simulated data, the recorded signals were filtered through a bandpass filter with cutoff frequency limits of ±1/3 of the carrier signal 
	frequency. Because of this, the high-pass filter in the SNAP’s amplifier was increased to 1MHz for steering angles of 15° and 20°, as this not only decreased the ringing of the received signal, but any data filtered out by the bandpass filter would have already been filtered out by the high-pass filter. Additionally, the SAA1000 amplifier’s gain was reduced from + 30dB to +20dB for steering angles 20-50°, as the recorded signal was beyond the SNAP’s internal amplifier maximum voltage output of 4V. The shear
	Figure 4.63 
	Figure 4.53-


	It is clearly seen from that the simulated and experimental results correlate well with one another, in both the main lobe and the side lobes. Rx was capable of detecting the transmitted Rayleigh waves near the edges of the flat surface (however their signal was far weaker further down the curved surface compared to the simulated signal), explaining why the experimental beam directivity plots were capped at ±80°. What is most notable (particularly from is the growth of a lobe at 0°, which not only deviates 
	Figure 4.63 
	Figure 4.53-

	Figure 4.63) 
	Figure 4.56-


	This phenomenon was explained by replacing the shear wave Rx with an “Olympus V156-RM”: a single element shear wave transducer with a propagation direction normal to the surface [87]. The reason that this UT probe was used to receive the shear waves was due to its shear wave polarisation direction being in a single alignment, as opposed to the shear wave Rx which was polarised radially due to its spiral-coil. The UT probe was therefore able to determine the direction of particle motion by its own orientatio
	Figure 4.64 

	only why the 2D models could not simulate the 0° lobe, but also how the radially polarised shear wave Rx was able to detect it. As previously explained, the shear waves from the MLC EMAT are generated from the interaction of the bias magnetic field and eddy current densities induced by the meandering coils. It is theorised that the 0° lobe was generated from the sections of coil that connect these meandering coils. These would have induced eddy current densities in the x-axis, producing Lorentz forces in th
	-

	shows the maximum shear wave signal voltage for each steering angle’s beam directivity. This is compared to the model’s maximum shear wave displacement. Due to the reduced SAA1000 gain of +20dB for steering angles of 20-50°, Rx recorded A-scans from positions of low signal for these angles at +30dB, which were then used to increase the maximum signal by a SF. This is how the maximum experimental signals for steering angles 25° and 30° are greater than the SNAP’s maximum 4V output limit. 
	Figure 4.65 

	It is very noticeable that there is a disparity between these two sets of values (explaining why were graphed as normalised plots). One reason for this disparity is that the comparison is made between two different values: the perfectly tangential simulated displacement from a single point in 2D space representing the ultrasonic shear wave; and the voltage signal induced into Rx by the shear wave. 
	Figure 4.63 
	Figure 4.53-


	The design of Rx is also not optimised for the curved surface, with: a magnetic field normal to the curved surface, straight coils perpendicular to the tangential displacement of the shear waves (in the z-axis) are best suited to receive them. Rx’s flat circular coil on a curved surface however resulted in the coils closest to the curved surface being directionally parallel to the shear wave particle motion. Despite this, the correlation coefficient between the simulated and experimental results (shown in w
	Figure 4.65) 

	shows the reception angles of the maximum shear wave signal and (like has included error bars to indicate the shear wave -6dB beamwidth. Due to the nature of the experimental testing’s 0° lobe, it was removed from Between the two datasets, the correlation coefficient for the maximum signal’s reception angles was calculated at 0.9915, the beamwidth’s upper and lower limits were calculated at 0.9826 and 0.9933 respectively. While the experimental results tend to be higher in reception angle, the correlation c
	Figure 4.66 
	Figure 4.44) 
	Figure 4.66. 

	4.4. Beam Steerability 
	The model studying the MLC EMAT’s beam steerability followed the same design as the model studying the EMAT’s beam directivity, with one difference: the transmitted shear waves were measured across the backwall of a 
	The model studying the MLC EMAT’s beam steerability followed the same design as the model studying the EMAT’s beam directivity, with one difference: the transmitted shear waves were measured across the backwall of a 
	rectangular aluminium sample. Components of displacement extracted from across the backwall were used to locate the magnitude and position of the shear wave’s main lobe as the steering angle changed. Previous work on this topic is documented in [88] (included in Appendix A), however further novel work had been undertaken since then and is detailed in the following section. 

	4.4.1. Beam-spread Profiling 
	In addition to measuring the magnitude and position of the shear wave across the backwall, the internal reflections and mode conversions within the sample were also analysed. This was done to determine the hierarchy of magnitudes for different propagation pathways. The end-time of these simulations was therefore set to 198µs. Simulations were performed for steering angles of 2060° at 5° intervals & 90°, and show the colour-plots of these models. The 15° steering angle was omitted due to the immense density 
	-
	Figure 4.76 
	Figure 4.67-


	Since the shape of the aluminium sample is the only difference between these simulations and those of the beam directivity study, the transmitted shear waves behave in the same manner. As the steering angle increases: the shear waves reach a maximum magnitude near a 30° steering angle; the shear waves reach a steering limit near 50°; the magnitude of the Rayleigh waves increases; the compression waves reached their first critical angle and diminished; and the shear waves were transmitted as split-waves from
	Where the semicircular sample enables and to differentiate between the different wave modes based on their directional displacement, this method could not be used on the flat backwall as the its angle relative to Tx is not constant across it. Due to the different wave velocities and Tx’s offset however, the different wave modes could be identified in the A-scans via basic ToA calculations. illustrates the rectangular sample with three pathways from Tx to the backwall for different wave modes. 
	Equation 4.2 
	Equation 4.3 
	Figure 4.77 

	Annotated on are the names of the four surfaces and corners that the various waves interact with. These assisted in defining the various propagation pathways and calculating their ToA as a function of distance. The pathways shown in are labelled as such: 
	Figure 4.77 
	Figure 4.77 

	𝑠 
	• 𝑆= 𝑇→𝑅 
	1 

	𝑐 𝑐 
	• 𝐶= 𝑇 → 𝑆𝑖𝑑𝑒 → 𝑅 
	2 

	𝑅 𝑅 𝑅 
	• 𝑅= 𝑇 → 𝐶𝑜𝑟→ 𝐶𝑜𝑟→ 𝑅 
	1 
	1 
	2 

	4.9 define the timeframes within which each of the propagation pathways above (also annotated on were expected on the A-scan at a given x-position across the backwall. These include a gating halfwidth of six cycles to allow for error in the ToA of each wave mode’s maximum peak. The velocity of the Rayleigh wave could not be inputted into model, however it was calculated by experimental testing (as explained later in this section) to be 2.88mm/µs. 
	Equation 4.7-
	Equation 
	Figure 4.77) 

	√6 
	𝑥
	2
	+𝐷
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	𝑆=𝜏+ ± Equation 4.7 
	1

	𝑣𝑠 𝑓 
	2
	√(𝑥 + (2 × 𝑜𝑓𝑓)) + 𝐷
	2 

	6 Equation 4.8 
	𝐶=𝜏+ ± 
	2

	𝑣𝑐 𝑓 𝑥+(2×𝑜𝑓𝑓)+𝐷 6 
	𝑅=𝜏+ ± Equation 4.9 
	1

	𝑣𝑟 𝑓 
	where S= direct shear wave ToA; x = x-position on backwall (mm); D = depth of rectangular sample (equal to 100mm); C= reflected compression wave ToA; off = offset distance from Tx to the sidewall (equal to 50mm); R= direct Rayleigh wave ToA. 
	1 
	2 
	1 

	The experimental testing was performed in much the same manner as with the beam directivity tests: steering angles of 20-60° at 5° intervals & 90° were tested; the SNAP amplifier’s high-pass filter was set at 1MHz for the 20° steering angle and 0.05MHz for the remaining steering angles; an oscilloscope recorded an average A-scan of signal sixteen signals at each x-position; the recorded A-scan was filtered through a bandpass filter with cutoff frequency limits of ±1/3 of the carrier signal frequency. The di
	Figure 4.78 

	The displacement magnitude (in lieu of the directional displacement) is compared to the experimental results, due to its excellent correlation coefficient of 0.9993 to the values of directional displacement. The experimental data was also graphed as absolute values to better compare to the simulated displacement magnitudes at each x-position and better observe the conformity between the two datasets. In addition to the A-scans across the rectangular sample’s backwall, Rx also recorded A-scans across the sur
	The plots of displacement magnitude are graphed in line with the experimental A-scans, and the peaks in these two datasets had a propagation pathway attributed to it (by use of ToA gating). An issue with the ToA gating is not only that different waves can strike a surface at the same time, but that different gates can overlap and cause one wave mode to be read as another. As this issue pertained to both the experimental and simulated datasets however (and the purpose of the experimental testing is to valida
	show the results of the two datasets for a 30° steering angle from different x-positions across the backwall. The simulated results also show the ToA gating (defined in 4.9) to illustrate the process of pathway identification. A cutoff voltage was applied to the experimental signals (-20dB of the maximum voltage peak across the backwall), and a propagation pathway was attributed to any signal above it. These propagation pathways were determined by the simulated peaks that occur within a close point in time 
	Figure 4.82 
	Figure 4.79-

	Equation 4.7-
	Equation 

	There appears to be a strong correlation between the experimental and simulated datasets shown in as the peak experimental signals received by Rx occur at similar times to those of the peak displacements. It is also noteworthy that the experimental signals have less noise than the simulated displacement due to the multiple filters that the data passes through. 
	Figure 4.82, 
	Figure 4.79-


	The first received signal above the -20dB cutoff was from the x-position directly beneath Tx and was identified as the shear wave that reflected off of the sidewall. The simulated results show a second peak 10µs after the ToA of this experimental signal peak. This was identified as a Rayleigh wave that was 
	The first received signal above the -20dB cutoff was from the x-position directly beneath Tx and was identified as the shear wave that reflected off of the sidewall. The simulated results show a second peak 10µs after the ToA of this experimental signal peak. This was identified as a Rayleigh wave that was 
	generated by the shear wave directly striking Cor2. Hutchins, Nadeau, and Cielo 

	[89] have documented the effects of bulk waves mode-converting to surface waves when interacting with a rectangular slot (akin to a corner-trap), and this type of mode-conversion was also predicted in the FEM modelling of Bond and Saffari [90]. Despite its magnitude in the simulated results, Rx was incapable of detecting these mode-converted Rayleigh waves across the backwall. Additionally, Rx could not detect the Rayleigh waves transmitted across the surface from Tx for the 20° and 25° steering angles (sho
	Figure 4.67 
	Figure 4.68 

	Due to the lack of a simulated model for the 15° steering angle, its experimental signals were identified by both ToA gating and comparison to the pathways of the other steering angles. For all steering angles, the propagation pathways that produced an experimental signal peak above their voltage cutoff are recorded in Appendix B. The maximum voltage peak from across the backwall (and thus the voltage cutoff) changed across steering angles. 
	Figure 

	shows the maximum voltage peak for a given propagation pathway as the steering angle increased. 
	4.83 

	From steering angles of 15-40°, the propagation pathway that produced the maximum voltage is the direct shear waves, however this is supplanted by the shear waves that reflected off of the sidewall for the remaining steering angles. The Rayleigh wave that travelled across the sidewall began to be detected at a 50° steering angle, and it increased in magnitude until it produced the greatest signal voltage at the 90° steering angle. The ToA gating for the 20° and 25° steering angles was complicated by the mod
	From steering angles of 15-40°, the propagation pathway that produced the maximum voltage is the direct shear waves, however this is supplanted by the shear waves that reflected off of the sidewall for the remaining steering angles. The Rayleigh wave that travelled across the sidewall began to be detected at a 50° steering angle, and it increased in magnitude until it produced the greatest signal voltage at the 90° steering angle. The ToA gating for the 20° and 25° steering angles was complicated by the mod
	At each x-position across the backwall, the maximum signal from the direct shear wave was ToA-gated for both datasets. This was used to create simulated and experimental shear wave profiles across the backwall and measure their beam-spread. The beam-spread is defined as the difference in backwall x-positions whose maximum signal voltages were -6dB that of the maximum voltage across the backwall. shows the shear wave backwall profiles for the 30° steering angle and is annotated to show their beam-spreads. Th
	Figure 4.84 

	Figure
	Figure 4.84: Shear Wave Profiles for 30° Steering Angle 
	Figure 4.84: Shear Wave Profiles for 30° Steering Angle 



	The magnitudes of each dataset’s profile peak was graphed against the steering angle and is shown in The x-positions at which both profile’s peaks occurred were expressed as reception angles across a 100mm 
	The magnitudes of each dataset’s profile peak was graphed against the steering angle and is shown in The x-positions at which both profile’s peaks occurred were expressed as reception angles across a 100mm 
	Figure 4.85. 

	depth. From these x-positions of 70mm and 81mm equal reception angles of 35.0° and 39.0° respectively. This process was also applied to the upper and lower limits of the profile’s beam-spread. shows these reception angles graphed against their respective steering angles, with the beam-spreads graphed as error bars. 
	Figure 4.84, 
	Figure 4.86 


	There is a good correlation coefficient of 0.9790 between the magnitudes of the backwall profile peaks for both datasets (excluding the 15°). This is also the case for the profile peak’s reception angles with a correlation coefficient of 0.9327, however the correlation coefficient for the beam-spread limits are 0.9957 and -0.2323 for the upper and lower limits respectively. The reason for the lower limit’s low correlation coefficient is due to the magnitude 
	There is a good correlation coefficient of 0.9790 between the magnitudes of the backwall profile peaks for both datasets (excluding the 15°). This is also the case for the profile peak’s reception angles with a correlation coefficient of 0.9327, however the correlation coefficient for the beam-spread limits are 0.9957 and -0.2323 for the upper and lower limits respectively. The reason for the lower limit’s low correlation coefficient is due to the magnitude 
	at a given x-position across the backwall profile compared to its peak. These respective magnitudes are greater for the simulated displacement than for the experimental results. This extends to and explains why the simulated displacement dataset is greater compared to its maximum at 30° than the experimental voltage. 
	Figure 4.85, 


	There is no measurable beam-spread for the 90° steering angle’s simulated dataset, as the profile for the direct shear wave did not drop to a point below -6dB of the peak value such that a reliable beam-spread could be called. shows the 90° steering angle’s shear wave profiles for both datasets, which had a correlation coefficient of -0.2059. To counter this, backwall profiles of the shear wave reflecting off of the sidewall onto the backwall were graphed, as shown in While this did increase the correlation
	Figure 4.87 
	Figure 4.88. 

	Like the beam directivity results, the reception angle for the experimental results tend to be higher than those of the simulated results, particularly at lower steering angles. While this could be attributed to the different types of filtering or the different variables measured (displacement magnitude vs induced voltage), their accuracy was sufficient to confirm the 
	simulated model’s accuracy. 
	The Rayleigh wave velocity was calculated with the 90° steering angle. The ToA of its peak voltage was recorded at each x-position across the backwall. shows these x-positions graphed against the ToAs, and it is noticeable that the number of outliers increased as the x-position reaches the end of the backwall. This was due to the imposition from the Rayleigh waves travelling across the surface and far-wall. Without the outliers, the gradient of the remaining data calculated a Rayleigh wave velocity of 2.88m
	Figure 4.89 

	4.4.2. Simulated Reception EMAT 
	As previously discussed in Section Tx transmitted each of the three wave modes in the form of two split-waves originating from approximately ±10mm from its centre. While that phenomenon was explored for the MLC EMAT’s 
	As previously discussed in Section Tx transmitted each of the three wave modes in the form of two split-waves originating from approximately ±10mm from its centre. While that phenomenon was explored for the MLC EMAT’s 
	4.3.1, 

	transmission, it was not considered for the reception of the waves due to the use of a spiral-coil EMAT as the receiver. 

	shows three A-scans from the surface x-position of 100mm from Tx at a 90° steering angle: the simulated x-component of displacement; the experimental voltage from Rx; and the received signal from the shear wave UT probe. The Rayleigh wave recorded by Rx shows a single peak at 40µs, however both the simulated x-displacement and shear probe’s signal show this wave as two peaks. These two peaks recorded by the UT probe prove that not only does Tx transmit the Rayleigh waves (and by extension the bulk waves) as
	Figure 4.90 

	In an attempt to decrease the difference between the simulated and experimental results, an alternative solution was devised to measure the three wave modes on the rectangular sample. As previously stated in Section when charged particles move within a magnetic field, they generate an electric field. An approximation for the current induced into the MLC (and by extension the received signal from Rx) was calculated by estimating the rate of change of particle motion at each point beneath the MLC array and ma
	2.5.1.1, 

	The angle of magnetic flux density at a given position was found via and the electromagnetic data extracted from the area of highmesh density. The particle velocity was estimated as the rate of change of displacement, at an angle 90° greater than that of the magnetic flux density. was used with the angle of magnetic flux density to calculate the component of displacement in this direction. The particle motion was therefore calculated as the difference in this directional displacement between timesteps, divi
	Equation 3.7 
	-
	Equation 4.2 
	Equation 4.10. 

	𝛥𝑢𝑥(𝑡) cos 𝜃𝑟 + 𝛥𝑢𝑦(𝑡) sin 𝜃𝑟 
	𝐼∝ × 𝐵Equation 4.10 ∆𝑡 
	(𝑡) 
	0 

	The positions from which the components of magnetic flux density were taken were from the high-mesh area directly beneath the EMAT: from -20mm to 20mm at 0.01mm intervals, as with the beam directivity models. The x & y components of displacement from the rectangular sample’s backwall and surface were extracted at 0.1mm intervals and so required resampling at 0.01mm intervals. At each x-position for the backwall and surface, the dynamic electric field was estimated via at ±20mm at 0.01mm intervals. Due to th
	Equation 4.10 
	Figure 3.21 
	Figure 3.22) 

	Thring [91] used a similar method for detecting Rayleigh waves, as the motion of the particles from an ultrasonic wave was dependent on the type of 
	wave being propagated. This method used calculated elliptical particle motion that was integrated across the skin depth for more accurate values. This approach was not adopted for this body of work, since the simulated reception signal was required to receive both bulk and Rayleigh waves. COMSOL multiphysics models have been used to calculate the induced voltage for a reception EMAT. Qu et al [18] used one such model in a similar study: using two MLC EMATs in a PC setup to compare the performance between di
	wave being propagated. This method used calculated elliptical particle motion that was integrated across the skin depth for more accurate values. This approach was not adopted for this body of work, since the simulated reception signal was required to receive both bulk and Rayleigh waves. COMSOL multiphysics models have been used to calculate the induced voltage for a reception EMAT. Qu et al [18] used one such model in a similar study: using two MLC EMATs in a PC setup to compare the performance between di
	Figure 4.91 

	Figure
	Figure 4.91: Experimental vs Simulated data for 90° Steering Angle at 100mm across the surface 
	Figure 4.91: Experimental vs Simulated data for 90° Steering Angle at 100mm across the surface 



	The simulated received signals were analysed in comparison to the experimental results for each steering angle as before. show this comparison at the same backwall x-positions as 
	Figure 4.95 
	Figure 4.92-

	Figure 4.79-
	Figure 

	This method of signal simulation proved more accurate than the simulated displacement magnitudes, as the simulated Rx did not register either the Rayleigh wave mode-converted by the shear wave striking Cor, or the Rayleigh wave generated by its 3harmonic. 
	4.82. 
	2
	rd 

	shows the simulated signal’s shear wave backwall profile compared to the experimental profile for a 30° steering angle. Additionally, shows how the use of this simulated signal enables a beam-spread to be drawn for the direct shear wave profile at the 90° steering angle. 
	Figure 4.96 
	Figure 4.97 
	Figure 

	shows the reception angles of the shear wave’s profile peaks and beamspread limits across steering angles using this method. There is an increase in 
	4.98 
	-

	the correlation coefficient from 0.9327 to 0.9932 when comparing the simulated signal (rather than comparing the displacement magnitude) to the experimental signal. Additionally, the correlation of beam-spread limits were significantly improved from 0.9957 & -0.2323 to 0.9989 & 0.9966 for the upper and lower limits respectively. 
	Comparing the maximum amplitude of the simulated signals to those of the experimental for the shear wave backwall profile ones produced a correlation coefficient of 0.9380. This is a decrease from a coefficient of 0.9790 for the comparison of displacement magnitude to the experimental signal. This is due to the simulated signal’s trend deviating significantly from the experimental signal at the 20° steering angle, as seen in 
	Figure 4.99. 

	It is unclear what caused the increased amplitude at the 20° steering angle. It was initially theorised to be due the method of calculating the signal induced into the coils becoming inefficient at higher frequencies. The induced electric field at a given point was estimated by multiplying the rate of change of particle displacement by the magnetic flux density (shown in . 
	Equation 4.10)

	shows the results from adapted to show the maximum particle velocity for all three wave modes across steering angles. This was calculated by dividing the change in directional displacement between timesteps by the timestep, in the same manner as shows that that the particle velocity skewed to become larger in magnitude at lower steering angles, and thus higher frequencies. This was confirmed by extracting the components of velocity from the sample’s curved surface for the beam directivity simulation. The co
	shows the results from adapted to show the maximum particle velocity for all three wave modes across steering angles. This was calculated by dividing the change in directional displacement between timesteps by the timestep, in the same manner as shows that that the particle velocity skewed to become larger in magnitude at lower steering angles, and thus higher frequencies. This was confirmed by extracting the components of velocity from the sample’s curved surface for the beam directivity simulation. The co
	Figure 4.100 
	Figure 4.43 
	Equation 4.10. 
	Figure 4.100 

	Figure
	Figure 4.100: Graph of Maximum Particle Velocity across Steering Angles 
	Figure 4.100: Graph of Maximum Particle Velocity across Steering Angles 



	Due to the experimental results showing a greater conformance to the values of particle displacement rather than velocity, further refinement to the 
	process of simulating the A-scan signals was required. This was done by dividing the calculated results of velocity from by the frequency of its steering angle. shows that this corrected the skew present in and improved the correlation coefficient from 0.7648 to 0.9935. 
	Figure 4.100 
	Figure 4.101 
	Figure 4.100 

	The process of dividing the amplitude of the simulated signal by the frequency of the steering angle was used on the results from and are shown in This decreased the increased amplitude at the 20° steering angle and increased the correlation coefficient from 0.9380 to 0.9641. 
	Figure 4.99, 
	Figure 4.102. 

	contains the complete list of correlation coefficients between both the displacement magnitudes and the simulated signals to the 
	Table 4.2 

	experimental signals for the shear wave backwall profile across steering angles. Included in this table are the correlation coefficients for the backwall profile from the shear wave reflected off of the sidewall onto the backwall. For each steering angle, there tends to be a noticeable increase in correlation coefficient for both the direct and reflected shear wave backwall profiles when using the simulated signal over the displacement magnitude. This is not the case for the reflected shear wave profiles fo
	Figure 4.98) 

	Table 4.2: Experimental Validation Correlations 
	4.5. Summary 
	The focus of this chapter was the relationship between the desired steering angle driving the MLC EMAT, and the actual reception angle of the shear waves. This was studied through the use of simulated models of an MLC EMAT over aluminium samples that were validated through the use of experimental testing. 
	The EMAT’s beam directivities for its shear and compression waves were calculated from the curved surface of a semicircular sample, and its shear wave steerability was measured from the backwall of a rectangular sample. For both samples, the magnitude of the shear waves reached a maximum value at a steering angle near 30°. A steering limit of 45° was ultimately called for this EMAT, for near this steering angle: the shear wave directivity falls from its peak value; the Rayleigh waves begin to supplant the s
	This chapter also described the method of simulating a reception EMAT’s signal from the wave modes striking a flat surface. This method uses the same simulated values of displacement and is capable of producing A-scans that closer resemble those of the experimental testing. This method has been shown to further increase the accuracy of the results extracted from the models. 
	Chapter 5 -Modified Magnetic Configurations 
	The previous chapter was dedicated to the complete simulated and experimental analysis of the standard experimental MLC EMAT. This chapter seeks to explore modifications to the magnetic configuration that could improve the operation of the MLC EMAT. Alternative magnetic configurations at the same lift-off were explored to change the bias magnetic field by varying the dimensions, directions, and number of magnets involved. 
	5.1. Introduction 
	As previously discussed in Section studies have looked into improving EMAT performance by changes to their physical design. Pei et al [73] used a new magnetic configuration for a Rayleigh wave PC setup via MLC EMATs, to which the new magnetic configuration increased the generation and detection efficiencies by SFs of 2.19 & 2.44 respectively. This was due to the replacement of a single permanent magnet with two, creating a central concentration of magnetic flux density and increasing the EMAT’s transduction
	3.3, 

	5.2. Vertical Magnetic Configurations 
	To explore the effects of different magnetic configuration on the transmission of bulk waves, the beam directivity models were repeated using the alternate magnetic configurations from Section Sections are each dedicated to one of these different magnetic configurations and how they affected the intensity and direction of the transmitted wave modes across a range of steering angles. The results from these simulations are compared to those of the EMAT from Section henceforth known as EMAT-1. The time require
	3.3. 
	5.2.1-
	5.2.7 
	4.3.1, 

	It was observed from these initial results that the maximum displacement was derived from a steering angle between 25-40° across these magnetic configurations. Further simulations were then undertaken for steering angles of 26-39° at 1° intervals. 
	5.2.1. EMAT-2: 1x 40mm Wide Magnet 
	Increasing the magnet’s width from 20mm to 40mm has little impact on the value of maximum magnetic flux density (as shown in however it does re-position the concentrations of magnetic flux density (located at the corners of the magnet) to outside of the coil array, as shown in This decreases the magnetic flux density that interacts with the eddy current densities induced beneath coils, resulting in weaker Lorentz force densities. Additionally, due to the corners of the magnet being outside of the coil array
	Figure 3.14) 
	Figure 5.1. 
	Figure 5.2 
	Figure 4.49. 
	Figure 5.3. 
	Figure 5.4. 

	For steering angles from 15-35°, the pattern of behaviour for EMAT-2’s shear waves are comparable to those of EMAT-1, albeit with larger beamwidths and reduced magnitudes. As the steering angle increases to 45°, EMAT-2’s beamwidth is narrower than EMAT-1’s due to the reduction of sidelobes within each of the split-waves. shows the directivity plot for EMAT-2’s 40° steering angle, and the reduced sidelobes are clearly seen when compared to EMAT-1’s in Figure 4.32. 
	For steering angles from 15-35°, the pattern of behaviour for EMAT-2’s shear waves are comparable to those of EMAT-1, albeit with larger beamwidths and reduced magnitudes. As the steering angle increases to 45°, EMAT-2’s beamwidth is narrower than EMAT-1’s due to the reduction of sidelobes within each of the split-waves. shows the directivity plot for EMAT-2’s 40° steering angle, and the reduced sidelobes are clearly seen when compared to EMAT-1’s in Figure 4.32. 
	Figure 5.5 

	Figure
	Figure 5.5: Bulk Wave Directivity Plot for EMAT-2 40° Steering Angle 
	Figure 5.5: Bulk Wave Directivity Plot for EMAT-2 40° Steering Angle 



	The colour-plots for EMAT-2 show that the EMAT continues to transmit shear waves as two split-waves. The reductions in sidelobes however create a single stress concentration within each of the split-waves. This is shown in when compared to for a 45° steering angle. Beyond this steering angle, these single stress concentrations become as weak in magnitude as the wavefront’s sidelobes, causing the large beamwidths in 
	Figure 5.6 
	Figure 4.9 
	Figure 5.4. 

	The origin positions for the split-waves from steering angles of 15-37° were calculated at approximately 2mm further from the centre than for EMAT
	-

	1. For the 42-90° steering angles, the RToA values approximate those of EMAT1 suggesting the same origin position. The reception angle at 90° shows the A
	-
	-

	scan for the Rayleigh wave arriving at the corner of the semicircular sample’s 
	flat surface. Comparing the 90° A-scans for EMATs 1 & 2 in shows that the ToA from each of the two peaks changes little by the increase in magnet width. 
	Figure 5.7 

	shows that the maximum Rayleigh wave displacement reduces by approximately a third between EMATs 1 & 2. It is also noticeable that the maximum values of displacement between the two peaks does not significantly decrease for EMAT-2. Both of these are due to the lack of concentrations in magnetic flux density within the coil array. 
	Figure 5.7 

	5.2.2. EMAT-3: 2x 20mm Wide Magnets 
	The two 20mm-wide magnets with alternating poles create a large concentration of magnetic flux density at the centre of the EMAT, as shown in This not only increases the maximum value of the Lorentz force density but also causes the orientation of Lorentz force density to become more vertical at the centre of the EMAT, as seen in Figure 5.9. 
	The two 20mm-wide magnets with alternating poles create a large concentration of magnetic flux density at the centre of the EMAT, as shown in This not only increases the maximum value of the Lorentz force density but also causes the orientation of Lorentz force density to become more vertical at the centre of the EMAT, as seen in Figure 5.9. 
	Figure 5.8. 

	Figure
	Figure 5.9: Plots of Lorentz Force Density Components across Surface for EMAT-3 
	Figure 5.9: Plots of Lorentz Force Density Components across Surface for EMAT-3 



	This increase in magnetic flux density increases the displacement for each wave mode at given steering angle compared to EMAT-1, as shown in A noticeable change from both EMATs 1 & 2 is that the shear wave displacement does not swiftly decrease after reaching its maximum at a 33° steering angle. As the steering angle continues to 90°, the ratio between the 
	This increase in magnetic flux density increases the displacement for each wave mode at given steering angle compared to EMAT-1, as shown in A noticeable change from both EMATs 1 & 2 is that the shear wave displacement does not swiftly decrease after reaching its maximum at a 33° steering angle. As the steering angle continues to 90°, the ratio between the 
	Figure 5.10. 

	maximum and minimum displacements is much lower than those of EMATs 1 & 

	2. This is explained by the beamwidths and RToAs across steering angles for EMAT-3, shown in Figure 5.11. 
	2. This is explained by the beamwidths and RToAs across steering angles for EMAT-3, shown in Figure 5.11. 
	Figure
	Figure 5.10: Graph of Maximum Displacement across Steering Angles for EMAT-3 
	Figure 5.10: Graph of Maximum Displacement across Steering Angles for EMAT-3 



	At a 15° steering angle, two distinct shear wave lobes in each direction are visible from the beam directivity plot, shown in These two lobes merge as the steering angle increases, and at 28° the main lobe is supplanted by the higher-angled secondary lobe. This supplantation causes both the sudden increase in reception angle, and the RToA to change from positive to negative suggesting that its origin position moves from one side of the EMAT to the other. Another observation from the lower steering angle’s s
	Figure 5.12. 

	As the steering angle increases from 40-90°, the displacement did not significantly change, and the RToA retains its trend at ~0µs. These are explained by the colour-plot of EMAT-3’s 60° steering angle, shown in Figure 5.13. 
	As the steering angle increases from 40-90°, the displacement did not significantly change, and the RToA retains its trend at ~0µs. These are explained by the colour-plot of EMAT-3’s 60° steering angle, shown in Figure 5.13. 
	Figure
	Figure 5.13: Colour-plot of EMAT-3 60° Steering Angle 
	Figure 5.13: Colour-plot of EMAT-3 60° Steering Angle 



	The two magnets within EMAT-3 cover coils 1-6 & 7-12 respectively, as shown in Due to their inverted directions of vertical magnetisation, EMAT-3 can be considered as being made up of two adjacent sub-EMATs, each with a single 20mm-wide magnet and six coils. This consideration explains both the presence of the two distinct shear wave lobes in each direction for the lower steering angles, and their corresponding RToAs. 
	Figure 5.8. 

	Unlike the higher steering angles of EMATs 1 & 2, the split-waves appear to merge into a single wave originating from the centre of the EMAT, explaining 
	Unlike the higher steering angles of EMATs 1 & 2, the split-waves appear to merge into a single wave originating from the centre of the EMAT, explaining 
	the RToA ~0µs. For EMATs 1 & 2, each of the origin positions for the split-waves was located near the corners of their EMAT. EMAT-3’s two adjacent sub-EMATs would make four EMAT corners but given the close proximity of the two sub-EMATs at the centre, the two split-waves superimpose and are measured as one. This explains the presence of a third split-wave for the lower steering angles. As the steering angle increases, all the split-waves superimpose into a single shear wave due to their proximity and increa

	The Rayleigh waves also implemented this behaviour, as three distinct peaks at the surface are seen in As the steering angle increases to 90°, these three peaks superimpose into a single peak with a magnitude double that of EMAT-1’s (shown later in . It is also noticeable from 
	Figure 5.13. 
	Figure 5.30)
	Figure 

	that a sidelobe is generated from the centre of the EMAT, normal to the sample’s flat surface. This is due to the two innermost coils (coils 6 and 7) generating Lorentz forces in the same horizontal direction, thus polarising shear waves that propagate normal to the material’s surface. This behaviour is the same as that of the rectangular-coil EMAT, shown in 
	5.13 
	Figure 2.11. 

	5.2.3. EMAT-4: 1x 20mm Wide and 2x 10mm Wide Magnets 
	changes made by the addition of 10mm-wide magnets on either side can be seen in the Lorentz force density distribution shown in compared to for EMAT-1. 
	changes made by the addition of 10mm-wide magnets on either side can be seen in the Lorentz force density distribution shown in compared to for EMAT-1. 
	Figure 5.15, 
	Figure 4.49 

	The presence of these adjacent magnets causes an evenly distributed magnetic flux density for the two coils on each side of the coil array and increases the vertical component of magnetic flux density at the ends of the coil array. It also causes both coils 2 & 3 and 10 & 11 to generate Lorentz forces in the same horizontal direction, as with coils 6 & 7 for EMAT-3. These changes cause a significant impact on the magnitude and beamwidth of the shear waves, shown in Figure 5.16 and Figure 5.17 respectively. 
	Figure
	Figure 5.15: Plots of Lorentz Force Density Components across Surface for EMAT-4 15° Steering Angle 
	Figure 5.15: Plots of Lorentz Force Density Components across Surface for EMAT-4 15° Steering Angle 



	The displacement of EMAT-4’s shear waves are closer in magnitude to those of EMAT-3 for a given steering angle, due to the greater value of magnetic flux density from the adjacent magnets. While EMAT-4’s reception angle and RToA behave in a similar manner to those of EMAT-1, the addition of 10mmwide magnets causes the sidelobes across each wavefront to become greater in magnitude than EMAT-1’s. This causes an increase in the beamwidth for the majority of steering angles. 
	-

	EMAT-3 explores how the ends of adjacent sub-EMATs produce separate split-waves that superimpose and are measured as one. Since coils 1 & 2 and 11 & 12 are each beneath 10mm-wide magnets, EMAT-4 can be considered as being made up of three sub-EMATs: an eight-coil sub-EMAT with a two-coil sub-EMAT on either side. This explains the increased magnitude of the split-waves and particularly their lower-angled sidelobes. This is seen in when compared to 
	Figure 5.18 
	Figure 4.12. 

	The performance of two-coil EMATs is explored later in Section however the conclusion drawn is that they reach a lower steering limit at a lower steering angle. The sidelobes at reception angles of 15-30° for EMAT-4 increase in magnitude as they are transmitted from these sub-EMATs. Despite the sidelobes increasing magnitude, their direction within the beam directivity remains the same as those for EMAT-1 for a given steering angle. This is exemplified by when compared to 
	6.3, 
	Figure 5.19 
	Figure 4.31. 

	5.2.4. EMAT-5: 1x 10mm Wide Magnet 
	As was the case with EMAT-2, the change in the magnet’s width does not significantly change the maximum magnetic flux density at the surface, however it does reposition the concentrations of magnetic flux density. Like EMAT-1, the corners of the magnet are still within the coil array (encompassing coils 5-8 as seen in however the magnetic flux density retains its vertical direction up to coils 4 & 9. This essentially creates a central six-coil sub-EMAT between two three-coil sub-EMATs that each possess a we
	As was the case with EMAT-2, the change in the magnet’s width does not significantly change the maximum magnetic flux density at the surface, however it does reposition the concentrations of magnetic flux density. Like EMAT-1, the corners of the magnet are still within the coil array (encompassing coils 5-8 as seen in however the magnetic flux density retains its vertical direction up to coils 4 & 9. This essentially creates a central six-coil sub-EMAT between two three-coil sub-EMATs that each possess a we
	Figure 5.20) 

	Figure
	Figure 5.21: Plots of Lorentz Force Density Components across Surface for EMAT -5 15° Steering Angle 
	Figure 5.21: Plots of Lorentz Force Density Components across Surface for EMAT -5 15° Steering Angle 



	The single magnet reduces the displacements of the three wave modes compared to EMATs 1 & 3. The shear wave displacements are similar in magnitude to those of EMAT-2 for steering angles of 15-50°, however from 5090° they increase. The reason for the increase in shear wave displacement from the 50° steering angle onwards is due to EMAT-5’s split-waves. EMAT-5’s design is essentially the same as EMAT-4: a central sub-EMAT enclosed by two smaller sub-EMATs. This means that the three sub-EMATs create two superi
	-
	Figure 5.23. 

	A noticeable difference in beamwidths between these two EMATs is the absence of sidelobes between reception angles of 15-30°. This is due to the low values of magnetic flux and Lorentz force densities for the three-coil sub-EMATs that generate them. The two split-waves are transmitted from between the three sub-EMATs and superimpose into a single wave only at the region of maximum displacement. Two additional split-waves were detected from the Ascans across the curved surface for the 15° steering angle. sho
	-
	Figure 5.24 

	5.2.5. EMAT-6: 2x 10mm Wide Magnets 
	The magnetic configuration of two 10mm-wide magnets in alternating directions does not physically encompass the entire coil array, as shown in Despite this, the bias magnetic field from each magnet enables their respective half of the coil array to be within a single vertical direction. Coupled with a concentration of magnetic flux density at the centre of the EMAT, this magnetic configuration’s design is akin to that of EMAT-3. The main difference between EMATs 6 & 3 is the weakening vertical magnetic flux
	Figure 5.25. 
	Figure 5.26. 

	and show the results of this magnetic configuration across steering angles. As expected, these results resemble those of EMAT-3 due to their similar designs. Despite being lower in magnitude due to the lower magnetic flux density, the shear wave displacements across steering angles behave in a similar manner to those of EMAT-3. The two sub-EMATs transmit two distinct shear wave lobes in each direction at lower steering angles, explaining the sudden increase in reception angle between the 20-25° steering ang
	Figure 5.27 
	Figure 5.28 

	One noticeable difference between EMATs 6 & 3 is the presence of two additional split-waves at the higher steering angles. shows the colour-plot for EMAT-6’s 60° steering angle which highlights these split-waves when compared to for EMAT-3. The transmitted Rayleigh waves also highlight these additional split-waves. From and a single large Rayleigh wave is seen between two smaller Rayleigh waves. At the 90° steering angle however, EMAT-6 retains these three Rayleigh waves while for EMAT-3 they all superimpos
	Figure 5.29 
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	Figure 5.13, 
	Figure 5.30 
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	5.2.6. EMAT-7: 3x 10mm Wide Magnets 
	EMAT-7’s magnetic configuration is similar in design to both EMATs 4 & 5: a central magnet between two inverted magnetic fields, as seen in These create three four-coil sub-EMATs, as shown in It is expected therefore that both the shear wave displacement and beamwidth is similar in pattern to those of EMAT-5, as that was also considered as being composed of three sub-EMATs. however shows the presence of twin peaks of maximum shear wave displacement, which is a significant deviation from all of the previous 
	Figure 5.31. 
	Figure 5.32. 
	Figure 5.33 

	Graphs of the shear wave reception angles for EMATs 1, 2 & 4 show that as the steering angles increases, the reception angle linearly increases until approximately 29-33° when the gradient of this linear trend reduces. 
	Figure 

	however shows that the reception angle increases linearly with steering angle from 15-45°, with the exception of the 25-31° steering angles when this trend is offset to higher reception angles. It is within this offset range that the first of the shear wave’s maximum displacement peaks occur. Sudden increases in reception angle have occurred with previous magnetic configurations when the steering angles increased to: 42° for EMAT-1; 28° for EMAT-3; 39° for EMAT4; and 25° for EMAT-6. The difference between t
	5.34 
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	The reason for this temporarily increased reception angle range is the emergence of higher-angled sidelobes that increase to a maximum displacement and then reduce in magnitude to become supplanted by the originally dominant lobes. The originally dominant lobes then reach their maximum displacement at the 38° steering angle, creating the second maximum shear wave displacement peak. The originally dominant shear wave lobes are transmitted from the central sub-EMAT, while the higher-angled sidelobes are trans
	These three sub-EMATs generate four split-waves, and increasing the steering angle further causes the two innermost split-waves to merge into one at the reception angle of maximum displacement only. This is seen in in addition to the Rayleigh waves that are shown to emulate these four split-waves. At the 90° steering angle, the A-scan from the corner of the sample graphs only the Rayleigh wave peaks originating from the two innermost splitwaves. Due to their close proximity and weak magnitude, the Rayleigh 
	These three sub-EMATs generate four split-waves, and increasing the steering angle further causes the two innermost split-waves to merge into one at the reception angle of maximum displacement only. This is seen in in addition to the Rayleigh waves that are shown to emulate these four split-waves. At the 90° steering angle, the A-scan from the corner of the sample graphs only the Rayleigh wave peaks originating from the two innermost splitwaves. Due to their close proximity and weak magnitude, the Rayleigh 
	Figure 
	5.35, 
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	and are seen leading and trailing these two peaks. shows this Ascan compared to that of EMAT-5, due to both of these configurations possessing the same number of sub-EMATs. No Rayleigh waves are seen leading or trailing the two peaks for EMAT-5. This is due not only to the weak Lorentz forces at the ends of the coil array, but also due to the two innermost splitwaves originating closer to the ends of the coils than those of EMAT-7. 
	Figure 5.36 
	-
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	5.2.7. EMAT-8: 4x 10mm Wide Magnets 
	This final EMAT configuration (composed of four 10mm-wide magnets as seen in was expected to combine the conclusions of EMAT-6 and EMAT4, due to the two central and exterior magnets respectively. This creates two four-coil sub-EMATs within two two-coil sub-EMATs (as seen in and the effect that this has on the shear wave displacement is shown in Figure 5.39. 
	This final EMAT configuration (composed of four 10mm-wide magnets as seen in was expected to combine the conclusions of EMAT-6 and EMAT4, due to the two central and exterior magnets respectively. This creates two four-coil sub-EMATs within two two-coil sub-EMATs (as seen in and the effect that this has on the shear wave displacement is shown in Figure 5.39. 
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	Figure
	Figure 5.38: Plots of Lorentz Force Density Components across Surface for EMAT-8 15° Steering Angle 
	Figure 5.38: Plots of Lorentz Force Density Components across Surface for EMAT-8 15° Steering Angle 



	EMAT-8 displays the same pattern of twin shear wave displacement peaks as EMAT-7. EMAT-8’s sub-EMATs are not at the same positions as those for EMAT-7, however they still generate higher-angled sidelobes which are responsible for the first shear wave displacement peak. The RToAs for this first peak (shown in suggest that this shear wave lobe originated from 
	EMAT-8 displays the same pattern of twin shear wave displacement peaks as EMAT-7. EMAT-8’s sub-EMATs are not at the same positions as those for EMAT-7, however they still generate higher-angled sidelobes which are responsible for the first shear wave displacement peak. The RToAs for this first peak (shown in suggest that this shear wave lobe originated from 
	Figure 5.40) 

	one of the two sub-EMATs furthest from the reception angle. The numerous sub-EMATs (each with strong magnetic flux densities) transmit multiple shear wave lobes that increase the beamwidth at lower steering angles beyond those of the other EMAT configurations. 

	EMAT-7’s 90° steering angle caused the two innermost split-waves to merge at the reception angle of maximum displacement, which increased its shear wave displacement compared to other magnetic configurations at the same steering angle. The same steering angle for EMAT-8 increases the maximum shear wave displacement further, such that it is the maximum shear wave displacement across the range of steering angles. This is a significant deviation from the typical 30-35° steering angle range seen with the previo
	EMAT-7’s 90° steering angle caused the two innermost split-waves to merge at the reception angle of maximum displacement, which increased its shear wave displacement compared to other magnetic configurations at the same steering angle. The same steering angle for EMAT-8 increases the maximum shear wave displacement further, such that it is the maximum shear wave displacement across the range of steering angles. This is a significant deviation from the typical 30-35° steering angle range seen with the previo
	displacement at the 90° steering angle, but also due to the decreased displacements of the twin shear wave peaks. These changes are a consequence of the interaction between the numerous split-waves. 

	These split-waves caused both constructive and destructive interference between themselves. shows the colour-plot for a 60° steering angle which could be compared to and for EMATs 4 & 6 respectively to highlight the effect of these interferences. shows an absence between the exterior split-waves, greater than that of EMAT-4 despite the fact that a single wavefront would have been generated from its centre akin to EMAT-6. 
	Figure 5.41 
	Figure 5.18 
	Figure 5.29 
	Figure 5.41 

	Despite the destructive interference of the central split-waves, the Ascan of the Rayleigh wave shows an additional smaller peak between the two 
	-

	expected peaks. These expected peaks originate from between coils 2-3 and 10-11 (as was the case for EMAT-4) however the smaller peak for EMAT-8 originates from the destructively interfered central split-wave. This is shown in which compares the Rayleigh wave A-scans for EMATs 4 & 8 at a 90° steering angle. 
	Figure 5.42, 

	5.3. Horizontal Magnetic Configurations 
	Section shows that differing magnetic configurations result in changes to: the magnitude of the three wave modes; the magnitude of the sidelobes compared to the main lobes; and the separating/merging/increased number of split-waves. One of the more important observations however was that the maximum reception angle attainable was via EMAT-2 at 64.2°, however the shear wave directivity was of low displacement and a beamwidth encompassing almost the entirety of the curved surface. In an attempt to extend the 
	5.2 

	Qu et al [18] compared the performance of an MLC EMAT when its direction of magnetisation was changed from vertical to horizontal. This was performed via a PC setup on a rectangular sample (akin to the test setup in Section across a steering angle range of 30-60°. Qu et al [18] concluded that the normalised amplitude of the shear waves had lower variance when the magnetisation direction was horizontal, and that the horizontal magnetisation enabled scanning at a greater angle. While the ratios between these 
	4.4) 
	Figure 5.43. 

	The same beam directivity simulations as before were repeated, and and show the maximum displacement of the three wave modes and the shear wave reception angles respectively across steering angles. The shear wave displacement shown in corroborates the conclusion by Qu et al [18], in that there is little variance in the magnitude across steering angles. These results are also consistent with those in Section with a maximum shear wave displacement peak generally within a steering angle range of 30-35°. The re
	Figure 5.44 
	Figure 5.45 
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	The similarity between EMATs 9 & 3 is revealed by the orientations of Lorentz force density for both EMATs, shown in While EMAT-9’s magnet produced a constant horizontal direction of magnetic flux density across the surface, the vertical direction inverts at the centre, just as it does for EMAT-3. This means that EMAT-9 can also be considered as being composed of two six-coil sub-EMATs. 
	Figure 5.46. 

	Despite the orientations of Lorentz force density being almost equal for EMATs 9 & 3, the magnitudes of their components are different across the surface. This is due to the differing positions and number of magnetic flux concentrations from the magnets. The components of Lorentz force density for EMAT-9 is shown in Comparing them to EMAT-1 shows that the 90° rotation of the square magnet causes EMAT-9’s x-component of 
	Despite the orientations of Lorentz force density being almost equal for EMATs 9 & 3, the magnitudes of their components are different across the surface. This is due to the differing positions and number of magnetic flux concentrations from the magnets. The components of Lorentz force density for EMAT-9 is shown in Comparing them to EMAT-1 shows that the 90° rotation of the square magnet causes EMAT-9’s x-component of 
	Figure 5.47. 
	(Figure 4.49) 

	Lorentz force density to be equal in magnitude and direction to the ycomponent of Lorentz force density for EMAT-1. Comparing them to EMAT-3 highlights the effect that differing positions of magnetic flux density concentration has on these forces, but how it ultimately has minimal effect on either the reception angle or beamwidth of the shear waves. 
	-
	(Figure 5.9) 


	Using the same magnets and restrictions as stated in Section a second list of magnetic configurations is drawn in The same parametric studies were then performed on these additional horizontal magnetic configurations, and the magnetic fields at 1mm lift-off is shown in 
	3.3, 
	Table 5.1. 
	Figure 5.52. 
	Figure 5.48-


	Table 5.1: Horizontal Magnetic Configuration Design 
	Both the magnitudes and positions of maximum magnetic flux density as lift-off increases for magnets 9-14 is shown in and respectively. shows very little change in the maximum value of magnetic flux density across the magnetic configurations for a given lift-off. The decrease of the magnet’s height from 20mm to 10mm ( for EMATs 9 & 10 to EMATs 11 & 13 respectively) has the effect of weakening the magnetic flux density. Kang et al [92] had documented a decrease in surface wave amplitude from an MLC EMAT due 
	Figure 5.53 
	Figure 5.54 
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	shows that magnets 9-14 can be separated into two groups: 20mm-wide and 40mm-wide configurations. Within a single group, there is a limited degree of change in the position of the maximum magnetic flux density as lift-off increases. The same beam directivity simulations were performed on EMATs 10-14, and and show the displacements and reception angles across steering angles for EMAT-10. While the shear wave displacement for EMAT-10 is remarkably lower than that of the previous EMATs, the reception angle and
	Figure 5.54 
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	Like EMAT-9, the vertical direction of magnetic flux density inverts and therefore can be considered to be composed of two sub-EMATs. Unlike EMAT9 however, the concentrations of magnetic flux density lie outside the coil array. This causes the x-components of Lorentz force density to maximise at the ends of the coil array (as seen in and become equal in magnitude and direction to the y-component of Lorentz force density for EMAT2 (as seen in . 
	-
	Figure 5.57) 
	-
	Figure 5.9)

	It is from underneath these maximised x-components of Lorentz force density that each of the two split-waves originate. Analysis of EMAT-10’s colour-plots and beam directivity plots show that the two distinct lobes are present at lower steering angles. At higher steering angles, the split-waves merge into a single wave only at the region of maximum displacement, akin to 
	It is from underneath these maximised x-components of Lorentz force density that each of the two split-waves originate. Analysis of EMAT-10’s colour-plots and beam directivity plots show that the two distinct lobes are present at lower steering angles. At higher steering angles, the split-waves merge into a single wave only at the region of maximum displacement, akin to 
	EMAT-6. It is due to the large difference in the origin positions for the splitwave that the RToA was not equal to 0µs. 
	-


	Despite EMATs 9 & 10 being thought of as two six-coil EMATs due to their distributions of x-component of Lorentz force densities, they transmit a different number of split-waves. Initially, the number of split-waves for both EMATs was counted as two, however a further inspection of their A-scans at the 90° reception angle for their 30° steering angles reveal this not to be the case. The number of split-waves at this steering angle was registered as four and two for EMATs 9 & 10 respectively, as seen in Figu
	Despite EMATs 9 & 10 being thought of as two six-coil EMATs due to their distributions of x-component of Lorentz force densities, they transmit a different number of split-waves. Initially, the number of split-waves for both EMATs was counted as two, however a further inspection of their A-scans at the 90° reception angle for their 30° steering angles reveal this not to be the case. The number of split-waves at this steering angle was registered as four and two for EMATs 9 & 10 respectively, as seen in Figu
	Figure
	Figure 5.58: A-scans at 90° for EMAT-9 and EMAT-10 30° Steering Angle 
	Figure 5.58: A-scans at 90° for EMAT-9 and EMAT-10 30° Steering Angle 



	EMATs 11 & 12 transmitted the same number of split-waves as EMAT-9, and the same is true for EMATs 13 & 14 for EMAT-10. The only difference between these configurations is the width of the magnetic configuration, and 
	EMATs 11 & 12 transmitted the same number of split-waves as EMAT-9, and the same is true for EMATs 13 & 14 for EMAT-10. The only difference between these configurations is the width of the magnetic configuration, and 
	thus the concentrations of magnetic flux density. The ToA for EMAT-10’s two split-waves is approximate to the ToAs of EMAT-9’s two outermost split-waves. This is due to their origin positions located at the ends of the coil array. EMAT-9’s two innermost split-waves are due to the concentrations of magnetic flux density. EMAT-9’s coil array is separated by these magnetic flux concentrations into the following sub-coil arrays: coils 1-2, coils 3-10, coils 11-12. It is from the ends of coils 3-10 that EMAT-9’s

	Reviewing previous vertical magnetic configurations at a 30° steering angle revealed more split-waves than initially recorded. These additional splitwaves were found at a higher frequency, as decreasing the frequency merged split-waves. Across the magnetic configurations, the ToA of the first and last split-wave was constant (aside for simulation errors) due to their origin positions at the ends of the coil array. Additional split-waves were due to the number of sub-coil arrays, as well as their position. T
	-

	Due to the similarity of their magnetic fields, the results from EMATs 11 & 12 show the same pattern of behaviour as those from EMAT-9, and the same is true for EMATs 13 & 14 regarding EMAT-10. For this reason, the results from EMATs 11-14 are not discussed in this section and are recorded in Appendix C. A summary of results from these magnetic configurations and their relevant data is shown in 
	Table 5.2. 

	Table 5.2: Magnetic Configurations Summary 
	5.4. Beam Steerability with Alternate Magnetic Configuration 
	As with EMAT-1, experimental testing was performed using one of the alternate magnetic configurations from Sections , to ensure the accuracy of the simulated reception signal method (described in Section for alternate EMAT configurations. The experimental validation was done using the beam steerability setup described in Sections and for the same steering angles. The configuration chosen for testing was EMAT-3 due to its large 
	As with EMAT-1, experimental testing was performed using one of the alternate magnetic configurations from Sections , to ensure the accuracy of the simulated reception signal method (described in Section for alternate EMAT configurations. The experimental validation was done using the beam steerability setup described in Sections and for the same steering angles. The configuration chosen for testing was EMAT-3 due to its large 
	5.2-
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	maximum shear and Rayleigh wave displacements and its use in other academic literature [73]. Pei et al [73] compared the use of modified EMATs in a PC setup and concluded that replacing the single magnet EMATs with ones of two alternating magnets (akin to EMAT-3’s design) improved the peak-to-peak voltage amplitude of the received Rayleigh wave signal by a factor of ~5.3. 

	EMATs 1 & 3 as transmitter and/or receiver was used not only to analyse the shear wave backwall profile in the same manner as Section but also how the different magnetic configuration affected its amplitude and beamspread. Comparisons were made between the simulated displacement magnitudes, the experimental signals, and the simulated signals. show the shear wave backwall profiles for these three datasets, for a given PC configuration at a 30° steering angle. 
	4.4, 
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	Figure 5.59
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	Figure 5.62 

	There is obviously no change in simulated displacement between different Rxs, however its backwall profile is closer in shape to those recorded by the experimental EMAT-1 Rx’s for a given Tx. When using different EMAT configurations in a PC setup, there are two distinct peaks in both the experimental and simulated signal profiles. A summary of each dataset’s profile peak data for all PC setups is shown in where the values and positions of the two peaks (if present) are recorded. 
	Table 5.3, 

	From Section the shear wave beam directivity for EMAT-1’s 30° steering angle was measured as a single lobe angled at 33.4°, thus the profile’s peak was expected at an x-position of 66mm. For EMAT-3, the distinct shear wave lobes were angled at 26.3° and 38.8°, suggesting profile peaks at xpositions of 49mm and 80mm respectively. The simulated displacement results 
	From Section the shear wave beam directivity for EMAT-1’s 30° steering angle was measured as a single lobe angled at 33.4°, thus the profile’s peak was expected at an x-position of 66mm. For EMAT-3, the distinct shear wave lobes were angled at 26.3° and 38.8°, suggesting profile peaks at xpositions of 49mm and 80mm respectively. The simulated displacement results 
	4.3.1, 
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	in support this for both Tx configurations. The differences between these estimated and measured x-positions for both Tx’s was attributed to the lobes striking the flat backwall at an angle rather than normal to a curved surface. 
	Table 5.3 


	Table 5.3: Shear Wave Backwall Profile Data for EMAT PC Setups at 30° and 90° Steering Angles 
	For EMATs 1-1, the difference in profile peak’s x-positions between the simulated displacement and the experimental datasets (69.75mm and 81mm respectively) is approximately 10mm: the same distance from the centre of the EMAT to the magnetic flux concentration at the corner of the single magnet. A shear wave UT probe was used across the backwall to confirm this, measuring the profile peak at an x-position of 70mm. This means that EMAT-1’s profile peak x-position offset is due to the design of Rx. 
	There is little difference between the experimental results for EMATs 13 and EMATs 3-1, with peaks measured at 65/69mm and 88mm. Additionally the simulated signal profiles for these two setups had a correlation coefficient 
	There is little difference between the experimental results for EMATs 13 and EMATs 3-1, with peaks measured at 65/69mm and 88mm. Additionally the simulated signal profiles for these two setups had a correlation coefficient 
	-

	of 0.9999. This suggests that the backwall profile is the same for a PC setup of two different EMAT configurations, regardless of which was transmitter or receiver. The distance between the two experimental peaks is approximately 20mm, the same width as the magnets used in both EMAT configurations. As previously mentioned in Section EMAT-3 can be considered as being composed of two sub-EMATs, positioned 20mm apart. This explains why the single lobe transmitted from EMAT-1 was recorded as two peaks, as it wa
	5.2.2, 


	For EMATs 3-3, the largest of the simulated displacement’s two peaks was at 59mm. This is likely due to the main lobe at 38.8° having a greater distance to cover and thus was more attenuated than its shallower lobe. There is little difference in profile peak x-positions between the simulated displacement and the experimental signal datasets (79.75mm and 79mm respectively), while the experimental data only recorded a single peak at 79mm. Despite recording a single peak, the experimental profile shows two sma
	For all PC setups, the x-positions at which Rx measured the experimental or simulated peaks suggests that the two transmitted shear wave lobes are detected by the concentrations of magnetic flux density on the left-hand side of Rx. This explains the 10mm offset for EMATs 1-1 and the 20mm distance between peaks for EMATs 1-3 & 3-1. shows illustrations of these Tx-Rx mismatches to better explain their impact on the shear wave backwall profile peaks. 
	Figure 5.64 

	The magnitude of the Rayleigh waves at the 90° steering angle from the sample’s surface was also measured to see if similar conclusions could be 
	drawn for these PC EMAT setups as to those from Pei et al [73]. In keeping with this, Rx was positioned 160mm away from Tx on the surface of the rectangular sample. The peak amplitude for each dataset is also included in Replacing EMAT-1 with EMAT-3 for Rx increased the peak amplitude of the Rayleigh waves by a SF of ~1.35. By replacing EMAT-1 with EMAT-3 for Tx, the peak amplitude recorded by EMAT-1 increased by a SF of ~1.33. Finally, by replacing EMAT-1 with EMAT-3 as both Tx and Rx, the SNR of the EMAT 
	Table 5.3. 

	The differences between these SF enhancements and those listed in Pei et al [73] were attributed to the many differences in the experimental setups. These differences include: the dimensions; the materials; the lift-offs for both the magnet and MLC; the current signals driving the EMAT; and the data analysis methodology. While the exact values differ between these two studies, the overall point stands that an EMAT PC setup can be enhanced by alternative magnetic configurations with a greater concentrations 
	The SF values for the 30° steering angle’s experimental signals show a decrease from EMATs 1-1 when using different EMATs within the same PC setup. This was not the case for the simulated signals which show a small increase. Exchanging EMAT-1 for EMAT-3 as both Tx and Rx for the simulated signals caused a far greater SF increase of ~1.95 compared to the experimental signal’s SF of ~1.55. The difference in these SF increases was attributed to the previously discussed issues present in the simulated signal’s 
	While the SFs for the simulated signals vary, they do however follow similar trends to those of the experimental testing. The simulated signal method demonstrates that it is capable of calculating whether an alternate magnetic configuration can increase the SF of the PC setup. From the simulated model of EMAT-1 at a 30° steering angle, backwall profiles were constructed using the simulated signal method with the alternative magnetic configurations listed in Sections and 
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	shows the amplitudes from these profile peaks and found that EMAT-4 would increase the SF of the system by an even greater value. The same was true for the reception of Rayleigh waves at the 90° steering angle, also in Additionally, shows the reception angles and beam-spread of these profile peaks. These are compared to the experimental beam-spread to observe their accuracy. The increased amplitude from EMAT-4 is due to its similar design to that of EMAT-1, with the 10mm-wide magnets on 
	shows the amplitudes from these profile peaks and found that EMAT-4 would increase the SF of the system by an even greater value. The same was true for the reception of Rayleigh waves at the 90° steering angle, also in Additionally, shows the reception angles and beam-spread of these profile peaks. These are compared to the experimental beam-spread to observe their accuracy. The increased amplitude from EMAT-4 is due to its similar design to that of EMAT-1, with the 10mm-wide magnets on 
	Figure 5.65 
	Figure 5.65. 
	Figure 5.66 

	either side of the 20mm-wide central magnet increasing the concentrations of magnetic flux density at the corners. This explains why there is also little variation in the reception angle and beam-spread. 

	Further simulations were performed with different magnetic configurations for Tx at a 30° steering angle. The backwall profiles were constructed using the simulated signal method, and the maximum amplitudes are shown in as a matrix colour-plot. The PC setups which produced the greatest signal amplitudes are: EMATs 3 & 4 to EMATs 1, 3, 4, 6 & 9; and EMATs 7 & 8 to EMATs 7 & 8, with EMATs 3-3 being the maximum. The symmetry in lends credence to the earlier suggestion that the same backwall profile is produced
	Further simulations were performed with different magnetic configurations for Tx at a 30° steering angle. The backwall profiles were constructed using the simulated signal method, and the maximum amplitudes are shown in as a matrix colour-plot. The PC setups which produced the greatest signal amplitudes are: EMATs 3 & 4 to EMATs 1, 3, 4, 6 & 9; and EMATs 7 & 8 to EMATs 7 & 8, with EMATs 3-3 being the maximum. The symmetry in lends credence to the earlier suggestion that the same backwall profile is produced
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	(particularly with EMAT-6), however this is likely due to errors in the simulated 

	signal’s amplitude calculation. The same process was also performed on EMAT 
	PC setups at a 90° steering angle for Rayleigh waves across the surface, shown in Like with the backwall profile, the greatest amplitudes arose from: EMATs 3 & 4 to EMATs 1, 3, 4, 9 & 10; and EMATs 9 & 10 to EMATs 3, 4, 9 & 10, with EMATs 3-3 being the maximum. 
	Figure 5.68. 

	For all PC setups at a 30° steering angle, the correlation coefficient increase when comparing the simulated signal’s profile peaks to those of the experimental signal’s, rather than the simulated displacements. show these correlation coefficients for the shear wave backwall profiles across steering angles for a given PC setup. In keeping with these correlations include both the direct and reflected shear wave profiles. 
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	Table 5.5: Experimental Validation Correlations for EMATs 3-1 
	5.6 exhibit a similar trend to those in a general improvement in correlation coefficient when using the simulated signal results over the simulated displacement results. There are more instances of where using the simulated signal decreases the correlation coefficient however, most notably at the lower steering angles of 20-25° for the direct shear wave profiles. This is explained by which shows all three shear wave backwall profiles from EMATs 1-3 for the 20° steering angle. 
	Table 5.4-
	Table 
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	It is noticeable that the simulated signal’s profile closer resemble s the experimental signal’s profile in shape rather than the simulated displacement’s, yet it has a lower correlation coefficient calculated for it. This is due to the large difference in x-positions between the maximum peaks of the three datasets. By shifting these three profile plots to align their maximum peaks at the same x-position, the correlation coefficient for the simulated signal and displacement compared to the experimental sign
	show the reception angles and beam-spreads for both the simulated displacement and simulated signals compared to the experimental signals across steering angles, for a given PC configuration. Following the conclusions drawn by comparing to the shear wave profile’s beam-spread tends to become narrower for the simulated signal than for the displacement. This is not the case for the 20° steering angle however, as the beam-spread widens to closer resemble the beam-spread length of the experimental testing. Addi
	Figure 5.75 
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	shows the normalised maximum amplitudes for the three datasets, for all four PC setups respectively. Following the skew correction stated in Section the simulated signals were divided by their steering frequencies to counter the effects of the skew in magnitude at lower steering angles. These results show that the simulated signal’s amplitude across steering angles is far closer in magnitude to those of the experimental signal’s across the PC setups. The exception to this is at the 20° steering angle due to
	Figure 5.79 
	Figure 5.76-
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	summarises the correlation coefficients for the normalised amplitudes, reception angles, and beam-spread limits across the range of steering angles, for the two simulated datasets when compared to the experimental one. 
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	Table 5.7: Overall Beam Steerability Correlation Results with differing EMAT PC Configurations 
	5.5. Summary 
	This chapter compared the performances of the MLC EMAT based on different magnetic configurations. These various designs were assessed based upon their beam directivities, derived from the same simulated models as detailed in Chapter 4. 
	The magnetic configurations that generated the greatest shear wave magnitude tended to be those with concentrations of magnetic flux density within their coil array. This was achieved by changing the width of the magnet, or the number of magnets within the EMAT. The larger the magnetic flux density within the coil array, the greater the transduction efficiency for both transmission and reception of the ultrasonic waves. 
	Introducing concentrations of magnetic flux into the coil array’s area of induced eddy current densities however inverted the directions of the magnetic flux density. This effectively turned the MLC EMAT into multiple sub-EMATs, each generating their own split-waves that superimposed onto neighbouring ones. While this could increase the magnitude of the shear waves, it also increased the number of sidelobes transmitted and thus beamwidth. 
	The capabilities of calculating the simulated signal within a reception EMAT was also tested with the alternate magnetic configurations. This method continued to provide an alternative method of measuring simulated data and even proved capable of assessing the optimal pairing of MLC EMATs within a PC setup. 
	Chapter 6 -Modified Coil Configurations 
	The previous chapter detailed the exploration of optimising the MLC EMAT through alternative magnetic configurations. This chapter seeks to explore modifications that could be made to the design of the EMAT’s MLC. This would uncover whether the EMAT could be driven at a higher steering angle than the results from the previous two chapters. 
	6.1. Introduction 
	One of the prevailing conclusions from Chapter 5 was that the shear waves transmitted from the MLC EMAT tend to reach a steering limit of approximately 40°, and a maximum reception angle of approximately 60°. While the exact value fell within a range of 50-65° across the different magnetic configurations, the EMAT was incapable of transmitting beyond this angle. For the standard EMAT-1 configuration, the A-scans at these reception angles revealed that the shear waves from which the maximum displacement was 
	To better explore the EMAT’s steering limit and whether it could be surpassed, the model for studying the EMAT’s beam directivity was adapted to investigate the effect that the coils have on the split nature of the shear waves. The primary difference with this model was the removal of the ‘Magnetic Fields’ physics interface, and thus its Multiphysics coupling to the ‘Solid Mechanics’ physics interface. This was done to replace the irregular magnetic flux density with a uniform one. A ‘Body Load’ domain was 
	To better explore the EMAT’s steering limit and whether it could be surpassed, the model for studying the EMAT’s beam directivity was adapted to investigate the effect that the coils have on the split nature of the shear waves. The primary difference with this model was the removal of the ‘Magnetic Fields’ physics interface, and thus its Multiphysics coupling to the ‘Solid Mechanics’ physics interface. This was done to replace the irregular magnetic flux density with a uniform one. A ‘Body Load’ domain was 
	multiplied by 1T , and a y-component equal to 0N/mm³. This (essentially created a uniform magnetic flux density equal to 1T in the vertical direction). 
	(Equation 2.22)


	The three chosen parametric studies on the coil array were: the steering angle; the number of coils in the array; and the coil spacing. Within Chapters 4 and 5, the modelled Rayleigh waves overlapped with the shear waves at the semicircular aluminium sample’s reception angles of 75-90°. The sample’s radius in this model was therefore increased to 125mm, enabling measurement up to a reception angle of 80°. Initial simulations for the 5.0mm coil spacing at this radius value however showed that the Rayleigh wa
	Equation 3.8)

	6.2. Steering Angle 
	The same steering angles of 15-60° at 5° intervals and 90° were used due to the little difference from steering angles of 65-85°. show the beam directivities for the twelve-coil arrays, spaced at 2.5mm, across the stated steering angles. The beam directivity plots for these simulations were constructed in the same manner as those in Section Due to the semicircular sample’s differing radii between coil spacings, the magnitude of displacement was replaced with amplitude, normalised to the largest displacement
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	Figure 1.1: Flat Bottomed T-Rail [3] 
	Figure 1.1: Flat Bottomed T-Rail [3] 
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	Figure 1.2: Internal Rail Defects [5] 
	Figure 1.2: Internal Rail Defects [5] 
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	Figure 1.3: Sperry RSU Design [13] 
	Figure 1.3: Sperry RSU Design [13] 


	Advantages 
	Advantages 
	Advantages 
	Disadvantages 

	Sensitive to surface/subsurface defects Used on a wide range of materials Best penetration depth for flaw detection Only single-sided access needed Highly accurate for determining flaw size and shape Minimal part preparation required Instantaneous results Detailed images produced 
	Sensitive to surface/subsurface defects Used on a wide range of materials Best penetration depth for flaw detection Only single-sided access needed Highly accurate for determining flaw size and shape Minimal part preparation required Instantaneous results Detailed images produced 
	Surface must be accessible Skill and training required Couplant required Complex dimensions are difficult to inspect (rough, irregular shape, small, thin, non-homogenous materials) Linear defects parallel to sound beam may go undetected Reference standards required 
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	Figure 2.2: Angled UT Probe Diagram 
	Figure 2.2: Angled UT Probe Diagram 
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	Figure 2.4: Rayleigh Wave [27] 
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	Figure 2.5: Symmetric and Asymmetric Lamb Waves [27] 
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	Figure 2.6: Snell’s Law and Mode Conversion [28] 
	Figure 2.6: Snell’s Law and Mode Conversion [28] 
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	Equation 2.9 

	𝛻. 𝐵 = 0 
	𝛻. 𝐵 = 0 
	Equation 2.10 
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	Figure 2.7: B-H curve for a ferromagnetic material, adapted from [29] 
	Figure 2.7: B-H curve for a ferromagnetic material, adapted from [29] 
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	Figure 2.8: Magnetostriction principle [30] 
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	Figure 2.9: Static magnetostriction curve and abstolue values of magnetostriction constants [36] 
	Figure 2.9: Static magnetostriction curve and abstolue values of magnetostriction constants [36] 
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	Figure 2.10: Spiral-Coil EMAT, adapted from [38] 
	Figure 2.10: Spiral-Coil EMAT, adapted from [38] 


	Figure 2.11: Rectangular-Coil EMAT, adapted from [38] (a) (b) Magnetic field direction Bulk wave direction Lorentz force direction 
	(a) (b) Magnetic field direction Bulk wave direction Lorentz force direction 
	Figure 2.12: Butterfly-Coil EMAT, adapted from [38] 
	Figure 2.12: Butterfly-Coil EMAT, adapted from [38] 
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	Figure 2.13: PPM EMAT, adapted from [38] 
	Figure 2.13: PPM EMAT, adapted from [38] 


	Figure 2.14: MLC EMAT, adapted from [38] (a) (b) M agnetic f ie ld direct ion B ulk wave direct ion Lorentz force direct ion 
	shows the final example of an angle-beam EMAT. This is one of the most common angle-beam EMATs and the topic of this thesis: the Meander-Line-Coil (MLC) EMAT. 
	shows the final example of an angle-beam EMAT. This is one of the most common angle-beam EMATs and the topic of this thesis: the Meander-Line-Coil (MLC) EMAT. 
	Figure 2.14 
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	Table 2.2: EMAT Advantages and Disadvantages 
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	Table 2.2: EMAT Advantages and Disadvantages 

	Advantages 
	Advantages 
	Disadvantages 

	Non-contact wave transduction [40] Wave mode variety [36] Does not require a coupling medium Unaffected by rough/coated surfaces Variance in surface lift-off [41] 
	Non-contact wave transduction [40] Wave mode variety [36] Does not require a coupling medium Unaffected by rough/coated surfaces Variance in surface lift-off [41] 
	Low transduction efficiency [42] Material dependent Physical size limitations 
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	Figure 2.15: EMAT Circuit Diagram [20] 
	Figure 2.15: EMAT Circuit Diagram [20] 
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	Equation 2.32 
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	𝑋𝐶 = 2𝜋𝑓𝐶 
	𝑋𝐶 = 2𝜋𝑓𝐶 
	Equation 2.33 


	Property 
	Property 
	Property 
	Value 

	Magnetic Dimensions (W x H x D) 
	Magnetic Dimensions (W x H x D) 
	20mm x 20mm x 40mm 

	Remanence 
	Remanence 
	1.31T 

	Coercive Force 
	Coercive Force 
	> 915kA/m 

	Max. Operating Temperature 
	Max. Operating Temperature 
	80°C 


	Aluminium Air Magnet Infinite Element Domains Lift-off 
	Figure 3.1: COMSOL 2D Model of N42 Magnet over Aluminium 
	Figure 3.1: COMSOL 2D Model of N42 Magnet over Aluminium 
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	Figure 3.2: Colour-plot of Magnet-1 
	Figure 3.2: Colour-plot of Magnet-1 
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	Figure 3.3: Graph of Magnetic Flux Density across the Aluminium Sample’s Surface at 0mm lift-off 
	Figure 3.3: Graph of Magnetic Flux Density across the Aluminium Sample’s Surface at 0mm lift-off 
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	Figure 3.4: Graph of Magnetic Field Orientation across the Aluminium Sample’s Surface at 0mm lift-off 
	Figure 3.4: Graph of Magnetic Field Orientation across the Aluminium Sample’s Surface at 0mm lift-off 
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	Figure 3.5: Graph of Magnetic Flux Magnitude across Aluminium Sample’s Surface for increasing lift-off 
	Figure 3.5: Graph of Magnetic Flux Magnitude across Aluminium Sample’s Surface for increasing lift-off 
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	Figure 3.6: Graphs of Maximum Magnetic Flux Density at Surface of Aluminium Sample for increasing Lift-off 
	Figure 3.6: Graphs of Maximum Magnetic Flux Density at Surface of Aluminium Sample for increasing Lift-off 
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	Magnet Number 
	Magnet Number 
	Magnetic Configuration 
	Number of Peaks across Surface at 1mm Lift-off 
	Number of Peaks within Coil Array at 1mm Lift-off 

	1 
	1 
	20mm 
	2 
	2 

	2 
	2 
	40mm 
	2 
	0 

	3 
	3 
	20mm-20mm 
	3 
	1 

	4 
	4 
	10mm-20mm-10mm 
	2 
	2 

	5 
	5 
	10mm 
	2 
	2 

	6 
	6 
	10mm-10mm 
	1 
	1 

	7 
	7 
	10mm-10mm-10mm 
	4 
	2 

	8 
	8 
	10mm-10mm-10mm-10mm 
	5 
	3 
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	Figure 3.7: Colour-plot of Magnet-2 
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	Figure 3.8: Colour-plot of Magnet-3 
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	Figure 3.9: Colour-plot of Magnet-4 
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	Figure 3.10: Colour-plot of Magnet-5 
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	Figure
	Figure 3.14: Graph of Maximum Magnetic Flux Density at Surface of Aluminium Sample for Magnetic Configurations 
	Figure 3.14: Graph of Maximum Magnetic Flux Density at Surface of Aluminium Sample for Magnetic Configurations 
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	Figure 3.15: Graph of Position of Maximum Magnetic Flux Density at Surface of Aluminium Sample for Magnetic Configurations 
	Figure 3.15: Graph of Position of Maximum Magnetic Flux Density at Surface of Aluminium Sample for Magnetic Configurations 
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	Figure 3.17: Simulated Design of MLC at 0mm Lift-off 
	Figure 3.17: Simulated Design of MLC at 0mm Lift-off 
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	Figure 3.18: Frequency across Steering Angles 
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	Air Aluminium Aluminium’s Area of High-Mesh Density Coils x12 
	Figure 3.19: COMSOL 2D Model of MLC over Aluminium 
	Figure 3.19: COMSOL 2D Model of MLC over Aluminium 
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	Figure 3.20: Maximum Eddy Current Density across Lift-off 
	Figure 3.20: Maximum Eddy Current Density across Lift-off 
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	Figure 3.21: Eddy Current Density Profiles for 15° Steering Angle 
	Figure 3.21: Eddy Current Density Profiles for 15° Steering Angle 
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	Figure 3.22: Eddy Current Density Profiles for 90° Steering Angle 
	Figure 3.22: Eddy Current Density Profiles for 90° Steering Angle 
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	Figure 3.23: Maximum Eddy Current Density across Steering Angles 
	Figure 3.23: Maximum Eddy Current Density across Steering Angles 
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	Figure 3.24: Maximum Eddy Current Density across Depth 
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	Magnet Aluminium Coils x12 Aluminium’s Area of High-Mesh Density Air 
	Figure 3.26: COMSOL model’s mesh beneath the EMAT for: first time-dependent study step (left); and second time-dependent study step (right) 
	Figure 3.26: COMSOL model’s mesh beneath the EMAT for: first time-dependent study step (left); and second time-dependent study step (right) 
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	Figure 3.27: Bulk Material Mesh Convergence Graph 
	Figure 3.27: Bulk Material Mesh Convergence Graph 
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	Figure 3.28: High-Mesh Area Mesh Convergence Graph 
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	Figure 3.29: High-Mesh Area Depth Mesh Convergence Graph 
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	Figure 3.30: Graph of current pulse profile through coils for 15° and 90° steering angles 
	Figure 3.30: Graph of current pulse profile through coils for 15° and 90° steering angles 


	Table 3.3: EMAT model variables for a given steering angle 
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	Table 3.3: EMAT model variables for a given steering angle 

	a (°) 
	a (°) 
	f (MHz) 
	σ (µs) 
	hmax (mm) 
	Δt (ns) 
	τ (µs) 
	CFL 

	15 
	15 
	2.4110 
	0.4977 
	0.2157 
	6.60 
	1.5576 
	0.0955 

	20 
	20 
	1.8245 
	0.6577 
	0.2850 
	9.00 
	2.0610 
	0.0985 

	25 
	25 
	1.4765 
	0.8127 
	0.3522 
	11.25 
	2.5425 
	0.0997 

	30 
	30 
	1.2480 
	0.9615 
	0.4167 
	13.20 
	3.0096 
	0.0988 

	35 
	35 
	1.0879 
	1.1030 
	0.4780 
	15.00 
	3.4500 
	0.0979 

	40 
	40 
	0.9708 
	1.2361 
	0.5357 
	16.50 
	3.8775 
	0.0961 

	45 
	45 
	0.8825 
	1.3598 
	0.5893 
	18.75 
	4.2563 
	0.0993 

	50 
	50 
	0.8146 
	1.4732 
	0.6384 
	20.00 
	4.6200 
	0.0977 

	55 
	55 
	0.7618 
	1.5753 
	0.6826 
	20.00 
	4.9400 
	0.0914 

	60 
	60 
	0.7205 
	1.6654 
	0.7217 
	22.50 
	5.2200 
	0.0973 

	65 
	65 
	0.6885 
	1.7429 
	0.7553 
	24.00 
	5.4480 
	0.0991 

	70 
	70 
	0.6640 
	1.8071 
	0.7831 
	25.00 
	5.6500 
	0.0996 

	75 
	75 
	0.6460 
	1.8575 
	0.8049 
	25.00 
	5.8250 
	0.0969 

	80 
	80 
	0.6336 
	1.8939 
	0.8207 
	25.00 
	5.9250 
	0.0950 

	85 
	85 
	0.6264 
	1.9158 
	0.8302 
	26.40 
	5.9928 
	0.0992 

	90 
	90 
	0.6240 
	1.9231 
	0.8333 
	26.40 
	6.0192 
	0.0988 
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	Figure 3.31: MLC EMAT PE Signal 
	Figure 3.31: MLC EMAT PE Signal 
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	The second shape of the aluminium sample used in this thesis therefore was rectangular (340mm wide by 100mm high). Its shape was used to develop an understanding of the MLC EMAT’s steered shear waves across a flat backwall surface before being applied to more complex shapes. 
	The second shape of the aluminium sample used in this thesis therefore was rectangular (340mm wide by 100mm high). Its shape was used to develop an understanding of the MLC EMAT’s steered shear waves across a flat backwall surface before being applied to more complex shapes. 
	Figure 1.1. 
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	Figure 3.33: EMAT Rectangular Model 
	Figure 3.33: EMAT Rectangular Model 
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	Figure 3.34: EMAT Simulation Example 
	Figure 3.34: EMAT Simulation Example 
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	Figure 4.1: EMAT transmission signals 
	Figure 4.1: EMAT transmission signals 


	Angle (°) 
	Angle (°) 
	Angle (°) 
	Modulation Frequency (MHz) 
	Time Delay (µs) 
	Measure Inductance (µH) 
	Resistance (Ω) 
	Calculated Capacitance (nF) 
	Measured Capacitance (nF) 

	15 
	15 
	0.4018 
	2.8568 
	1.7325 
	9.0314 
	2.5153 
	2.5073 

	20 
	20 
	0.3041 
	3.2568 
	1.7614 
	7.7033 
	4.3202 
	4.3160 

	25 
	25 
	0.2461 
	3.6443 
	1.7960 
	6.9712 
	6.4692 
	6.4795 

	30 
	30 
	0.2080 
	4.0163 
	1.8286 
	6.4963 
	8.8938 
	8.8995 

	35 
	35 
	0.1813 
	4.3701 
	1.8589 
	6.1562 
	11.5134 
	11.6048 

	40 
	40 
	0.1618 
	4.7028 
	1.8838 
	5.8911 
	14.2684 
	14.3086 

	45 
	45 
	0.1471 
	5.0121 
	1.9075 
	5.6946 
	17.0524 
	17.0496 

	50 
	50 
	0.1358 
	5.2954 
	1.9288 
	5.5419 
	19.7921 
	19.8148 

	55 
	55 
	0.1270 
	5.5507 
	1.9487 
	5.4242 
	22.4004 
	22.4428 

	60 
	60 
	0.1201 
	5.7761 
	1.9618 
	5.3283 
	24.8706 
	24.8632 

	90 
	90 
	0.1040 
	6.4202 
	2.0113 
	5.1007 
	32.3440 
	32.3594 
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	Figure 4.2: Experimental EMAT Setup 
	Figure 4.2: Experimental EMAT Setup 
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	Figure 4.3: 15° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction of Compression Wave 
	Figure 4.3: 15° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction of Compression Wave 
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	Figure 4.4: 20° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction of Compression Wave 
	Figure 4.4: 20° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction of Compression Wave 


	Figure
	Figure 4.5: 25° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction of Compression Wave 
	Figure 4.5: 25° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction of Compression Wave 
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	Figure 4.6: 30° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction of Compression Wave 
	Figure 4.6: 30° Steering Angle EMAT on Semicircular Sample, annotated to indicate direction of Compression Wave 
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	Figure 4.7: 35° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.8: 40° Steering Angle EMAT on Semicircular Sample 
	Figure 4.8: 40° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.9: 45° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.10: 50° Steering Angle EMAT on Semicircular Sample 
	Figure 4.10: 50° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.11: 55° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.12: 60° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.13: 65° Steering Angle EMAT on Semicircular Sample 
	Figure 4.13: 65° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.14: 70° Steering Angle EMAT on Semicircular Sample 
	Figure 4.14: 70° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.15: 75° Steering Angle EMAT on Semicircular Sample 
	Figure 4.15: 75° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.16: 80° Steering Angle EMAT on Semicircular Sample 
	Figure 4.16: 80° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.17: 85° Steering Angle EMAT on Semicircular Sample 
	Figure 4.17: 85° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.18: 90° Steering Angle EMAT on Semicircular Sample 
	Figure 4.18: 90° Steering Angle EMAT on Semicircular Sample 
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	Figure 4.19: Graph of Displacement Magnitude across Time at 35° for 15° steering angle 
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	Figure 4.20: Graph of Displacement Magnitude across Time at 36° for 30° steering angle 
	Figure 4.20: Graph of Displacement Magnitude across Time at 36° for 30° steering angle 
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	Figure 4.21: Graph of Displacement Magnitude across Time at 48° for 45° steering angle 
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	Figure 4.22: Graph of Displacement Magnitude across Time at 60° for 90° steering angle 
	Figure 4.22: Graph of Displacement Magnitude across Time at 60° for 90° steering angle 
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	Figure 4.23: Graph of Directional Displacement across Time at 35° for 15° Steering angle 
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	Figure
	Figure 4.24: Graph of Directional Displacement across Time at 36° for 30° Steering angle 
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	Figure 4.25: Graph of Directional Displacement across Time at 48° for 45° Steering angle 
	Figure 4.25: Graph of Directional Displacement across Time at 48° for 45° Steering angle 


	Figure
	Figure 4.26: Graph of Directional Displacement across Time at 60° for 90° Steering angle 
	Figure 4.26: Graph of Directional Displacement across Time at 60° for 90° Steering angle 
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	Figure 4.27: Bulk Wave Directivity Plot for 15° Steering Angle 
	Figure 4.27: Bulk Wave Directivity Plot for 15° Steering Angle 
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	Figure 4.28: Bulk Wave Directivity Plot for 20° Steering Angle 
	Figure 4.28: Bulk Wave Directivity Plot for 20° Steering Angle 
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	Figure 4.29: Bulk Wave Directivity Plot for 25° Steering Angle 
	Figure 4.29: Bulk Wave Directivity Plot for 25° Steering Angle 
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	Figure 4.30: Bulk Wave Directivity Plot for 30° Steering Angle 
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	Figure 4.31: Bulk Wave Directivity Plot for 35° Steering Angle 
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	Figure 4.32: Bulk Wave Directivity Plot for 40° Steering Angle 
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	Figure 4.33: Bulk Wave Directivity Plot for 45° Steering Angle 
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	Figure 4.34: Bulk Wave Directivity Plot for 50° Steering Angle 
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	Figure 4.35: Bulk Wave Directivity Plot for 55° Steering Angle 
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	Figure 4.36: Bulk Wave Directivity Plot for 60° Steering Angle 
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	Figure 4.37: Bulk Wave Directivity Plot for 65° Steering Angle 
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	Figure 4.38: Bulk Wave Directivity Plot for 70° Steering Angle 
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	Figure 4.45: A-scans from Maximum Reception Angle from Section C Steering Angles, highlighted in red is the maximum shear wave displacement 
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	Figure 4.64: Shear Wave Directivity Plots for 45° Steering Angle via Shear Wave UT Probe shows that the angled shear waves oscillate in-plane (as with the simulated results) while the 0° lobe oscillate out-of-plane. This explains not 
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	Figure 4.77: Ultrasonic pathways from T
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	Figure 4.79: Simulated vs Experimental data for 30° Steering Angle at 0mm across the backwall, annotated with the experimental signal peak’s propagation pathway 
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	Figure 4.80: Simulated vs Experimental data for 30° Steering Angle at 80mm across the backwall, annotated with the experimental signal peak’s propagation pathway 
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	Figure 4.81: Simulated vs Experimental data for 30° Steering Angle at 140mm across the backwall, annotated with the experimental signal peak’s propagation pathway 
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	Figure 4.82: Simulated vs Experimental data for 30° Steering Angle at 235mm across the backwall, annotated with the experimental signal peak’s propagation pathway 
	Figure 4.82: Simulated vs Experimental data for 30° Steering Angle at 235mm across the backwall, annotated with the experimental signal peak’s propagation pathway 
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	Figure 4.93: Simulated Signal vs Experimental Signal for 30° Steering Angle at 80mm across the backwall 
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	Figure 4.94: Simulated Signal vs Experimental Signal for 30° Steering Angle at 140mm across the backwall 
	Figure 4.94: Simulated Signal vs Experimental Signal for 30° Steering Angle at 140mm across the backwall 


	Figure
	Figure 4.95: Simulated Signal vs Experimental Signal for 30° Steering Angle at 235mm across the backwall 
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	Steering Angle (°) 
	Steering Angle (°) 
	Steering Angle (°) 
	Direct Shear Wave Correlation 
	Reflected Shear Wave Correlation 

	Displacement Magnitude 
	Displacement Magnitude 
	Simulated Signal 
	Displacement Magnitude 
	Simulated Signal 

	20 
	20 
	0.7875 
	0.8163 
	0.7814 
	0.7758 

	25 
	25 
	0.8825 
	0.9177 
	0.6807 
	0.6473 

	30 
	30 
	0.8794 
	0.9240 
	0.6334 
	0.6530 

	35 
	35 
	0.8559 
	0.9040 
	0.7370 
	0.6585 

	40 
	40 
	0.7869 
	0.8724 
	0.8334 
	0.7498 

	45 
	45 
	0.7339 
	0.8940 
	0.8656 
	0.8944 

	50 
	50 
	0.7060 
	0.9495 
	0.8753 
	0.9553 

	55 
	55 
	0.6508 
	0.9550 
	0.8747 
	0.9717 

	60 
	60 
	0.5426 
	0.9399 
	0.8798 
	0.9766 

	90 
	90 
	-0.2059 
	0.9353 
	0.6546 
	0.8908 
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	Figure 5.1: EMAT-2 Design 
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	Figure 5.8: EMAT-3 Design 
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	Figure 5.14: EMAT-4 Design This magnetic configuration is similar to that of EMAT-1, with a 20mm-wide magnet at the centre of the magnetic configuration, as seen in The 
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	Figure 5.18: Colour-plot of EMAT-4 60° Steering Angle 


	Figure
	Figure 5.19: Bulk Wave Directivity Plot for EMAT-4 35° Steering Angle 
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	Figure 5.20: EMAT-5 Design 
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	Figure 5.24: Graph of Directional Displacement across Time at 32° & 45° for EMAT-5 15° Steering angle, annotated to highlight the four split-wave peaks 
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	Figure 5.25: EMAT-6 Design 
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	Figure 5.26: Plots of Lorentz Force Density Components across Surface for EMAT -6 15° Steering Angle 
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	Figure 5.31: EMAT-7 Design 
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	Figure 5.32: Plots of Lorentz Force Density Components across Surface for EMAT-7 15° Steering Angle 
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	Figure 5.37: EMAT-8 Design 
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	Configuration Number 
	Configuration Number 
	Configuration Number 
	Configuration 
	Number of Peaks across Surface at 1mm Lift-off 
	Number of Peaks within Coil Array at 1mm Lift-off 

	9 
	9 
	20mm 
	2 
	2 

	10 
	10 
	20mm-20mm 
	2 
	0 

	11 
	11 
	10mm 
	2 
	2 

	12 
	12 
	10mm-10mm (v) 
	2 
	2 

	13 
	13 
	10mm-10mm (h) 
	2 
	0 

	14 
	14 
	10mm-10mm-10mm-10mm 
	2 
	0 
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	EMAT 
	EMAT 
	EMAT 
	Magnet Layups (mm) 
	Shear Wave of Maximum Displacement 
	Maximum Reception Angle (°) 
	Maximum Displacement -(mm x108 ) 

	Steering Angle (°) 
	Steering Angle (°) 
	Reception Angle (°) 
	Beamwidth Reception Angle (°) 
	Shear Wave 
	Rayleigh Wave 

	1 
	1 
	20 
	31 
	33.9 
	14.7 
	61.1 
	6.44 
	21.22 

	2 
	2 
	40 
	32 
	35.2 
	18.4 
	64.2 
	5.13 
	14.42 

	3 
	3 
	20-20 
	33 
	40.1 
	22.2 
	60.0 
	8.22 
	41.42 

	4 
	4 
	10-2010 
	-

	31 
	34.4 
	19.6 
	60.9 
	8.23 
	30.94 

	5 
	5 
	10 
	31 
	35.5 
	17.1 
	53.8 
	5.17 
	14.55 

	6 
	6 
	10-10 
	30 
	38.7 
	23.9 
	54.3 
	6.14 
	22.26 

	7 
	7 
	10-1010 
	-

	28 
	35.9 
	28.5 
	50.0 
	5.85 
	14.35 

	8 
	8 
	10-1010-10 
	-

	90 
	51.0 
	33.6 
	51.0 
	5.57 
	20.14 

	9 
	9 
	20 
	33 
	40.8 
	24.3 
	64.7 
	5.32 
	28.38 

	10 
	10 
	20-20 
	39 
	44.2 
	21.6 
	67.6 
	4.03 
	25.99 

	11 
	11 
	10 
	33 
	40.9 
	24.5 
	61.9 
	4.08 
	20.85 

	12 
	12 
	10-10 (v) 
	31 
	40.4 
	25.7 
	61.4 
	2.87 
	12.78 

	13 
	13 
	10-10 (h) 
	39 
	44.2 
	21.4 
	67.6 
	2.57 
	16.56 

	14 
	14 
	10-1010-10 
	-

	44 
	46.7 
	25.0 
	64.8 
	1.10 
	6.85 
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	Figure 5.59: Shear Wave Profiles for EMAT-1 30° Steering Angle to EMAT-1 
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	Figure 5.60: Shear Wave Profiles for EMAT-1 30° Steering Angle to EMAT-3 
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	Figure 5.61: Shear Wave Profiles for EMAT-3 30° Steering Angle to EMAT-1 
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	EMAT PC Setup 
	EMAT PC Setup 
	EMAT PC Setup 
	1-1 
	1-3 
	3-1 
	3-3 

	Simulated Displacement 
	Simulated Displacement 
	Maximum Magnitude (mm) 
	87.3291 x10
	-

	87.9237 x10
	-


	x-Position of Peak 1 (mm) 
	x-Position of Peak 1 (mm) 
	69.75 
	59.00 

	x-Position of Peak 2 (mm) 
	x-Position of Peak 2 (mm) 
	-
	79.75 

	Experimental Signal 
	Experimental Signal 
	Maximum Amplitude (V) 
	3.35 
	3.00 
	3.00 
	5.20 

	x-Position of Peak 1 (mm) 
	x-Position of Peak 1 (mm) 
	81 
	88 
	65 
	79 

	x-Position of Peak 2 (mm) 
	x-Position of Peak 2 (mm) 
	-
	69 
	88 
	-

	Simulated Signal 
	Simulated Signal 
	Maximum Amplitude 
	8.40 
	9.06 
	8.99 
	16.37 

	x-Position of Peak 1 (mm) 
	x-Position of Peak 1 (mm) 
	72.75 
	82.25 
	82.25 
	73.75 

	x-Position of Peak 2 (mm) 
	x-Position of Peak 2 (mm) 
	-
	65.50 
	65.50 
	-

	Maximum Rayleigh Wave Simulated Displacement at 160mm on Surface (mm) 
	Maximum Rayleigh Wave Simulated Displacement at 160mm on Surface (mm) 
	88.4731 x10
	-

	71.6412 x10
	-


	Maximum Rayleigh Wave Experimental Signal Amplitude at 160mm on Surface (V) 
	Maximum Rayleigh Wave Experimental Signal Amplitude at 160mm on Surface (V) 
	1.52 
	2.05 
	2.02 
	3.27 

	Maximum Rayleigh Wave Simulated Signal Amplitude at 160mm on Surface 
	Maximum Rayleigh Wave Simulated Signal Amplitude at 160mm on Surface 
	5.91 
	7.15 
	7.36 
	14.25 
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	Figure 5.63: EMAT PC Mismatch for EMAT-1 30° Steering Angle Beam Steerability. The blue arrows indicate shear wave lobes and the red dots indicate concentrations of magnetic flux density 
	Figure 5.63: EMAT PC Mismatch for EMAT-1 30° Steering Angle Beam Steerability. The blue arrows indicate shear wave lobes and the red dots indicate concentrations of magnetic flux density 
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	Figure 5.64: EMAT PC Mismatch for EMAT-3 30° Steering Angle Beam Steerability. The blue arrows indicate shear wave lobes and the red dots indicate concentrations of magnetic flux density 
	Figure 5.64: EMAT PC Mismatch for EMAT-3 30° Steering Angle Beam Steerability. The blue arrows indicate shear wave lobes and the red dots indicate concentrations of magnetic flux density 
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	Figure
	Figure 5.65: Simulated Signal Amplitudes from EMAT-1 30° and 90° Steering Angles 
	Figure 5.65: Simulated Signal Amplitudes from EMAT-1 30° and 90° Steering Angles 
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	Figure 5.66: Simulated Signal Reception Angles from EMAT-1 30° Steering Angle 
	Figure 5.66: Simulated Signal Reception Angles from EMAT-1 30° Steering Angle 
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	Figure 5.67: Simulated Signal Amplitudes for all EMAT PC Setups at 30° Steering Angle 
	Figure 5.67: Simulated Signal Amplitudes for all EMAT PC Setups at 30° Steering Angle 
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	Figure 5.68: Simulated Signal Amplitudes for all EMAT PC Setups at 90° Steering Angle 
	Figure 5.68: Simulated Signal Amplitudes for all EMAT PC Setups at 90° Steering Angle 


	Table 5.4: Experimental Validation Correlations for EMATs 1-3 
	Table 5.4: Experimental Validation Correlations for EMATs 1-3 
	Table 5.4: Experimental Validation Correlations for EMATs 1-3 

	Steering Angle (°) 
	Steering Angle (°) 
	Direct Shear Wave Correlation 
	Reflected Shear Wave Correlation 

	Displacement Magnitude 
	Displacement Magnitude 
	Simulated Signal 
	Displacement Magnitude 
	Simulated Signal 

	20 
	20 
	0.9550 
	0.8343 
	0.7914 
	0.8263 

	25 
	25 
	0.9419 
	0.9306 
	0.4197 
	0.5223 

	30 
	30 
	0.8996 
	0.9463 
	0.5938 
	0.6808 

	35 
	35 
	0.8254 
	0.8891 
	0.8076 
	0.6518 

	40 
	40 
	0.7873 
	0.8399 
	0.8584 
	0.6639 

	45 
	45 
	0.6874 
	0.8558 
	0.8808 
	0.8680 

	50 
	50 
	0.6074 
	0.8992 
	0.8873 
	0.9767 

	55 
	55 
	0.6276 
	0.9495 
	0.8769 
	0.9631 

	60 
	60 
	0.5494 
	0.9541 
	0.8662 
	0.9600 

	90 
	90 
	-0.2283 
	0.9326 
	0.5430 
	0.8043 


	Steering Angle (°) 
	Steering Angle (°) 
	Steering Angle (°) 
	Direct Shear Wave Correlation 
	Reflected Shear Wave Correlation 

	Displacement Magnitude 
	Displacement Magnitude 
	Simulated Signal 
	Displacement Magnitude 
	Simulated Signal 

	20 
	20 
	0.8817 
	0.8528 
	0.7753 
	0.8149 

	25 
	25 
	0.9057 
	0.9319 
	0.4548 
	0.4799 

	30 
	30 
	0.9168 
	0.9586 
	0.6613 
	0.6321 

	35 
	35 
	0.8874 
	0.9182 
	0.6692 
	0.5730 

	40 
	40 
	0.8829 
	0.9022 
	0.6688 
	0.6090 

	45 
	45 
	0.8181 
	0.9316 
	0.7924 
	0.8629 

	50 
	50 
	0.8186 
	0.9618 
	0.8871 
	0.9751 

	55 
	55 
	0.8161 
	0.9789 
	0.9352 
	0.9844 

	60 
	60 
	0.6640 
	0.9650 
	0.9122 
	0.9729 

	90 
	90 
	-0.2625 
	0.9671 
	0.5508 
	0.7745 


	Table 5.6: Experimental Validation Correlations for EMATs 3-3 
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	Steering Angle (°) 
	Steering Angle (°) 
	Direct Shear Wave Correlation 
	Reflected Shear Wave Correlation 

	Displacement Magnitude 
	Displacement Magnitude 
	Simulated Signal 
	Displacement Magnitude 
	Simulated Signal 

	20 
	20 
	0.9248 
	0.8500 
	0.8773 
	0.8595 

	25 
	25 
	0.9204 
	0.9400 
	0.5724 
	0.5498 

	30 
	30 
	0.9209 
	0.9555 
	0.6436 
	0.6794 

	35 
	35 
	0.8995 
	0.9219 
	0.5637 
	0.6213 

	40 
	40 
	0.8833 
	0.8788 
	0.7133 
	0.7648 

	45 
	45 
	0.8587 
	0.8867 
	0.8355 
	0.8873 

	50 
	50 
	0.8546 
	0.9414 
	0.9175 
	0.9723 

	55 
	55 
	0.7931 
	0.9671 
	0.9341 
	0.9804 

	60 
	60 
	0.6540 
	0.9676 
	0.9083 
	0.9708 

	90 
	90 
	-0.2985 
	0.9746 
	0.5503 
	0.8034 
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	Figure 5.69: Shear Wave Profiles for EMAT-1 20° Steering Angle to EMAT-3 
	Figure 5.69: Shear Wave Profiles for EMAT-1 20° Steering Angle to EMAT-3 
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	Figure 5.70: Shear Wave Displacement Magnitude Profile’s Reception Angle across Steering Angles for EMATs 1-3 
	Figure 5.70: Shear Wave Displacement Magnitude Profile’s Reception Angle across Steering Angles for EMATs 1-3 
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	Figure 5.71: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles for EMATs 
	Figure 5.71: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles for EMATs 
	Figure 5.71: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles for EMATs 
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	Figure 5.72: Shear Wave Displacement Magnitude Profile’s Reception Angle across Steering Angles for EMATs 
	Figure 5.72: Shear Wave Displacement Magnitude Profile’s Reception Angle across Steering Angles for EMATs 
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	Figure 5.73: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles for EMATs 
	Figure 5.73: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles for EMATs 
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	Figure 5.74: Shear Wave Displacement Magnitude Profile’s Reception Angle across Steering Angles for EMATs 3-3 
	Figure 5.74: Shear Wave Displacement Magnitude Profile’s Reception Angle across Steering Angles for EMATs 3-3 
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	Figure 5.75: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles for EMATs 3-3 
	Figure 5.75: Shear Wave Simulated Signal Profile’s Reception Angle across Steering Angles for EMATs 3-3 
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	Figure 5.76: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across Steering Angles for EMATs 
	Figure 5.76: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across Steering Angles for EMATs 
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	Figure 5.77: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across Steering Angles for EMATs 
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	Figure 5.78: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across Steering Angles for EMATs 
	Figure 5.78: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across Steering Angles for EMATs 
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	Figure 5.79: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across Steering Angles for EMATs 3-3 
	Figure 5.79: Plot of the Shear Wave Backwall Profile’s Maximum Amplitudes across Steering Angles for EMATs 3-3 


	EMAT PC Setup 
	EMAT PC Setup 
	EMAT PC Setup 
	1-1 
	1-3 
	3-1 
	3-3 

	Maximum Amplitude 
	Maximum Amplitude 
	Simulated Displacement 
	0.9625 
	0.9788 
	0.9380 
	0.9517 

	Simulated Signal 
	Simulated Signal 
	0.9481 
	0.9450 
	0.9506 
	0.9605 

	Reception Angle (°) 
	Reception Angle (°) 
	Simulated Displacement 
	0.9327 
	0.9652 
	0.7227 
	0.7147 

	Simulated Signal 
	Simulated Signal 
	0.9932 
	0.9930 
	0.9375 
	0.9841 

	Beamspread Lower Limit (°) 
	Beamspread Lower Limit (°) 
	-

	Simulated Displacement 
	-0.2323 
	-0.3980 
	0.0012 
	-0.0034 

	Simulated Signal 
	Simulated Signal 
	0.9966 
	0.9911 
	0.9967 
	0.9625 

	Beamspread Upper Limit (°) 
	Beamspread Upper Limit (°) 
	-

	Simulated Displacement 
	0.9957 
	0.9970 
	0.9961 
	0.9845 

	Simulated Signal 
	Simulated Signal 
	0.9989 
	0.9955 
	0.9947 
	0.9967 
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	Figure 6.1: Bulk Wave Directivity Plot for 15° Steering Angle with 2.5mm Coil Spacing and 
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	Figure 6.4: Bulk Wave Directivity Plot for 30° Steering Angle with 2.5mm Coil Spacing and 
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	Figure 6.7: Bulk Wave Directivity Plot for 45° Steering Angle with 2.5mm Coil Spacing and 
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	Figure 6.10: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Coil Spacing and 12 Coils 
	Figure 6.10: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Coil Spacing and 12 Coils 
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	Figure 6.11: Bulk Wave Directivity Plot for 90° Steering Angle with 2.5mm Coil Spacing and 12 Coils 
	Figure 6.11: Bulk Wave Directivity Plot for 90° Steering Angle with 2.5mm Coil Spacing and 12 Coils 


	Compared to the beam directivities in Section s there were apparent similarities and differences. The main beam follows a similar pattern of behaviour to EMAT-2 in Section the magnitude increases to a maximum value near 30°; the reception angle reaches a limit near 40°, and the magnitude decreases to a minimum value near the 60° steering angle where it plateaus. shows the maximum amplitudes 
	4.3’
	Figure 4.27-
	Figure 
	4.42, 
	5.2.1: 
	Figure 6.12 

	of the three wave modes for this model across steering angles. 
	Figure
	Figure 6.12: Graph of Maximum Amplitude across Steering Angles with 2.5mm Coil Spacing and 12 Coils 
	Figure 6.12: Graph of Maximum Amplitude across Steering Angles with 2.5mm Coil Spacing and 12 Coils 


	The imposition of an ideal vertical magnetic field appears to increase the number of sidelobes generated, as well as their magnitude compared to the main lobe. Most of these sidelobes are angled between 0° and the main lobe, however an additional sidelobe at 60° begins to emerge as the steering angle reaches 45°. At the 90° steering angle, not only does this sidelobe become more dominant than the previous main lobe, but it reaches a 70° reception angle, breaking the maximum reception angle limit concluded i
	Figure 6.13 

	Figure
	Figure 6.13: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 12 Coils 
	Figure 6.13: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 12 Coils 


	6.3. Number of Coils 
	The number of coils in the array ranged from two to twelve in steps of two, and the effect that this had on the transmitted shear waves is most clearly seen in for a steering angle of 60°. With only two coils, the main shear wave beam is angled at approximately 35°, with only low-amplitude sidelobes angled at 70°. The number of sidelobes across the directivity range increases proportionally to the number of coils in the array plus the two 70° lobes. These increasing numbers of sidelobes begin to merge as th
	Figure 6.19, 
	Figure 6.14-
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	Figure 6.14: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 2 Coils 
	Figure 6.14: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 2 Coils 
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	Figure 6.15: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 4 Coils 
	Figure 6.15: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 4 Coils 
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	Figure 6.16: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 6 Coils 
	Figure 6.16: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 6 Coils 
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	Figure 6.17: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 8 Coils 
	Figure 6.17: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 8 Coils 
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	Figure 6.18: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 10 Coils 
	Figure 6.18: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 10 Coils 
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	Figure 6.19: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 12 Coils 
	Figure 6.19: Bulk Wave Directivity Plot for 60° Steering Angle with 2.5mm Spacing and 12 Coils 


	Reviewing the main lobe is seen to have been made up of two sidelobes that merge together. It is also noticeable that the sidelobes shift in their angular orientation to accommodate their increasing number between the two main lobes. The only sidelobes that do not follow this trend are the 70° sidelobes. The same steering angles as before were simulated across the number of coils. shows how the amplitude of the maximum shear wave changes across steering angles for each number of coils. It is immediately not
	Figure 6.11, 
	Figure 6.1-
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	Figure 6.25 
	Figure 6.21-


	Figure
	Figure 6.20: Graph of Maximum Shear Wave Amplitude across Steering Angles and Number of Coils for 2.5mm Coil Spacing 
	Figure 6.20: Graph of Maximum Shear Wave Amplitude across Steering Angles and Number of Coils for 2.5mm Coil Spacing 
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	Figure 6.21: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 2 Coils 
	Figure 6.21: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 2 Coils 
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	Figure 6.22: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 4 Coils 
	Figure 6.22: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 4 Coils 
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	Figure 6.23: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 6 Coils 
	Figure 6.23: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 6 Coils 
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	Figure 6.24: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 8 Coils 
	Figure 6.24: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 8 Coils 
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	Figure 6.25: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 10 Coils 
	Figure 6.25: Graph of Shear Wave Reception Angles across Steering Angles with 2.5mm Spacing and 10 Coils 


	For two coils, the steering limit is reached at 25° as beyond this point neither the reception angle nor the limits of the wide beamwidth vary significantly by increasing the steering angle. By increasing the number of coils to four, the steering limit is delayed to 30°. There is also a far narrower beamwidth for the main lobe across the steering angles, with the emergence of sidelobes from 50° onwards, and the higher-angled sidelobe at 90°. When the number of coils increases to six, the steering limit is a
	For two coils, the steering limit is reached at 25° as beyond this point neither the reception angle nor the limits of the wide beamwidth vary significantly by increasing the steering angle. By increasing the number of coils to four, the steering limit is delayed to 30°. There is also a far narrower beamwidth for the main lobe across the steering angles, with the emergence of sidelobes from 50° onwards, and the higher-angled sidelobe at 90°. When the number of coils increases to six, the steering limit is a
	centre of the coil array. From 50-60°, the RToA deviates from this trend by approximately ±1µs, suggesting that the shear wave had become two splitwaves. This is due to the distance between the ends of the coil array increasing. 
	-


	Once the number of coils increases to eight, the split-waves become more noticeable. Sudden changes in RToA remain related to sudden changes in reception angle due to the sidelobes becoming dominant. The relationship between the steering and reception angles is approximately equal from steering angles of 15-35°, but from 35-50° there is a new linear trend with an overall 5° increase in reception angle. This relationship is beginning to emulate that of EMAT-2 (shown in due to the lack of any magnetic flux co
	Once the number of coils increases to eight, the split-waves become more noticeable. Sudden changes in RToA remain related to sudden changes in reception angle due to the sidelobes becoming dominant. The relationship between the steering and reception angles is approximately equal from steering angles of 15-35°, but from 35-50° there is a new linear trend with an overall 5° increase in reception angle. This relationship is beginning to emulate that of EMAT-2 (shown in due to the lack of any magnetic flux co
	Figure 5.4) 

	As the number of coils increases to ten and then twelve: the steering limit reaches a maximum at 40° (where no sidelobes are present); the splitwaves closest to the curved surface produce the largest shear wave amplitude (that continue to increase slightly in reception angle) from steering angles 4055°; and the sidelobes closest to 0° become the dominant lobes from steering angles 60-90°. The effects of increasing the number of coils are summarised by Figure 6.26. 
	-
	-

	Figure
	Figure 6.26: Graph of Shear Wave Reception Angle across Number of Coils for 2.5mm Coil Spacing 
	Figure 6.26: Graph of Shear Wave Reception Angle across Number of Coils for 2.5mm Coil Spacing 



	6.4. Coil Spacing 
	6.4. Coil Spacing 
	The third parametric study performed with this model was the coil spacing: altered to either 1.2mm (the minimum spacing possible due to the coil’s CSA) or 5.0mm, shown in and respectively. To accommodate the different coil spacings, the frequency of the pulse for a given steering angle differed from the values in to transmit the shear waves to their respective steering angles, in accordance with Equation 2.29. 
	Figure 6.27 
	Figure 6.28 
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	Figure
	Figure 6.27: 1.2mm Coil Spacing 
	Figure 6.27: 1.2mm Coil Spacing 



	Figure
	Figure 6.28: 5.0mm Coil Spacing 
	Figure 6.28: 5.0mm Coil Spacing 


	As previously explained, the shear wave magnitude is displayed as amplitude (rather than displacement) due to the sample’s changing radii. Therefore, how the amplitude changes across coil spacings is not considered, but rather how it changes within a given coil spacing. This is best exemplified 
	As previously explained, the shear wave magnitude is displayed as amplitude (rather than displacement) due to the sample’s changing radii. Therefore, how the amplitude changes across coil spacings is not considered, but rather how it changes within a given coil spacing. This is best exemplified 
	by which shows how increasing the coil spacing affects the shear wave beam directivity for a 90° steering angle with twelve coils. The beam directivity could be compared across steering angles, due to the values of displacement being extracted from 0.1° intervals across the curved surface. 
	Figure 6.31, 
	Figure 6.29-



	As the coil spacing increases, the direction of the sidelobes remains constant (aside from simulation errors). Most notably, the magnitude of the 70° sidelobe increases relative to the other sidelobes as the coil spacing increases. Further simulations of twelve coils at a 90° steering angle were conducted for an ever expanding coil spacing, to increase the amplitude of the 70° sidelobe. show the amplitudes of the beam directivity’s sidelobes compared to the sidelobe nearest to 0° for these coil spacings. 
	Figure 6.32 

	Figure
	Figure 6.29: Bulk Wave Directivity Plot for 90° Steering Angle with 1.2mm Spacing and 12 Coils 
	Figure 6.29: Bulk Wave Directivity Plot for 90° Steering Angle with 1.2mm Spacing and 12 Coils 
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	Figure 6.30: Bulk Wave Directivity Plot for 90° Steering Angle with 2.5mm Spacing and 12 Coils 
	Figure 6.30: Bulk Wave Directivity Plot for 90° Steering Angle with 2.5mm Spacing and 12 Coils 
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	Figure 6.31: Bulk Wave Directivity Plot for 90° Steering Angle with 5.0mm Spacing and 12 Coils 
	Figure 6.31: Bulk Wave Directivity Plot for 90° Steering Angle with 5.0mm Spacing and 12 Coils 
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	Figure 6.32: Graph of Shear Wave Sidelobe Amplitudes across Coil Spacings 
	Figure 6.32: Graph of Shear Wave Sidelobe Amplitudes across Coil Spacings 


	shows that the 70° sidelobe could be increased in amplitude to 135% that of the sidelobe nearest to 0°. It is obviously not practical however to use an MLC EMAT with a 100mm coil spacing, thus the coil strands were reduced in size to produce a coil array with a far smaller CSA. To achieve the beam directivity of the 100mm coil spacing for a coil spaced at 2.5mm, the coil strand’s height and width were reduced by a SF of 40 (100/2.5). While this reduction in coil CSA did not increase the 70° sidelobe amplitu
	Figure 6.32 

	and show how the maximum shear wave amplitude across steering angles for a given number of coils was affected by the changing coil spacing. As with the 2.5mm spacing, the maximum shear wave 
	and show how the maximum shear wave amplitude across steering angles for a given number of coils was affected by the changing coil spacing. As with the 2.5mm spacing, the maximum shear wave 
	Figure 6.33 
	Figure 6.34 

	amplitude increases, and the steering angle that generates this amplitude decreases as the number of coils increases. What was different however was that as the coil spacing increases: the range of the maximum amplitudes between two to twelve coils tends to increase; and the steering angle that generates the greatest shear wave across steering angles for a given number of coils tends to decrease. 

	Figure
	Figure 6.33: Graph of Maximum Shear Wave Amplitude across Steering Angles and Number of Coils for 1.2mm Coil Spacing 
	Figure 6.33: Graph of Maximum Shear Wave Amplitude across Steering Angles and Number of Coils for 1.2mm Coil Spacing 
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	Figure 6.34: Graph of Maximum Shear Wave Amplitude across Steering Angles and Number of Coils for 5.0mm Coil Spacing 
	Figure 6.34: Graph of Maximum Shear Wave Amplitude across Steering Angles and Number of Coils for 5.0mm Coil Spacing 


	show the shear wave reception angle and beamwidth for coil spacings of 1.2mm and 5.0mm, as the number of coils increases from two to twelve. Following the 2.5mm spacing with two coils, the maximum angle that can be reached is 35°, however the steering angle that reaches this limit is lowered by an increase in coil spacing. 
	Figure 6.46 
	Figure 6.35-


	Figure
	Figure 6.35: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 2 Coils 
	Figure 6.35: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 2 Coils 
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	Figure 6.36: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 2 Coils 
	Figure 6.36: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 2 Coils 
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	Figure 6.37: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 4 Coils 
	Figure 6.37: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 4 Coils 
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	Figure 6.38: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 4 Coils 
	Figure 6.38: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 4 Coils 


	With four coils, a similar tightening of the main lobe’s beamwidth is seen, however there is a difference in the behaviour of the sidelobe. This sidelobe exceeds the -6dB limit at: a 20° steering angle for the 1.2mm spacing; 50° for the 2.5mm spacing; and 55° for the 5.0mm spacing. This provides further evidence to the conclusion that decreasing the coil spacing increases the magnitude of the sidelobes. Additionally, the sidelobe becomes the dominant lobe earlier at the 60° steering angle for lower coil spa
	Figure
	Figure 6.39: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 6 Coils 
	Figure 6.39: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 6 Coils 
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	Figure 6.40: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 6 Coils 
	Figure 6.40: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 6 Coils 


	At six coils, the RToAs from the 5.0mm coil spacing models deviate in the same manner as those from the 2.5mm coil spacing, due to split-waves emerging from the increased MLC width. Slight deviations from the linear RToA trend can be seen for all coil spacings with four coils onwards (including 
	Figure 

	when the sidelobe directed nearest to 0° supplants the main beam. This suggests that the main beam and the sidelobe nearest 0° share the same origin 
	6.22) 

	position, with their slight deviations being due to the small change in distance to their reception angles. The values of RToA between coil spacings change greatly between coil spacings due to the changing radii of the sample, however it is their behavioural pattern that yields significant results. 
	Figure
	Figure 6.41: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 8 Coils 
	Figure 6.41: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 8 Coils 
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	Figure 6.42: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 8 Coils 
	Figure 6.42: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 8 Coils 


	It is with eight coils that the 1.2mm spaced models truly broke their linear trend for RToA across steering angles. This deviation occurs for the 1.2mm coil spacing at the 40° steering angle (as with the 2.5mm coil spacing) but not the 5.0mm. At the 45° steering angle, all three coil spacings show that the maximum shear wave comes from the split-wave closest to the curved surface. From 50° onwards, the reception angle and RToA are dependent on which sidelobe becomes the dominant lobe. The RToA for a 5.0mm c
	Figure 
	6.32)

	The pattern of behaviour with ten coils is akin to that of twelve coils for the range of coil spacings. The linear trend of RToAs that is present at the lower steering angles for the lower number of coils is interrupted by a reduced RToA at the lowest steering angles. This pattern emulates that of EMAT-2’s shear wave reception angle (shown in whereby the lowest steering angles from 15-28° have a lower RToA than the steering angles near that which produces the maximum displacement. 
	Figure 5.4) 
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	Figure 6.43: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 10 Coils 
	Figure 6.43: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 10 Coils 
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	Figure 6.44: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 10 Coils 
	Figure 6.44: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 10 Coils 


	Figure
	Figure 6.45: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 12 Coils 
	Figure 6.45: Graph of Shear Wave Reception Angles across Steering Angles with 1.2mm Spacing and 12 Coils 


	Figure
	Figure 6.46: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 12 Coils 
	Figure 6.46: Graph of Shear Wave Reception Angles across Steering Angles with 5.0mm Spacing and 12 Coils 


	Once the maximum number of coils is reached, the shear wave reception angle is almost the same from steering angles of 20-45° across coil spacings. There appears to be only slight differences in the main lobe’s beamwidth, and differences in given steering angle’s beamwidth is dependent on the sidelobes (explaining the wider spread for the 45° steering angle with the 1.2mm coil). While the 2.5mm and 5.0mm coil spacings closely resemble one another from steering angles of 50-90°, the most notable change is th
	The overall effects of increasing the number of coils for coil spacings of 1.2mm and 5.0mm are summarised by and respectively. These illustrate the 70° lobes becoming the dominant lobes for steering angles of 60-90°. For all coil spacings tested, there appears to be minimal effect on the reception angle from steering angles of 15-50° as the number of coils changes. The exception to this however is with two coils, as increasing the coil spacing causes sudden increases in reception angle. This behaviour has b
	Figure 6.47 
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	Figure
	Figure 6.47: Graph of Shear Wave Reception Angle across Number of Coils for 1.2mm Coil Spacing 
	Figure 6.47: Graph of Shear Wave Reception Angle across Number of Coils for 1.2mm Coil Spacing 


	Figure
	Figure 6.48: Graph of Shear Wave Reception Angle across Number of Coils for 5.0mm Coil Spacing 
	Figure 6.48: Graph of Shear Wave Reception Angle across Number of Coils for 5.0mm Coil Spacing 


	condenses the overall effects that the coil spacing has on the shear wave reception angle across the range of steering angles, for a different number of coils in the array. As the number of coils increases, the variance in reception angles between steering angles of 25-90° tends to increase for all coil spacings due to the increasing number of sidelobes shifting the main lobe’s direction. 
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	Figure
	Figure 6.49: Graph of Shear Wave Reception Angle across Coil Spacings for 2 Coils 
	Figure 6.49: Graph of Shear Wave Reception Angle across Coil Spacings for 2 Coils 


	Figure
	Figure 6.50: Graph of Shear Wave Reception Angle across Coil Spacings for 4 Coils 
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	Figure 6.51: Graph of Shear Wave Reception Angle across Coil Spacings for 6 Coils 
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	Figure 6.52: Graph of Shear Wave Reception Angle across Coil Spacings for 8 Coils 
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	Figure 6.53: Graph of Shear Wave Reception Angle across Coil Spacings for 10 Coils 
	Figure 6.53: Graph of Shear Wave Reception Angle across Coil Spacings for 10 Coils 


	Figure
	Figure 6.54: Graph of Shear Wave Reception Angle across Coil Spacings for 12 Coils 
	Figure 6.54: Graph of Shear Wave Reception Angle across Coil Spacings for 12 Coils 


	6.5. Summary 
	The focus of this chapter was the effect that the coil design plays on the shear wave directivity. This was examined solely via FEM models of the MLC within a uniform vertical magnetic field, from which numerous parametric studies were simulated. These explored the effects of: steering angle; the number of coils within the array; and the coil spacing. 
	Increasing the steering angle has the same effects stated from Chapters 4 and 5. The shear wave beam directivity reaches a maximum value near a 30° steering angle and further increase causes higher-angled sidelobes to supplant one another. Increasing the number of coils generates a greater number of sidelobes, which increases both the amplitude of the beam directivity and the beamwidth. Increasing the coil spacing increases the amplitudes of the sidelobes with respect to one another. This could theoreticall
	Chapter 7 -Multi-Angle Beam Generation 
	This chapter utilises the information gathered from the previous chapters to design an MLC EMAT capable of transmitting shear waves at more than one direction simultaneously. This chapter considers: which angles can be used; what the resultant directivity will be; and where this can be used in real-world applications. 
	7.1. Introduction 
	As previously discussed in Section Sperry’s RSU possesses UT probes angled at 0°, 37°, and 70°. The simulated studies thus far have demonstrated that the MLC EMAT is certainly capable of transmitting shear waves at 37° with a narrow -6dB beamwidth, and experimental testing has shown that a 0° beam is also transmitted at higher steering angles. While reliably steering at 70° remains an issue, a secondary problem is that the MLC EMAT’s shear wave is generally constrained to a single reception angle. 
	1.1, 

	In an attempt at reducing the negative effects of the sidelobes, it was discovered that by overlapping the transmission signals for two distinct steering angles, the MLC EMAT is capable of producing a single shear wave with two distinct maxima. For a given magnetic configuration, the reception angles of these two maxima are almost exactly the same as those for the individual steering angles. The transmission signal for these dual steering angles is simply the sum of the pulse profiles for each constituent s
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	where In(t) = pulse profile of given steering angle at point in time (t); fn 
	= frequency of a given steering angle (Hz); Δt= timestep of primary steering 
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	angle (s); σn = standard deviation of a given steering angle (s). 
	The 1steering angle (always lower than the 2) generates the lowest wavelength in the model and is thus used to determine the required mesh density and timestep of the model. The 2steering angle retains its longer first time-dependent study step and greater depth for the area of high-mesh density beneath the EMAT, due to its values of standard deviation and SDP respectively. The time delay is therefore altered from to to accommodate the longer transmission signal at a reduced timestep. This greatly increases
	The 1steering angle (always lower than the 2) generates the lowest wavelength in the model and is thus used to determine the required mesh density and timestep of the model. The 2steering angle retains its longer first time-dependent study step and greater depth for the area of high-mesh density beneath the EMAT, due to its values of standard deviation and SDP respectively. The time delay is therefore altered from to to accommodate the longer transmission signal at a reduced timestep. This greatly increases
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	Figure
	Figure 7.1: Graph of current pulse profile through coils for a 15°,90° dual steering angle 
	Figure 7.1: Graph of current pulse profile through coils for a 15°,90° dual steering angle 



	Figure
	Figure 7.2: 15°,90° Dual Steering Angles EMAT on Semicircular Sample 
	Figure 7.2: 15°,90° Dual Steering Angles EMAT on Semicircular Sample 


	7.2. Dual-Angle Results 
	shows the directivity plot for the 15°,90° dual-angle model (shown in compared to its single-angle steering angles. There is little change to both the displacement and reception angle of the two maxima. Due to the increased runtime, alternative solutions were explored to calculate the results of other dual-angle models. Due to the similarity between the dual-angle and the two single-angle beam directivities, the solution was to simply add the single-angle beam directivities together. shows the 15°,90° duala
	Figure 7.3 
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	Figure
	Figure 7.3: Bulk Wave Directivity Plot for 15°,90° Dual Steering Angles 
	Figure 7.3: Bulk Wave Directivity Plot for 15°,90° Dual Steering Angles 


	Figure
	Figure 7.4: Bulk Wave Directivity Plot for 15°,90° Dual Steering Angles 
	Figure 7.4: Bulk Wave Directivity Plot for 15°,90° Dual Steering Angles 


	The maximum displacements for the dual-angle dataset and the summed single-angled dataset were measured at 3.3855 x10mm and 3.8723 x10mm respectively. The reception angles at which these magnitudes were measured are 14.9° and 16.4°, and the correlation coefficient between the two beam directivities was calculated at 0.9853. While these two datasets do correlate very well, the differences in magnitude and reception angles were too great to be accepted. 
	-8
	-8

	The reason for these differences was due to the values of maximum displacement for the two single-angle beam directivities occurring at different RToAs. The solution to this was to sum together the A-scans at each reception angle from the two single-angle EMATs. Both A-scans were shifted in time so that their time delays aligned with that of the dual-angle EMAT. The dual-angle EMAT possesses the same timestep as the primary steering angle EMAT due to its design, however the secondary steering angle EMAT has
	4.3.1, 

	The tangential displacement and reception angle of the main lobe from this extrapolated dual-angle EMAT’s beam directivity was measured at 3.3701 x10mm and 14.8° respectively. The correlation coefficient between the dualangle and extrapolated beam directivities was calculated at 0.9997. This higher degree of accuracy was deemed acceptable enough to produce beam directives of any dual-angle combination based off of existing single steering angle results. Every combination of dual-angle steering for EMAT-1 wa
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	Figure
	Figure 7.5: Graph of Maximum Displacement across EMAT-1 15° Secondary Steering Angles 
	Figure 7.5: Graph of Maximum Displacement across EMAT-1 15° Secondary Steering Angles 
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	Figure 7.6: Graph of Maximum Displacement across EMAT-1 30° Secondary Steering Angles 
	Figure 7.6: Graph of Maximum Displacement across EMAT-1 30° Secondary Steering Angles 


	Figure
	Figure 7.7: Graph of Maximum Displacement across EMAT-1 60° Secondary Steering Angles 
	Figure 7.7: Graph of Maximum Displacement across EMAT-1 60° Secondary Steering Angles 
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	Figure 7.8: Graph of Maximum Displacement across EMAT-1 90° Secondary Steering Angles 
	Figure 7.8: Graph of Maximum Displacement across EMAT-1 90° Secondary Steering Angles 


	As the secondary steering angle gets closer to the primary, the maximum displacement approaches a value twice that of the single steering angle’s maximum displacement. This is due to the frequencies of both steering angles being so close that the transmission signal begins to approximate twice that of either’s single-angle’s transmission signal. show the reception angles of the maximum displacements from the transmitted shear waves, when one of the two steering angles is set. These figures include the 6dB b
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	Figure
	Figure 7.9: Graph of Shear Wave Reception Angles across EMAT-1 15° Secondary Steering Angles 
	Figure 7.9: Graph of Shear Wave Reception Angles across EMAT-1 15° Secondary Steering Angles 
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	Figure 7.10: Graph of Shear Wave Reception Angles across EMAT-1 20° Secondary Steering Angles 
	Figure 7.10: Graph of Shear Wave Reception Angles across EMAT-1 20° Secondary Steering Angles 
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	Figure 7.11: Graph of Shear Wave Reception Angles across EMAT-1 25° Secondary Steering Angles 
	Figure 7.11: Graph of Shear Wave Reception Angles across EMAT-1 25° Secondary Steering Angles 


	Figure
	Figure 7.12: Graph of Shear Wave Reception Angles across EMAT-1 30° Secondary Steering Angles 
	Figure 7.12: Graph of Shear Wave Reception Angles across EMAT-1 30° Secondary Steering Angles 
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	Figure 7.13: Graph of Shear Wave Reception Angles across EMAT-1 35° Secondary Steering Angles 
	Figure 7.13: Graph of Shear Wave Reception Angles across EMAT-1 35° Secondary Steering Angles 
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	Figure 7.14: Graph of Shear Wave Reception Angles across EMAT-1 40° Secondary Steering Angles 
	Figure 7.14: Graph of Shear Wave Reception Angles across EMAT-1 40° Secondary Steering Angles 
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	Figure 7.15: Graph of Shear Wave Reception Angles across EMAT-1 45° Secondary Steering Angles 
	Figure 7.15: Graph of Shear Wave Reception Angles across EMAT-1 45° Secondary Steering Angles 
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	Figure 7.16: Graph of Shear Wave Reception Angles across EMAT-1 50° Secondary Steering Angles 
	Figure 7.16: Graph of Shear Wave Reception Angles across EMAT-1 50° Secondary Steering Angles 
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	Figure 7.17: Graph of Shear Wave Reception Angles across EMAT-1 55° Secondary Steering Angles 
	Figure 7.17: Graph of Shear Wave Reception Angles across EMAT-1 55° Secondary Steering Angles 
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	Figure 7.18: Graph of Shear Wave Reception Angles across EMAT-1 60° Secondary Steering Angles 
	Figure 7.18: Graph of Shear Wave Reception Angles across EMAT-1 60° Secondary Steering Angles 


	Figure
	Figure 7.19: Graph of Shear Wave Reception Angles across EMAT-1 90° Secondary Steering Angles 
	Figure 7.19: Graph of Shear Wave Reception Angles across EMAT-1 90° Secondary Steering Angles 


	An additional benefit of the dual-angle transmission is that by introducing a lobe of larger displacement into the beam directivity from one of the single steering angles, it reduces the beamwidth from the lobes of lower displacement for the other single steering angle. This is shown in as the primary steering angle changes from 15-20°, the beamwidth of the shallower lobe reduces from 41-75° to 50-72°. 
	Figure 7.19 

	7.3. Pulse-Echo Signal Filtration 
	While the dual-angle EMAT could transmitted shear waves at two distinct 
	angles bidirectionally, an important consideration was how the reflected waves would be received. If a defect was detected by one of the dual-angle EMAT’s lobes, it would be difficult to position by ToF alone as there would be no way to tell which lobe struck it. 
	A solution to this issue is to differentiate the received lobes based on frequency. While the differently angled lobes do have similar magnitudes, they retain their frequencies as seen in and for the reception angles of the 15° and 90° steering angle lobes respectively. 
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	Figure
	Figure 7.20: Graph of Directional Displacement across Time at 15° for EMAT-1 15°,90° Steering angles 
	Figure 7.20: Graph of Directional Displacement across Time at 15° for EMAT-1 15°,90° Steering angles 


	Figure
	Figure 7.21: Graph of Directional Displacement across Time at 60° for EMAT-1 15°,90° Steering angles 
	Figure 7.21: Graph of Directional Displacement across Time at 60° for EMAT-1 15°,90° Steering angles 


	Using the simulated signal method (described in Section on the area beneath the MLC EMAT, the received signals from the returning waves were simulated and filtered to differentiate the two lobes based on their frequency. If the exact same simulated signal process was used with this model, then (due to the model’s symmetrical design and the EMAT’s bidirectional transmission) the returning waves from both sides of the curved surface would create a symmetrical displacement distribution which the simulated sign
	4.4.2) 

	Due to the transmission signal containing two different frequencies, frequency limits had to be established for use in differentiating the two distinct lobes. These limits were chosen via a Fourier analysis of each transmission signal. show the progression of the Fourier analysis as the secondary steering angle in transmission signal increased to 20°, 30°, and 90°. 
	Due to the transmission signal containing two different frequencies, frequency limits had to be established for use in differentiating the two distinct lobes. These limits were chosen via a Fourier analysis of each transmission signal. show the progression of the Fourier analysis as the secondary steering angle in transmission signal increased to 20°, 30°, and 90°. 
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	The two peaks in the frequency spectrum represent each steering angle’s gaussian pulse, thus a value of frequency from between these two peaks was used in the filtering process to differentiate between the two lobes. The criteria for this cutoff frequency was that it must have an amplitude of no more than -6dB that of the smallest of the two peaks. Due to the large amount of overlap between the peaks within some frequency spectrums, there were combinations of steering angles that did not meet this criteria.
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	7.25) to 90°, the cutoff frequency value would change also. 
	Figure
	Figure 7.22: Fourier Analysis of 15°,20° Steering angles Pulse 
	Figure 7.22: Fourier Analysis of 15°,20° Steering angles Pulse 



	Figure
	Figure 7.23: Fourier Analysis of 15°,25° Dual-angle Pulse 
	Figure 7.23: Fourier Analysis of 15°,25° Dual-angle Pulse 
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	Figure 7.24: Fourier Analysis of 15°,90° Dual-angle Pulse 
	Figure 7.24: Fourier Analysis of 15°,90° Dual-angle Pulse 


	Figure
	Figure 7.25: Dual-angle Signal Filtering Limits 
	Figure 7.25: Dual-angle Signal Filtering Limits 


	To filter out two different frequencies from the simulated PE signal, two bandpass elliptic filters were used. The frequency limits for both filters contained the cutoff frequency, and different frequency values that would distinguish whether the filters were to be used for the primary or secondary steering angle’s wave. From each of the two peaks in the frequency spectrum graph, a value of frequency (equal in amplitude to that of the cutoff frequency) was taken from the side of the peak opposite to the cut
	shows the simulated PE signal for the 15°,90° dual-angle EMAT, and and show the results of this filtering process for steering angles 15°, 90° respectively. To demonstrate the efficiency of this filtering process, both filtered PE signals from the dual-angle model were compared to the filtered PE signals from their corresponding single steering angle’s model. Section had previously established problems when graphing the amplitude of the simulated signal across steering angles, specifically at higher frequen
	Figure 7.26 
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	Figure
	Figure 7.26: EMAT-1 15°,90° Dual-angle PE signal 
	Figure 7.26: EMAT-1 15°,90° Dual-angle PE signal 


	The correlation coefficient between the 15° steering angle’s PE signal and the 15° component of the 15°,90° dual-angle PE signal (as shown in 
	Figure 

	was 0.9976, with a difference of 0.19% in the normalised amplitude peaks for the returned shear waves. For the 90° signals (shown in there was a correlation coefficient of 0.9697 but a greater difference of 6.04% for the returned shear wave peaks. 
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	Figure
	Figure 7.27: EMAT-1 15° Filtering of 15°,90° Dual-angle PE signal 
	Figure 7.27: EMAT-1 15° Filtering of 15°,90° Dual-angle PE signal 


	Figure
	Figure 7.28: EMAT-1 90° Filtering of 15°,90° Dual-angle PE signal 
	Figure 7.28: EMAT-1 90° Filtering of 15°,90° Dual-angle PE signal 


	This proves that an EMAT PE signal of different frequencies could be filtered to a high degree of accuracy. If a dual-angle PE EMAT were to detect a defect by one of its two lobes, this filtration method could determine the magnitude of the returned shear wave signal for each steering angle. This would reveal which lobe detected the defect, and how far from the EMAT it was based off of ToF. 
	7.4. Triple-Angle Results 
	Within many frequency spectrums of dual-angle transmission signals there were wide gaps between the peaks, as shown in This meant that there was an opportunity to introduce an additional steering angle into this signal. The pulse profile for the transmission signal followed the same process as that of the dual-angle EMAT: the addition of multiple single-angle transmission signals multiplied by the current; and the time delay being a function of the frequency of the tertiary steering angle (always greater th
	Figure 7.24. 
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	Figure
	Figure 7.29: Fourier Analysis of 15°,30°,90° Triple-angle Pulse 
	Figure 7.29: Fourier Analysis of 15°,30°,90° Triple-angle Pulse 


	The same process of determining steering angle combinations based off of a cutoff frequency between the peaks in the frequency spectrum was used to decide the steering angle combinations. The difference for the triple-angle signals is that two cutoff frequencies are required: one between the primary and secondary steering angles; and the other between the secondary and tertiary steering angles. The only difference to the criteria of each cutoff frequencies was that it must be no more than -6dB the smallest 
	This caused greater restrictions on the combinations of angles. shows the combinations of the three steering angles that could be used with the -6dB cutoff frequency. There is still a minimum secondary steering angle for each primary steering angle, however there is now a maximum secondary steering angle to permit the use of a tertiary steering angle. states the two minimum tertiary steering angles that can be used for both the minimum and maximum steering angles. The tertiary steering angles range from the
	Table 7.1 
	Table 7.1 
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	Table 7.1: Triple-angle Signal Filtering Limits 
	Primary Steering Angle (°) 
	Primary Steering Angle (°) 
	Primary Steering Angle (°) 
	Minimum Secondary Steering Angle (°) 
	Minimum Tertiary Steering Angle (°) for Minimum Secondary 
	Maximum Secondary Steering Angle (°) 
	Minimum Tertiary Steering Angle (°) for Maximum Secondary 

	15 
	15 
	25 
	43 
	38 
	80 

	16 
	16 
	27 
	47 
	38 
	80 

	17 
	17 
	28 
	49 
	38 
	80 

	18 
	18 
	30 
	53 
	38 
	80 

	19 
	19 
	32 
	58 
	38 
	80 

	20 
	20 
	34 
	63 
	38 
	80 

	21 
	21 
	35 
	66 
	38 
	79 

	22 
	22 
	37 
	74 
	38 
	79 


	shows the beam directivity plot of the 15°,30°,90° tripleangle EMAT. It is immediately noticeable that within the triple-angle beam directivity there are large disparities in displacement for each of the three lobes. Within the beamwidth: the 15° steering angle’s lobe has a narrow width of 4.6°; the 30° steering angle’s lobe has a broader width of 16.1°; and the 90° steering angle’s lobe is fragmented with multiple narrow lobes of 1.7°, 1.3°, and 0.5°. The reason for this irregular -6dB beamwidth is due to 
	Figure 7.30 
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	Figure
	Figure 7.30: Bulk Wave Directivity Plot for EMAT-1 15°,30°,90° Triple Steering Angles 
	Figure 7.30: Bulk Wave Directivity Plot for EMAT-1 15°,30°,90° Triple Steering Angles 


	As previously stated, as two steering angles move closer together the displacement becomes twice that of either steering angle as the transmission signal begins to emulate twice that of either steering angle’s signal. Following this logic, if a transmission signal was reduced by half, then the displacement from its lobe would also be reduced by half. This led to the idea of reducing the amplitude of a single steering angle’s profile by a SF within the overall transmission signal, as shown in 
	Equation 7.4. 

	𝐼(𝑡) = 𝐼 × [(𝑆𝐹× 𝐼(𝑡)) + (𝑆𝐹× 𝐼(𝑡)) + (𝑆𝐹× 𝐼(𝑡))] Equation 7.4 
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	where SF-3 = pulse profile scale factors for steering angles 1-3 respectively. 
	1

	Using for the 15°,30°,90° triple-angle EMAT, the SF for the 
	Equation 7.4 

	30° steering angle’s pulse profile was set at 0.5 while those of the remaining 
	steering angles was kept at 1. shows the Fourier analysis of this transmission signal, and there was a noticeable reduction in amplitude by half for the 30° peak when comparing frequency spectrums to 
	Figure 7.31 
	Figure 7.29. 
	Figure 

	shows the beam directivity for this triple-angle EMAT. 
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	Figure
	Figure 7.31: Fourier Analysis of 15°,30°,90° Dual-angle Pulse with reduced amplitude 
	Figure 7.31: Fourier Analysis of 15°,30°,90° Dual-angle Pulse with reduced amplitude 


	Figure
	Figure 7.32: Bulk Wave Directivity Plot for EMAT-1 15°,30°,90° Triple Steering Angles with Reduced 30° Pulse 
	Figure 7.32: Bulk Wave Directivity Plot for EMAT-1 15°,30°,90° Triple Steering Angles with Reduced 30° Pulse 


	Decreasing the 30° steering angle pulse profile by half had the desired effect of reducing the 30° lobe’s displacement also by half. This had the additional effect of increasing the beamwidth from 11.9° to over 75°. An angular coverage of over 60° would enable this conventional EMAT to perform sectoral scans whilst in motion. If moving laterally across bulk material, not only could a defect be detected by each of the three lobes in both directions, but the PE signal could reveal the defect’s distance and an
	Furthermore, decreasing the 30° pulse profile by half also reduces the amplitudes of the two cutoff frequencies from the Fourier analysis. While this does reduce the amplitude ratios for both peak-to-trough values, it also 
	Furthermore, decreasing the 30° pulse profile by half also reduces the amplitudes of the two cutoff frequencies from the Fourier analysis. While this does reduce the amplitude ratios for both peak-to-trough values, it also 
	enables the minimum secondary steering angle to be reduced further. Using the values of maximum shear wave displacement from each of the three pulse profile’s SFs were equated to make each steering angle’s waves equal in maximum displacement. These reductions in amplitude for a 15° primary steering angle reduce the minimum secondary and tertiary steering angles to 24° and 41° respectively. 
	Figure 4.43, 


	Despite this, the number of pulse profiles included in the transmission signal could not be increased beyond three steering angles. This may be achieved by increasing the standard deviation of the gaussian pulse, thus reducing the width of the peaks within the frequency spectrum and enabling the -6dB cutoff frequencies to be more readily available. Additional pulse profiles may also be included via alternative filtering methods for the PE signal. The criteria for the cutoff frequencies was set for use in th
	7.5. Summary 
	The result of this chapter was the proposal of a complex transmission signal pulsed by an MLC EMAT. This would transmit a beam directivity with multiple shear wave lobes at different angles. The simulated reception signal method proved that in a PE setup, the returning shear waves could be filtered to differentiate the magnitude of a single steering angle’s lobe . 
	The EMAT-1 configuration fully explored its dual-angle capabilities, based on extrapolation of the existing single steering angle models. These provided highly accurate alternatives to lengthy simulations of the triple-angle models. This method could also be applied to the other magnetic configurations for both the beam directivity and steerability models. 
	Chapter 8 -Conclusions 
	8.1. Summary of Work 
	This thesis has focused on the topic of multi-angle shear wave transmission from an MLC EMAT and the effects that steering via frequency has upon them. This necessitated a review of the theory and relevant literature on this topic, and the main conclusions made with EMATs as a technology. Chapter 3 detailed the design of the FEM model used within the majority of this work, with changes specified in the relevant chapters. 
	Chapter 4 provided an analysis of the changes observed in the shear wave beam directivity via frequency. The majority of these tests were undertaken via the FEM models with experimental testing validating their findings. This chapter detailed how the shear waves reached both a maximum displacement and a steering limit across a broad range of steering angles. The shear waves were examined also in the context of flat backwall profiles, showing similar patterns of behaviour. The result of these secondary exami
	Chapter 5 documented the effects that different bias magnetic flux densities had on the transmitted shear waves. These were composed of single or multiple magnets, of differing widths and magnetisation directions. While the differences between these magnetic configurations has been documented, each produced similar results to the original EMATs’ design. A correlation is drawn between the number of magnetic flux concentrations within the induced eddy current array, and the number of peaks in both the shear a
	Chapter 6 documented the effects that the coil configuration plays on the transmitted shear waves. The number of sidelobes within a given shear 
	wavefront is related to the number of coils within the MLC array, and the 
	previously established reception angle was overcome by increasing the coil’s 
	spacing distance. 
	Chapter 7 proposed a novel method of complex signal generation from the EMAT, to transmit shear waves at different angles simultaneously. The combination of steering angles was determined via an FFT of the transmission signal, as filtering could be used to distinguish between the differently angled shear waves. It was discovered that a dual-angle’s beam directivity results could be calculated by combing the A-scans of the constituent single steering angles at each reception angle. This provided an easy alte
	This body of work set out with the aim of evaluating the possibility of replicating the Sperry RSU’s multi-angle UT methodology with EMAT technology. A conventional MLC EMAT’s capability of transmitting oblique shear waves into bulk material was tested to understand its limits. Design changes were then proposed in order to enhance its performance for certain angles. The ability to generate shear waves at specified angles simultaneously enables the design of a simulated conventional MLC EMAT that can generat
	Figure 8.1) 

	Figure
	Figure 8.1: Bulk Wave Directivity Plot for EMAT-3 25°,85° Dual Steering Angles 
	Figure 8.1: Bulk Wave Directivity Plot for EMAT-3 25°,85° Dual Steering Angles 


	8.2. Contributions to Knowledge 
	The contributions to knowledge as a result of this body of work include: 
	• 
	• 
	• 
	A study on the relationship between the desired steering angle of the shear waves as a function of frequency and its actual reception angle. 

	• 
	• 
	A method of modelling an EMAT’s reception signal via simulated 


	displacement data. 
	• 
	• 
	• 
	• 
	Parametric studies on the EMAT’s magnetic field , and how this affected the magnitude and direction of the transmitted waves. These parametric studies include: 

	o 
	o 
	o 
	The width of the magnet 

	o 
	o 
	The number of magnets within a single EMAT 

	o 
	o 
	The direction of magnetisation 

	o 
	o 
	Different configurations within a PC setup 



	• 
	• 
	• 
	Parametric studies on the EMAT’s coil configuration, and how this 

	o 
	o 
	o 
	The number of coils within an array 

	o 
	o 
	The coil spacing 



	• 
	• 
	A study on the generation of multiple shear waves at different angles via complex signal transmission, based on work from the previous chapters. 


	affected the shear wave sidelobes within a given wavefront. These parametric studies include: 
	8.3. Suggestions for Future Work 
	Based on the conclusions highlighted in this thesis, there are a number of different directions that this work can explore further. 
	Firstly, changes can be made to the material under examination. The simulation and experimental work within this thesis was carried out solely on aluminium. This was to limit the EMAT’s transduction method to Lorentz forces and simplify the simulated models by removing the magnetisation and magnetostrictive transductions. An obvious extension of this work is its application onto ferromagnetic. Additionally, the presence of defects within the material would prove useful in testing the MLC EMAT’s ability for 
	Specific to this body of work, further investigation into transmission signals can be explored. These involve the effects that a wider gaussian pulse has on the shear wave beam directivity, as this could also enable a greater number of steering angles to be included within the multi-angle signal. An issue that can arise from the experimental testing of multi-angle signal transmission is the impedance matching of the EMAT. Different frequencies would present challenges to the calculation of the RLC circuit’s
	To further develop the MLC EMAT as an alternative to the Sperry RSU, its ability to transmit bulk waves and receive defect signals while in motion would be highly advantageous. Rees-Lloyd et al [94] explored these effects for Rayleigh waves from an MLC EMAT and found that the application of velocity 
	To further develop the MLC EMAT as an alternative to the Sperry RSU, its ability to transmit bulk waves and receive defect signals while in motion would be highly advantageous. Rees-Lloyd et al [94] explored these effects for Rayleigh waves from an MLC EMAT and found that the application of velocity 
	generated eddy currents within the inspection sample from the EMAT’s moving permanent magnet. These created a quasi-static bias magnetic field which became more distorted as the velocity increased, particularly with ferromagnetic materials. The effect that this would have on the generation of bulk waves would be an interesting area of exploration. 

	The method of simulating an EMAT’s reception signal from incoming ultrasonic waves proved to be a more accurate means of comparing the simulated data to the experimental testing. This method however requires further optimisation to improve its magnitude across steering angles, particularly at higher frequencies. This can be done by refinement to the calculation of material deformation at the surface beneath the coil array. Additionally, this method can also be applied to different types of EMATs (such as th
	Specific to steering the EMAT’s shear waves, greater investigation c an be conducted on the specific effects that the magnitude and orientation of the Lorentz force densities had on the transmitted shear waves. Specifically modifying the strength and direction of the simulated bias magnetic flux density (similar to the models from Chapter 6) would be an interesting topic of study. This would inform the design of custom permanent magnets to apply a bias magnetic field specific to each coil. This would be aki
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	Abstract 
	Electromagnetic Acoustic Transducers (EMATs) generate and receive ultrasonic waves via a combination of bias magnetic fields and an alternating eddy current induction. Meander-Line Coil (MLC) EMATs generate these waves into a material at an angle normal to the surface. With a fixed coil spacing, the angle of these waves is controlled by the frequency of the current through the coil. This paper presents the methodology used to measure the beam directivity of the shear waves, through simulations and experimen
	1. Introduction 
	EMATs are a method of inducing ultrasonic waves in ferromagnetic and electrically conductive materials achieved via three transduction methods: Lorentz forces, 
	(1,2)
	magnetisation forces and magnetostriction . For non-magnetic materials such as aluminium, the Lorentz force transduction method is the only means of ultrasonic wave generation. This is achieved by combining a bias magnetic field (from a permanent magnet or an electromagnet) with an alternating eddy current field (produced from a coil of wire driven by an alternating current), which interact to induce periodic forces on the surface of the material. These high frequency forces emit ultrasonic waves through th
	(3)

	EMATs differ from conventional piezoelectric ultrasonic methods due to its capability 
	for wave induction allowing for no contact with the specimen’s surface, thus not requiring 
	(4,5)
	a facilitative couplant and abling operation at high speeds and temperatures . A common disadvantage EMATs possess is their low Signal-to-Noise Ratio (SNR) due to 
	(6,7)
	their low conversion efficiency for the transmission of waves . The direction and wave mode of the induced waves depend on the EMAT configuration . Angled ultrasonic 
	their low conversion efficiency for the transmission of waves . The direction and wave mode of the induced waves depend on the EMAT configuration . Angled ultrasonic 
	(8,9)

	bulk waves are commonly generated via an MLC design with a bias magnetic field normal to the material’s surface . Bulk waves include shear and compression wave modes of different wave speeds due to their particle motion direction relative to the propagation pathway , thus for each transmission of the EMAT both shear and compression waves would be emitted. The relationship between the frequency of the driving current and the angle of the shear wave emitted is shown in (1). 
	(10)
	(11)


	(1) 
	𝒗= 𝟐𝒅𝒇 𝒔𝒊𝒏 𝜽 
	𝒔 

	where vs = shear wave velocity (m/s); d = coil spacing (m); f = frequency of the driving current (Hz); and θ = desired angle of the shear wave (°). 
	Periodic permanent magnet EMATs generate angled shear-horizontal waves (compared to the MLC’s shear-vertical waves) and research has gone into studying their beamsteering capabilities via frequency, revealing that they produce maximum amplitudes across a frequency range for a fixed spacing distance . The beam-steering capabilities of MLC EMATs bulk waves via frequency have also arrived at similar conclusions . Angled-beam generation can also be achieved by line focusing EMATs, with variable coil spacing foc
	-
	(12,13)
	(14)
	(15
	-


	, however these designs cannot be easily changed to focus waves to a different location. Phased array EMATs have a constantly spaced coils that drive their current at different times in order to focus bulk waves into a specific location , however these are far more complicated than traditional MLC EMATs and are more costly with a required higher degree of training. 
	17)
	(18,19)

	Directivity of an MLC EMATs Rayleigh wave across the material’s surface found that the length of the coil’s tracks had a crucial effect on the bandwidth and radiation pattern of side lobes . Directivity analysis of shear waves has been undertaken with spiral coil EMATs and found that the shear waves in a semi-circular steel specimen had a maximum amplitude at the first critical angle, shown in (2). 
	(20,21)
	(22,23) 

	𝒔 (2)
	𝒗

	𝜽= 𝒔𝒊𝒏( )
	𝒄𝒓𝒊𝒕 
	−𝟏 

	𝒗𝒄 
	where θcrit = first critical angle (°); and vc = compression wave velocity (m/s). 
	Based on these previous studies, the focus of this study is to simulate and experimentally validate the shear wave directivity via frequency of an MLC EMAT on a semi-circular aluminium specimen. 
	2. Simulation Configuration 
	A 2D finite element model of an MLC EMAT operating on aluminium was created using COMSOL 6.0 Multiphysics, with the ‘AC/DC’ and ‘Structural Mechanics’ software packages due to their predefined mathematical capabilities. The EMAT, shown in Figure 1, was comprised of a 20mm x 20mm NdFeB-42 permanent magnet and a copper MLC with a spacing of 2.5mm, over an aluminium semi-circular specimen. The radius of the specimen was set at 100mm and the lift-off distances for the MLC and magnet were set 
	A 2D finite element model of an MLC EMAT operating on aluminium was created using COMSOL 6.0 Multiphysics, with the ‘AC/DC’ and ‘Structural Mechanics’ software packages due to their predefined mathematical capabilities. The EMAT, shown in Figure 1, was comprised of a 20mm x 20mm NdFeB-42 permanent magnet and a copper MLC with a spacing of 2.5mm, over an aluminium semi-circular specimen. The radius of the specimen was set at 100mm and the lift-off distances for the MLC and magnet were set 
	at 0.5mm and 1.0mm respectively. The wave velocities in aluminium were 3.12mm/µs and 6.20mm/µs for shear and compression waves respectively, and due to the constant coil spacing, the angle at which the shear waves were emitted was steered by changing the frequency of the driving current. 

	Aluminium Air Coil Magnet y x 
	Figure 1. COMSOL simulation model geometry 
	The current through the coil is modelled as a gaussian-sinc pulse and is given in (3), adapted from . The pulse was designed as such to start at 0A, emit seven positive peaks, and return to 0A, for any given frequency. 
	(24)

	(𝒕−𝝉)𝟐 
	(3) 𝒊(𝒕) = 𝑰𝒆 𝒄𝒐𝒔(𝟐𝝅𝒇(𝒕 − 𝝉)) 
	− 
	𝟐𝝈
	𝟐 

	where I = maximum current amplitude (A) = 6A; σ = standard deviation of the pulse (s) = 1.2/f; and τ = time delay of the pulse’s maximum peak (s) = equal to 5/f. 
	An example of this current pulse through the MLC for a 45shear wave steering angle can be seen in Figure 2. 
	o 

	Figure
	Figure 2. Current pulse profile through the MLC for a 45shear wave 
	o 

	Since the time delay would change for each steering angle, the time of arrival (ToA) for a given bulk wave was taken as the time of the largest peak within the received waveform, which would eliminate the need for a predefined threshold. The simulation time limit was set at 60µs to allow the shear waves to strike the curved surface and cut out any internal reflections or mode conversions. The correlation between the timestep size and the maximum mesh size for transient simulation models was calculated using
	-
	(25) 

	𝒗∆𝒕 (4)
	𝒗∆𝒕 (4)
	𝑪𝑭𝑳 = 

	𝒉
	𝒉
	𝒎𝒂𝒙 

	where CFL = courant number; Δt = time-step size (s); and hmax = maximum mesh size for the specimen (m). 
	It is recommended to have a courant number approximately equal to less than 0.2, and for COMSOL’s transient models to have a maximum mesh size equal to less than one fifth of the wavelength of the desired wave . The variables for a given steering angle using 
	(26)

	(1) and (3)-(5) can be seen in Table 1. 
	Table 1. Simulation and experimental variables for each steering angle 
	Θ (°) 
	Θ (°) 
	Θ (°) 
	f (MHz) 
	σ (µs) 
	τ (µs) 
	h (mm) 
	Δt (µs) 
	CFL 
	L (µH) 
	C (nF) 

	15 
	15 
	2.4110 
	0.50 
	2.07 
	0.258 
	0.010 
	0.121 
	2.3830 
	1.8 

	30 
	30 
	1.2480 
	0.96 
	4.01 
	0.500 
	0.020 
	0.125 
	2.5586 
	6.4 

	40 
	40 
	0.9708 
	1.24 
	5.15 
	0.642 
	0.024 
	0.117 
	2.6290 
	10.2 

	50 
	50 
	0.8146 
	1.47 
	6.14 
	0.765 
	0.030 
	0.122 
	2.6793 
	14.2 

	60 
	60 
	0.7205 
	1.67 
	6.94 
	0.865 
	0.030 
	0.108 
	2.7150 
	18.0 

	90 
	90 
	0.6240 
	1.92 
	8.01 
	0.990 
	0.040 
	0.126 
	2.7575 
	23.6 


	At each timestep during the simulation, the x and y components of the displacement (as indicated in Figure 1) were recorded along the curved surface of the aluminium at 1° intervals from 0° to 90°, where 0° is directly beneath the centre of the EMAT and 90° is the corner to the right of the EMAT. Only one side of the aluminium was measured since conventional MLC EMATs are bidirectional thus the results from one side of the specimen would mirror the other . From these components of displacement, the receptio
	(27)

	3. Experimental Validation 
	An MLC EMAT (of the same design as the simulated EMAT) was positioned atop an aluminium semi-circular block (100mm radius and 70mm deep), as shown in Figure 3. A capacitance decade box was in parallel with the EMAT in order to electrically match the 
	impedance of the EMAT’s RLC circuit for any given steering angle. The inductance of 
	the Aluminium specimen was measured via an impedance analyser, and the capacitance via (5), and both variables can also be seen in Table 1. The reason for this impedance 
	the Aluminium specimen was measured via an impedance analyser, and the capacitance via (5), and both variables can also be seen in Table 1. The reason for this impedance 
	matching was to have the resonant frequency of the circuit equal the frequency of the current, allowing for increased transmission efficiency . 
	(28)


	𝟏 (5)
	𝑪 = 
	(𝟐𝝅𝒇)
	(𝟐𝝅𝒇)
	𝟐
	𝑳 

	where C = capacitance (F); and L = inductance (H). 
	The EMAT was connected to a RITEC RAM-5000 SNAP ultrasonic system that would emit high current pulses at the frequencies required. To receive the ultrasonic waves from the EMAT, a shear piezoelectric probe with a Sonemat SAA1000 variable amplifier (of 40dB gain) and an oscilloscope was positioned along the curved surface from 0° to 90° every 5°. The emitted waves were recorded at each position by the oscilloscope as Ascans and then averaged and filtered to remove any electrical noise present due to external
	-

	Figure
	Figure 3. Experimental model setup 
	4. Results and Discussion 
	Since the EMAT emits both compression and shear waves simultaneously, there would be overlap in directivities between these waves across the curved surface, however due to the different wave velocities they will strike at different times and so can be separated in the A-scans via ToA. As previously stated, the ToA for a given bulk wave is taken as the time at which the largest peak in a waveform occurs, however the time of flight of that wave starts at the time of the largest peak in the coil’s pulse, equal
	𝒕𝑹 = 𝒕𝒂 − 𝝉 (6) 
	where tR = RToA (s); ta = ToA for the maximum peak of a waveform (s); and τ = pulse’s time delay (s). 
	For a steering angle of 15° using (6), the estimated ToA for the compression and shear waves should equal 18.20µs and 34.12µs respectively. Figure 4 shows simulated results of these waves striking the curved surface at a reception angle of 16° where the maximum displacement occurred, and the highest peaks of the waves occur at times of 18.91µs and 33.91µs. While these ToAs are close, possible reasons that they aren’t exact may be due to the location of emission from the EMAT not being precisely beneath the 
	Figure
	Figure 4. Graph of x and y components of displacement against time for a 15° steering angle at 16° 
	The values of displacement magnitude are calculated from both the x and y components of displacement at each reception angle, but by comparing the x component to the y component it is also possible to distinguish the type of wave that has struck since the particle motion of compression and shear waves are 90° to one another. Since the specimen’s curved surface should always be perpendicular to the direction of wave propagation, the magnitude of displacement that occurs perpendicular to the surface can be fo
	𝑫= 𝒙 𝒔𝒊𝒏(𝒓) − 𝒚 𝒄𝒐𝒔(𝒓) (7) 
	𝒄 

	𝑫= 𝒙 𝒄𝒐𝒔(𝒓) + 𝒚 𝒔𝒊𝒏(𝒓) (8) 
	𝒔 

	where Dc = magnitude of displacement perpendicular to the surface (m); Ds = magnitude of displacement tangential to the surface (m); x = component of displacement in the xaxis (m); y is the component of displacement in the y-axis (m); and r is the reception angle along the curved surface (°). 
	-

	Comparing the two magnitudes of displacement (Dc being greater at 18.20µs and Ds being far greater at 34.12µs) confirms the nature of these bulk waves as compression and shear respectively. The wave occurring near 50µs in Figure 4 can be identified via the ToA and displacement magnitude comparison methods as a compression wave that reflected off the curved surface and then off of the top surface towards the curved surface again. Upon completion, animated colour plots of the von Mises stress within the alumi
	Comparing the two magnitudes of displacement (Dc being greater at 18.20µs and Ds being far greater at 34.12µs) confirms the nature of these bulk waves as compression and shear respectively. The wave occurring near 50µs in Figure 4 can be identified via the ToA and displacement magnitude comparison methods as a compression wave that reflected off the curved surface and then off of the top surface towards the curved surface again. Upon completion, animated colour plots of the von Mises stress within the alumi
	created to best illustrate the propagation of bulk and Rayleigh waves and can be used to better visualise the change in shear wave angle due to the change in frequency stated in Table 1. 

	(a (b (c (e (f(d 
	Figure 5. Plots of stress at 30µs for steering angles of: (a) 15°, (b) 30°, (c) 40°, (d) 50°, (e) 60° and (f) 90° 
	It is noticeable from Figure 5 that after the 30° steering limit, the shear wave begins to separate from a large singular wave into two smaller waves. A possible explanation for this is a mismatch between the frequency of the current and the coil spacing, since frequency was the significant variable changed in these models and the Rayleigh waves also appear to separate in each direction. Figure 5 also suggests that as the steering angle increased: the shear wave reaches a maximum near 30°; the shear wave re
	Effort was taken to ensure that the experimental validation remained as close as possible to the simulations, however there were instances where they could not be and thus had to be changed. The gaussian-sinc pulse in the simulation was unable to be replicated in the pulser system and was instead replaced by a rectangular-sinc pulse with a burst of seven cycles of the same frequency. This pulse started at t = 0µs and its midpoint was proportional to the time delay of the simulations by a scale factor of 0.7
	Figure
	Figure 6. Graphs of maximum displacement from shear waves for each steering angle Table 2. Data of maximum displacement from shear waves for each steering angle 
	Steering Angle (o) 
	Steering Angle (o) 
	Steering Angle (o) 
	Max. Displacement Magnitude (mm) 
	ToA (µs) 
	RToA (µs) 
	Angle of Max. Reception (°) 

	15 
	15 
	1.55 x10 -8 
	33.91 
	31.84 
	16 

	30 
	30 
	3.15 x10 -8 
	35.94 
	31.93 
	33 

	40 
	40 
	1.98 x10 -8 
	38.76 
	33.61 
	39 

	50 
	50 
	2.05 x10 -8 
	35.71 
	29.57 
	49 

	60 
	60 
	2.16 x10 -8 
	36.39 
	29.45 
	51 

	90 
	90 
	1.96 x10 -8 
	38.00 
	29.99 
	60 


	Since a shear probe would only be able to receive signals with particle motion tangential to the specimen’s surface, (8) was used with the simulated results to produce a graph of surface displacement tangential to the curved surface. This would not only better compare with the probe’s result but should also filter out the displacement from the compression waves. Figure 7 shows the raw experimental signal from the oscilloscope compared to the simulated tangential displacement. The raw signal graph shows the 
	Figure
	Figure 7. Graphs of signal amplitude and tangential displacement for a 15° steering angle 
	Due to the presence of electrical noise from the laboratory equipment, the signal from the oscilloscope was passed through a bandpass finite-duration impulse response filter to attenuate all noise outside the range of ± ½f (where f is the current of the pulse). To better compare these results, the amplitude of the filtered signal’s shear wave was compared to the amplitude of the simulated shear wave’s tangential displacement shown in Figure 8. Signals from higher reception angles during higher steering angl
	Figure
	Figure 8. Graphs of filtered signal amplitude and absolute tangential displacement for a 15° steering angle 
	The objective of the experimental validation was to examine the shear wave’s beam directivity from the EMAT and compare with the simulated beam directivity. The maximum amplitude for the filtered experimental shear wave at 5° intervals along the 
	The objective of the experimental validation was to examine the shear wave’s beam directivity from the EMAT and compare with the simulated beam directivity. The maximum amplitude for the filtered experimental shear wave at 5° intervals along the 
	curved surface were recorded and graphed to recreate the shear wave’s beam directivity, and this was repeated for all steering angles. The simulated shear wave’s beam directivity was also created by recording the maximum values of the tangential displacement for the simulated shear waves along the curved surface for each steering angle, however the benefit of using the simulations allowed for these values to be recorded at 1° intervals along the curved surface for a higher resolution. Figure 9 shows the com

	Figure
	Figure 9. Graphs of experimental and simulated beam directivities for each steering angle 
	The two beam directivities align very closely for each steering angle however the exact reception angle of maximum displacement is slightly higher for the experimental results. This may be due to the lower 5° scanning resolution along the curved surface than the higher simulated 1° resolution. 
	5. Beam Directivity Capabilities 
	The experimental validation proved the reliability of the simulated models, and further simulations were performed on the steering angles left out of the study in order to measure the change in beam directivity more accurately. Simulations of steering angles from 1590° at every 1° interval were run the same way as the previous models (with the appropriate time-steps and maximum mesh densities for the CFL values) and the same reception angles across the curved surface were measured and recorded across time. 
	-

	Figure
	Figure 10. Graph of maximum displacement magnitude for shear and compression waves 
	Figure 10. Graph of maximum displacement magnitude for shear and compression waves 


	As the shear wave steering angle increased: the shear wave’s displacement gradually increased from its minimum value of 1.55 x10mm at 26°; increased faster towards its peak value of 3.39 x10mm at 32°; gradually decreased towards a second minimum value at 41°; slowly increased to a secondary peak of 2.16 x10mm at 61°; and slowly decreased into a plateau from which the displacement didn’t rise again. A similar process happened with the compression wave as the steering angle increased: the displacement gradual
	-8
	-8
	-8
	-9

	density which would radically increase the simulation’s runtime and thus it was not 
	deemed feasible. This data was processed to find the reception angles along the curved surface at which these maximum displacements occurred, and to find the RToA at which they struck using (6). Figure 11 show this data for the shear waves. 
	Figure
	Figure 11. Graphs of reception angle and RToA for the maximum shear wave displacement 
	Figure 11. Graphs of reception angle and RToA for the maximum shear wave displacement 


	To best visualise how increasing the steering angle changes the reception angle and the RToA for the maximum shear wave, it is convenient to separate the steering angles in five sections: A (15-26°), B (27-37°), C (38-40°), D (41-77°), and E (78-90°). These sections also correlate with the changes in maximum displacement from Figure 10. 
	In section A as the steering angle and maximum displacement gradually increased to its peak, the reception angle gradually increased while the RToA gradually decreased. In section B as the maximum displacement increased faster to its peak and decreased, the reception angle increased into a plateau while the RToA continued to decrease but its trend increased. In section C as the maximum displacement continued to decrease, the reception angle re-correlated with the trend from section A, but the RToA only reco
	-

	The reason for this behaviour was the interactions between the two separate shear waves. Section B highlights the steering angles at which these separate shear waves impose, and the maximum displacement increased greatly. Outside of this section, the maximum displacement and subsequent reception angle and RToA come from one of the two separate shear waves seen in Figure 5. The RToA supports this theory as due to a constant wave velocity, the distance between the wave’s emission point and the reception angle
	Figure 12 shows the graphs of displacement against RToA for the steering angles of 38°, 40° and 41° at the reception angles that their maximum displacements struck. These steering angles show the reason for the changing RToA within section C and the transition into section D. Figure 12 shows the overlapping of these separate shear waves, and the maximum displacement values in Figure 10 come from the largest of these peaks. It is clear that the first shear wave is the largest for steering angles of 38° and 4
	Since the RToA for the 38° steering angle follows the trend in section A, it may be assumed that the shear waves in section A come from the first of the two shear waves. Despite the 38° and 41° steering angles’ maximum displacement coming from their first shear waves, their RToAs are still quite different. This is because the steering angles in section D (41-77°) give the maximum displacement from the first shear wave’s main lobe, and in section A these values come from the first shear wave’s steeper side l
	Figure
	Figure 12. Graphs of displacement against relative time for each given steering angle 
	Figure 12. Graphs of displacement against relative time for each given steering angle 


	Figure 13 shows the reception angles and RToA for the compression wave’s maximum displacement (shown in Figure 10) and it is noticeable that as the steering angle increases the reception angle increases sharply. The frequency of the current associated with each of the shear wave steering angles in (1) can also be used to calculate the angle of compression waves by substituting the compression wave velocity in place of the shear waves’, and these approximate the values of reception angle in Figure 13. Like w
	-

	Figure
	Figure 13. Graphs of reception angle and RToA for the maximum compression wave 
	Figure 13. Graphs of reception angle and RToA for the maximum compression wave 


	In section A, the reception angle and RToA gradually increase with the shear wave’s steering angle, where the compression waves maximum displacement rises to its peak and falls. Section B shows the continual increase of the reception angle with a drop in RToA, 
	In section A, the reception angle and RToA gradually increase with the shear wave’s steering angle, where the compression waves maximum displacement rises to its peak and falls. Section B shows the continual increase of the reception angle with a drop in RToA, 
	during which the maximum displacement lowers to its plateau. Section C shows that the compression wave has reached its steering limit between 59-67°, and section D shows that the maximum displacement for the compression lobe at 0° has now overtaken the angled wave. Sections A-C for the compression wave behave in a comparable manner to sections B-D in Figure 11, which suggests that there are also separate compression waves. The presence of separate compression waves is confirmed by Figure 4, as there are two

	6. Conclusion 
	Over the course of this study, the goal was to simulate and experimentally validate the beam directivity of the shear waves generated by an MLC EMAT on aluminium. This study has proven that by changing the frequency of the current through an MLC, the angle of both bulk waves changed until they reached a steering limit. Results showed that as the steering angle increased, the displacement amplitude reached a peak at 32° and a second smaller maximum at 61. Simulation results show that the compression wave rea
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	Abstract 
	EMATs are capable of both transmitting and receiving ultrasonic waves within ferromagnetic and conductive materials. Meander-Line Coil (MLC) EMATs can transmit not only Rayleigh waves across the material’s surface but also compression and shear waves at an angle into the material. The frequency of the transmission signal controls the propagation angle of the shear waves, and this paper establishes the simulated and experimental results for an MLC EMAT’s beam directivity across desired steering angles of 15-
	1. Introduction 
	Ultrasonic Testing (UT) typically uses piezoelectric transducers to transmit ultrasonic waves into a material that reflect off of changes in acoustic impedance, such as surfaces and internal discontinuities . Piezoelectric transducers require a coupling medium to facilitate the transfer of energy from the transducer to the material, which can be problematic for materials that are high-temperature, contaminated, or otherwise prohibit the application of couplant. Electromagnetic Acoustic Transducers (EMATs) a
	(1) 
	(2) 
	(3,4)

	(5,6)
	due to their low conversion efficiency . EMAT transduction methods include: 
	(7) (8) (9) 
	magnetisation forces ; magnetostriction ; and Lorentz forces . For nonferromagnetic materials, Lorentz forces are the only transduction method in effect and is expressed in . 
	-
	(1)

	𝑭𝑳 = 𝑩𝟎 × 𝑱𝒆 
	(1) 
	Where FL = Lorentz force density (N/m²); B= Magnetic flux density (T); Je = Eddy current density (A/m²). 
	0 

	Different configuration of magnet and coil are used to generate Lorentz forces in different directions, allowing for a variety of ultrasonic wave modes . Meander-Line Coil (MLC) EMATs use a magnetic field normal to the surface with alternating coils to generate periodic, horizontal Lorentz forces. MLC EMATs are commonly used for generating Rayleigh waves across the material’s surface in a Pitch-Catch (PC) setup . However, they are also used to generate oblique shear and compression waves bidirectionally int
	(10) 
	(11) 
	(12) 
	(13) 
	(14,15) 

	(16) . Phased Array EMATs use constantly spaced coils with timed pulses to focus or steer bulk waves, however these require custom equipment and are more costly than other 
	(17–19) 
	pulser systems . For a traditional MLC EMAT of constant coil spacing, the frequency of the eddy current density controls the angle of the transmitted shear waves and is expressed in . 
	(2)

	𝒗𝒔 
	𝜽 = 𝒔𝒊𝒏( )
	−𝟏 

	𝟐𝒅𝒇 (2) 
	where θ = shear wave steering angle normal to the surface (°); vs = shear wave velocity (m/s); d = spacing distance between each coil (m); f = frequency (Hz). 
	This study investigated the correlation between the desired steering angle and the actual reception angle of the shear waves. 
	2. Finite Element Method (FEM) modelling 
	A simulated model of an MLC EMAT on aluminium was created for this study using ‘COMSOL Multiphysics’, an FEM analysis software programme. The EMAT’s Lorentz force transduction and subsequent ultrasonic waves were modelled by combining the ‘AC/DC’ and ‘Structural Mechanics’ software packages. shows the design of the EMAT over a semi-circular aluminium sample. 
	Figure 1 

	The simulated EMAT design was derived from an experimental EMAT, consisting of: a 20mm x 20mm NdFeB-42 permanent magnet at 1.1mm lift-off; and a copper MLC array with 12 coils spaced 2.5mm apart at 0.125mm lift-off. The coil’s lift-off was maintained by the MLC array’s plastic coating, and the magnet’s by the MLC (0.4mm thick), three 0.2mm-thick plastic shims, and a 0.1mm-thick layer of copper tape. The shims and copper 
	The simulated EMAT design was derived from an experimental EMAT, consisting of: a 20mm x 20mm NdFeB-42 permanent magnet at 1.1mm lift-off; and a copper MLC array with 12 coils spaced 2.5mm apart at 0.125mm lift-off. The coil’s lift-off was maintained by the MLC array’s plastic coating, and the magnet’s by the MLC (0.4mm thick), three 0.2mm-thick plastic shims, and a 0.1mm-thick layer of copper tape. The shims and copper 
	prevented the MLC from inducing eddy currents and thus ultrasonic waves in the magnet’s nickel coating, which would have been received by the EMAT in a PE configuration. Each coil was composed of three copper strands (0.2mm x 0.15mm, spaced 0.4mm apart) with current flowing in the same direction, distributing the induced eddy currents into the aluminium’s surface more evenly. shows the design of the central four coils at the aluminium’s surface. 
	Figure 2 


	Aluminium Air Coil array Magnet y x -90° 90° 0° 
	Figure 1. COMSOL FEM model design overall geometry 
	Aluminium Magnet Air 1.1mm 0.125mm 2.5mm Coil 
	Figure 2. COMSOL FEM model design coil layout 
	The frequency of the EMATs transmission signal determines the angle of shear waves generated. This signal was modulated by a gaussian window to better localise its frequency and time . The width of the gaussian window was also determined by frequency, to create the same number of peaks in the transmission signal with the same magnitude across steering angles. gives the transmission signal used in the simulated models, adapted from Ratnam, Kuamr, Bhagi . 
	(20) 
	(3) 
	(21) 

	(𝒕−𝝉)𝟐 
	(𝒕−𝝉)𝟐 
	− 

	𝑰() = 𝑰× 𝒆 𝒄𝒐𝒔(𝟐𝝅𝒇(𝒕 − 𝝉)) (3) 
	𝒕
	𝒎𝒂𝒙 
	𝟐𝝈
	𝟐 

	where I = current (A); Imax = maximum current amplitude (A) = 6A; σ = standard 3.75 
	deviation (µs) = 1.2/f; τ = time delay (µs) = 𝑟𝑜𝑢𝑛𝑑𝑢𝑝 [ ] × ∆𝑡. 
	𝑓×∆𝑡 
	For time-dependent models, the correlation between the timestep and the maximum mesh size is defined by the Courant-Friedrichs-Lewy (CFL) number , given in . The maximum mesh size within the aluminium where the shear waves propagated was set to six elements per wavelength to reduce the computation load. The shear and compression wave velocities within the aluminium were set at 3.12mm/us and 6.40mm/us respectively, based on the measured wave velocities within the real-world sample. 
	(22) 
	(4)

	𝒗𝒔 × ∆𝒕 
	𝑪 = 
	(4)
	𝒎𝒂𝒙 
	𝒉

	Where C = CFL number ≈ 0.1; Δt = timestep (s); and hmax = maximum mesh size (m). 
	The model used two time-dependent study steps: the first to calculate the Lorentz force densities and the ultrasonic waves that were propagated from them; and the second to model only the propagation of the ultrasonic waves. The Lorentz forces were calculated within an area beneath the EMAT of high-mesh density (equal to five elements per skin depth) that greatly increased the model’s computational load. The length of the first timedependent study step was therefore temporally limited to 2τ, which allowed f
	-
	Figure 3 

	Figure
	Figure 3. Transmission signal profiles for different steering angles 
	The second time-dependent study step discarded both the high-mesh density area and the multiphysics coupling and ended at 99µs to model the shear waves returning to the EMAT. 
	3. Beam Directivity 
	3.1. Simulated results 
	Using , the simulated MLC EMAT transmitted steering angles of 15-90°. shows colour plots of four steering angles that best represent the effect that changing the steering angle had on the three transmitted wave modes. The shear waves clearly increase 
	Using , the simulated MLC EMAT transmitted steering angles of 15-90°. shows colour plots of four steering angles that best represent the effect that changing the steering angle had on the three transmitted wave modes. The shear waves clearly increase 
	(2)
	-(4)
	Figure 4 

	in reception angle (highlighted by the white arrow) from 15-45°. There appears to be little change in reception angle from 45-90°, but the Rayleigh waves do increase in magnitude. Additionally, the single shear wave separates into two distinct shear waves as the steering angle increases from 30-45°. This separation remains until the steering angle reaches 90°. 

	Figure
	Figure 4. Colour plots of von Mises stress at time ‘τ + 19.8µs’. (Top-left) 15° steering angle. (Top-right) 30° steering angle. (Bottom-left) 45° steering angle. (Bottom-right) 90° steering angle. The white arrows show the angle of shear wave propagation. 
	The x and y components of displacement (as indicated in were recorded at each timestep from across the aluminium sample’s two surfaces. Those across the curved surface were recorded from -90° to 90° at 0.1° intervals. Those across the flat surface were recorded from -100mm to 100mm at 0.25mm intervals. Using , the wave that hit the curved surface could be characterised based on its direction of displacement. The directional displacements were passed through a bandpass filter of ±1/3 the transmission frequen
	Figure 1) 
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	Figure 5 
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	(6) 
	where us = displacement tangential to the curved surface (m); uc = displacement normal to the curved surface (m); ux = x-component of displacement (m); uy = y-component of displacement (m); θr = angle normal to the curved surface (°). 
	For each steering angle, the three wave modes were gated (based on wave velocity, time delay, and the sample’s radius of 100mm) and the maximum displacement recorded for each reception angle. Beam directivity was plotted and the behaviour of each wave mode observed as steering angle increased. The Rayleigh wave’s maximum displacement was 
	For each steering angle, the three wave modes were gated (based on wave velocity, time delay, and the sample’s radius of 100mm) and the maximum displacement recorded for each reception angle. Beam directivity was plotted and the behaviour of each wave mode observed as steering angle increased. The Rayleigh wave’s maximum displacement was 
	recorded from the larger of the two directional displacements due to its elliptical particle motion and was measured at the ±90° reception angles. shows the maximum displacements of the three wave modes for each steering angle. 
	Figure 6 


	Figure
	Figure 5. Graphs of displacement and directional displacement for 15° Steering angle EMAT 
	Figure
	Figure 6. Graph of maximum displacement across steering angles 
	From 15-31°, the shear wave more than doubles in magnitude from its minimum to its maximum value. Using Snell’s law with the velocities of shear and compression waves, the compression wave is angled at 90° when the shear wave reaches 29.18°. This is the critical angle, explaining the maximum magnitude near this steering angle, and has been shown to affect spiral-coil EMATs due to the constructive interference between the shear wave and the head wave . From 31-42°, the maximum shear wave displacement decreas
	From 15-31°, the shear wave more than doubles in magnitude from its minimum to its maximum value. Using Snell’s law with the velocities of shear and compression waves, the compression wave is angled at 90° when the shear wave reaches 29.18°. This is the critical angle, explaining the maximum magnitude near this steering angle, and has been shown to affect spiral-coil EMATs due to the constructive interference between the shear wave and the head wave . From 31-42°, the maximum shear wave displacement decreas
	(23) 

	surpasses that of the shear waves, as it increases towards a peak value at 90°. There is a small peak in Rayleigh wave displacement at 22° due to its frequency equalling the 3harmonic of the frequency at 90° (where its magnitude is maximum) . 
	rd 
	(24) 


	shows the corresponding reception angle for the maximum shear wave displacement across steering angles. Each reception angle includes error bars to indicate the shear wave’s beamwidth, equal to the range of reception angles with displacements greater than -6dB the maximum. The upper limit of the beamwidth was capped at 75°. Beyond this reception angle, the Times of Arrival (ToA) for shear and Rayleigh waves were too close to be distinguished by gating. The reception angles are graphed on the left 
	Figure 7 

	100𝑚𝑚 
	axis while the right axis displayed its Relative ToA (RToA), equal to 𝑇𝑜𝐴 − 𝜏 − ,
	𝑣𝑠 
	to indicate from which separate shear wave the maximum displacement originated from. 
	Figure
	Figure 7. Graph of shear wave reception angles across steering angles 
	As the steering angle increases from 15-41° the reception angle increases linearly, with minor variations in this trend near the critical angle. From steering angles of 36-42°, the RToA changes irregularly suggesting that the origin position of the shear waves also changes. This is due to the shear waves splitting into separate waves (as seen from for the 45° steering angle). This is why the reception angle suddenly rises by almost 10° when the steering angle increases from 41-42°. The RToA suggests that th
	Figure 
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	Further work has shown that the origin positions of the separate shear wavefronts can be triangulated based on the RToAs from across the aluminium’s curved surface . For the 90° steering angle, the origin positions were located approximately ±11.6mm from the centre of the flat surface. These origin positions correlated with concentrations of magnetic flux density (beneath the corners of the magnet), and the number of separate 
	Further work has shown that the origin positions of the separate shear wavefronts can be triangulated based on the RToAs from across the aluminium’s curved surface . For the 90° steering angle, the origin positions were located approximately ±11.6mm from the centre of the flat surface. These origin positions correlated with concentrations of magnetic flux density (beneath the corners of the magnet), and the number of separate 
	(25) 

	waves correlated with the position, magnitude, and number of concentrations of magnetic flux density within the coil array’s area of effect. 

	3.2. Experimental results 
	A semi-circular aluminium sample was machined with the same dimensions as the simulated model: 100mm radius and 70mm deep. The experimental MLC EMAT was compressed into the centre of its flat surface. The transmission EMAT was powered by a RITEC SNAP system, and a Hanning window pulse was used with the given transmission frequency to approximate the model’s transmission signal. The steering angles used ranged from 15-90° at 5° intervals, however steering angles of 65-85° were omitted due to the limited vari
	(7)
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	𝟏 
	𝑪 = 
	(7)
	𝑳(𝟐𝝅𝒇)
	𝑳(𝟐𝝅𝒇)
	𝟐 

	where C = capacitance (F); and L = inductance (H). 
	From across the curved surface, a spiral-coil shear wave EMAT and an SAA1000 amplifier were used in a PC setup to receive the transmitted shear waves. The centre of the EMAT’s flat surface was held tangential to the aluminium’s curved surface via 3D printed probe casings. This EMAT used low-voltage ceramic capacitors, equal to the transmitter EMAT’s capacitors in value. The received signal was then filtered using the SNAP system’s superheterodyne receiver and displayed on an oscilloscope. An A-scan was reco
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	Figure
	Figure 8. Shear wave directivity plots for 30° steering angle 
	Figure 8. Shear wave directivity plots for 30° steering angle 
	Figure 9. Shear wave directivity plots for 45° steering angle 

	Figure
	As the steering angle increased from 35-90°, a 0° lobe emerged and became the dominant lobe across the experimental beam directivity. This lobe was inconsistent with both the simulated results and the MLC EMAT’s nature as an angled-beam transducer. This lobe was explained by exchanging the receiver EMAT with a single-element shear wave piezoelectric probe. Since this UT probe was polarised in a single direction, it could determine the direction of the shear wave’s particle motion at the aluminium’s curved s
	Figure 10 
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	Figure
	Figure 10. Shear wave directivity plots for 45° steering angle via shear wave UT probe 
	Figure 10. Shear wave directivity plots for 45° steering angle via shear wave UT probe 


	The 0° lobe propagating out-of-plane explains how the radially polarised shear wave EMAT could measure it while the 2D simulated models could not. The angled shear 
	waves were generated by the alternating coils interacting with the bias magnetic field. It is theorised that the 0° lobe was generated from the sections of coil that connected these alternating coils, effectively creating two coils in the x-axis inducing eddy current densities in the same direction. This could have produced Lorentz forces in the same direction, generating linearly polarised shear waves in the z-axis that propagate normal to the surface. Since this study’s focus was on steering angled shear 
	shows a summary of the experimental results compared with the simulated ones, specifically the magnitudes of the maximum signals and the reception angles that these occurred. There is a far greater variance in magnitude for the experimental signals than the simulated ones. This may be due to the comparison of perfectly tangential simulated displacement from a single point in 2D space to voltage induced into a flat circular coil on a curved surface. Regardless of these differences, the correlation coefficien
	Figure 11 

	Figure
	Figure 11. Shear wave experimental validation. (Left) Signal magnitude. (Right) Reception angles 
	Figure 11. Shear wave experimental validation. (Left) Signal magnitude. (Right) Reception angles 


	4. Multi-angle excitation 
	4.1. Dual-angle results 
	By summing the transmission signals of two different steering angles, the simulated models were found capable of transmitting shear waves with two distinct beams. The reception angles and beamwidths of these beams were similar to those shown in 
	By summing the transmission signals of two different steering angles, the simulated models were found capable of transmitting shear waves with two distinct beams. The reception angles and beamwidths of these beams were similar to those shown in 
	Figure 7 

	for the given steering angles. shows the transmission signal for the sum of the 20° and 90° steering angles with its corresponding Fourier analysis, showing two peaks from each steering angle’s gaussian pulse. 
	Figure 12 


	Figure
	Figure 12. Fourier analysis of 20°,90° dual-angle transmission signal 
	Figure 12. Fourier analysis of 20°,90° dual-angle transmission signal 


	The FEM model required adapting to incorporate the dual-angle’s transmission signal. The primary steering angle (lower than the secondary) determined the maximum mesh size and thus timestep, while the secondary steering angle determined the frequency used for the time delay and depth of the high-mesh area. shows the beam directivity of the 20°,90° dual-angle EMAT. In addition to the two shear beams from each steering angle, Rayleigh waves were also transmitted across the surface due to the 90° steering angl
	Figure 13 

	Figure
	Figure 13. Beam directivity of 20°,90° dual-angle 
	Figure 13. Beam directivity of 20°,90° dual-angle 


	The model’s longer first time-dependent study step with a smaller timestep and maximum mesh size resulted in a far greater computational load, increasing its runtime from hours 
	to days. As an alternative means of estimating the 20°,90° dual-angle results, those from the single steering angles of 20° and 90° were summed together. As with the transmission signal, each steering angle’s results were shifted in time to ensure that their time delays were equal to that of the dual-angle’s. Due to the secondary steering angle’s larger timestep, its data was resampled to match the primary steering angle’s timestep. The components of displacement at each point across the curved surface were
	Figure 14 

	Figure
	Figure 14. Graph of shear wave reception angles across secondary steering angles for a 20° primary steering angle 
	Figure 14. Graph of shear wave reception angles across secondary steering angles for a 20° primary steering angle 


	As the two steering angles get closer in value, the total beamwidth narrows to equal that of the single steering angle. Additionally, the displacement begins to double in magnitude to that of the single steering angle. This is due to the two frequencies moving so close together in the frequency spectrum that they cannot be distinguished from a peak twice that of a single steering angle. In order to allow for two distinguishable beams to be produced, the transmission frequencies must be separated to maintain
	Figure 14) 
	Figure 7) 

	4.2. PE signal filtration 
	The two beams retained their individual frequencies when they reach the curved surface. This meant that if a given beam interacted with a defect, the reflected wave would also 
	The two beams retained their individual frequencies when they reach the curved surface. This meant that if a given beam interacted with a defect, the reflected wave would also 
	possess this frequency when received by the EMAT in a PE mode. Based on frequency, a dual-angle EMAT could determine which of the two beams had detected the defect. 

	Previous work investigated a means of simulating the reception signal of an EMAT by using the exported x and y components of displacement from a flat surface . Within this work, simulating the modelled EMAT’s PE signal enabled the theory of distinguishing beams by frequency to be tested. shows the formula used to simulate the EMAT’s reception signal, using the rate of change of displacement tangential to the magnetic flux density as an approximation for the electric current induced into the MLC at a given p
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	𝟎(𝒙) 𝒆(𝒙) (8) 
	∆𝒕 
	× 𝑩
	× 𝑱

	Where θm = orientation of magnetic flux density (°). 
	From -20mm to 20mm across the flat surface (where 0mm is the centre point beneath the EMAT) the values of displacement were resampled to 0.01mm resolution for a higher degree of accuracy. Components of magnetic flux density and eddy current density were extracted at this resolution from the area of high-mesh density. The x and y components of magnetic flux density were used to calculate its magnitude and orientation. The zcomponents of eddy current density acted as a scale factor for the approximations of e
	-
	(8) 
	(8) 

	Two 3mm-diameter Side Drilled Holes (SDHs) were introduced into the aluminium for the single steering angle model. From 0mm they were located: 80mm away at an angle of 21°; and 50mm away at an angle of 60°. The angles of these SDHs from the EMAT corresponded with the reception angles of maximum displacement for the 20° and 90° steering angles to maximise the magnitude of the returned signal. The simulated PE signal was calculated for each steering angle with and without the SDHs, and the results can be seen
	Figure 15. 

	is annotated to show the major changes in the PE signals due to the presence of SDHs. These signals were identified by their RToA as the following: 
	Figure 15 

	(a) 
	(a) 
	(a) 
	The 20° steering angle’s compression wave reflecting off the SDH 50mm away. Signal amplitude was measured at 1.52%. 

	(b) 
	(b) 
	The 20° steering angle’s shear wave reflecting off the SDH 50mm away. Signal amplitude was measured at 2.92%. 

	(c) 
	(c) 
	The 20° steering angle’s shear wave reflecting off the SDH 80mm away. Signal amplitude was measured at 6.64%. 

	(d) 
	(d) 
	The 90° steering angle’s shear wave reflecting off the SDH 50mm away. Signal amplitude increased from 1.06% (compression waves reflecting off the curved surface) to 3.14%. 


	(b)(a) (c) (d) 
	Figure 15. A-scans of PE signals for 20° and 90° dual-angle. Annotated with (a)-(d) to highlight changes due to SDHs 
	Figure 15. A-scans of PE signals for 20° and 90° dual-angle. Annotated with (a)-(d) to highlight changes due to SDHs 


	With the simulated signal method capable of confirming the presence of SDHs, the 20°,90° dual-angle model was rerun with the same SDHs present. To filter out each frequency from the simulated PE signal, two bandpass elliptic filters were used. The frequency limits of these filters were taken from the Fourier analysis of the transmission signal, as seen in The cutoff frequency limit used by both filters was taken from the trough between the two peaks in the frequency spectrum, and the other limits (equal in 
	Figure 12. 
	Figure 16 
	Figure 15. 

	Figure
	Figure 16. A-scans of PE signals for 20°,90° dual-angle 
	Figure 16. A-scans of PE signals for 20°,90° dual-angle 


	The correlation coefficients for the 20° and 90° components of the dual-angle PE signal compared with their single steering angle signals were 0.9960 and 0.9797 respectively. This confirms that the dual-angle EMAT can identify which angled beam detected defects by signal filtration. 
	4.3. Multi-angle beam transmission 
	This signal filtration method is dependent on the cutoff frequency used in the elliptic filters. As the two steering angles get closer in value, the two peaks in the frequency spectrum move closer and the trough between them (from which the cutoff frequency value is derived) is lost. However, provided that the frequency peaks are sufficiently separated within the frequency domain, any number of frequencies may be transmitted simultaneously and filtered to provide their respective data. shows the transmissio
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	Figure
	Figure 17. Fourier analysis of 15°,30°,90° triple-angle transmission signal 
	Figure 17. Fourier analysis of 15°,30°,90° triple-angle transmission signal 


	This transmission signal would generate the three beams. However, the maximum displacements of these three steering angles (as shown in suggest that the magnitude of the 30° beam would be more than +6dB that of the other two beams. Therefore, the two weaker beams would not be included within the overall beamwidth due to its -6dB cutoff. A solution to this was to reduce the 30° steering angle’s transmission signal amplitude to -6dB prior to its addition to the triple-angle transmission signal. This reduced t
	Figure 6) 
	Figure 18. 
	Figure 19 

	Figure
	Figure 18. Beam directivity of 15°,30°,90° triple-angle with a reduced 30° signal 
	Figure 18. Beam directivity of 15°,30°,90° triple-angle with a reduced 30° signal 


	Figure
	Figure 19. Beam directivity of 15°,30°,90° triple-angle with a reduced 30° signal 
	Figure 19. Beam directivity of 15°,30°,90° triple-angle with a reduced 30° signal 


	5. Conclusions 
	Simulation and experimental validation have demonstrated that using set frequencies in the transmission signal can steer the angle of shear waves transmitted from an MLC EMAT. For the simulated EMAT described in this paper: a maximum magnitude occurred at the 31° steering angle; a steering limit was reached at 48°; and the maximum reception angle attained was at 61.1°. Real-world testing agreed with the simulated results and revealed an out-of-plane 0° lobe at higher steering angles likely due to the sectio
	Simulation and experimental validation have demonstrated that using set frequencies in the transmission signal can steer the angle of shear waves transmitted from an MLC EMAT. For the simulated EMAT described in this paper: a maximum magnitude occurred at the 31° steering angle; a steering limit was reached at 48°; and the maximum reception angle attained was at 61.1°. Real-world testing agreed with the simulated results and revealed an out-of-plane 0° lobe at higher steering angles likely due to the sectio
	commensurate with their single steering angle results. A mathematical method of simulating the EMAT’s PE signal was used for a dual-angle model with SDH defects. Filtering of this PE signal extracted each beam’s defect response, enabling the location of the defects by both angle and distance. 

	Future investigation should consider alternative methods of filtering out a specific frequency’s component from a signal. The criteria for cutoff frequency used in this study was that it must be no more than -6dB of the smallest peak in the spectrum. This limited the combination of steering angles, but the concept has been proven within the context of a multi-angle PE system. A consideration for experimental testing of multi-angle beam generation is the capacitance required to electrically match the EMAT’s 
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