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Abstract

Eddy current testing is widely used to inspect safety-critical components,
where it is important to find surface-breaking defects and fatigue cracks at their
earliest stage of growth. This requires finding sub-millimetre defects, which usually
means the electromagnetic skin depth of the eddy current must be < 1mm. To
achieve skin depths of < 1mm on low conductivity metals such as Ti and TiAl,
the frequency of the excitation current needs to be greater than several MHz. Eddy
current sensor frequencies of up to 40 MHz, which provide good signal-to-noise ratios,
have been achieved by positioning circuitry directly behind the coils [1]. However,
even when locating the electronics close to the coils, increasing frequency will always
lead to an increase in electrical noise as inductance in the wires increases and stray
capacitances become more significant. As an alternative, lower frequency (< 1 MHz)
Parametric approaches have been investigated [2|, where the magnitude and phase
of the eddy current signal are independently measured.

In this thesis, a combination of these approaches is used. A two coil transmit-
receive eddy current sensor was built that operates at 1 MHz where the sensor elec-
tronics were located behind the coils and simultaneously measure magnitude and
phase of the eddy current signal. The approach can improve sensitivity to defects in
experimental 2D scans of the sample surface.

In addition, work has been performed that involves changing various param-
eters such as defect orientation and the lift-off of the eddy current coils. Through
this, it was found that this new approach can improve lift-off performance and the

ability to measure defects close to the edge of a sample. Experimental results and

X1V



finite element modelling are presented to support these findings.

The standard experimental approach was one where software-based digital
signal processing was used to measure the magnitude and phase difference of vari-
ous signals, which is relatively time-consuming. A new approach was designed and
tested using a low-cost, specialised chip to measure phase difference. This new me-
ter is capable of measuring both the magnitude and phase of the signal using an
inexpensive AD8302 chip, which produces good results from eddy current signals,

decreasing system complexity and cost whilst also reducing measurement time.
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Chapter 1

Introduction

1.1 General background

Detecting small cracks at the earliest stage of development is very important for
safety-critical components, particularly if frequently subjected to high stress or tem-
perature such as is experienced with jet engine turbine blades. Aircraft engines are
susceptible to Foreign Object Damage (FOD). Ingested objects can range in size
and hardness, and the resulting damage can range from minor to very severe. The
most serious cases of FOD may involve the failure of components, which can be dis-
astrous with a great financial and human cost. Nonetheless, even non-catastrophic
damage can be costly as it reduces the engine’s operating efficiency and lifetime of
the blade [3]. In fact, the costs associated with FOD was estimated to be $4 billion
annually by the Boeing [4].

There is much attention and social awareness around the FOD damage caused
by bird strike events, not least because of events such as the Hudson River landing
in 2009, also know as “Miracle on the Hudson” [5]. Bird strikes are a fairly common
occurrence such that the Federal Aviation Administration (FAA) requires full-scale
bird ingestion tests with the engine running at full speed to pass certification [6].
However, while bird strike events can cause significant damage to the engine, the
majority of FOD involves damage less than 2mm in depth [7] and the operational
life of an aircraft is largely determined by the growth of small cracks [8]. FOD often
originates from hard millimeter-sized object such as sand or gravel, which at high
speeds, up to 300 ms~!, can cause small indentation that are sites for fatigue crack
initiation and can cause severe damage to thermal barrier coatings [9].

High cycle fatigue is a major cause of failure in gas turbine engine blades and

such failures are largely associated with surface damage, which includes FOD [10].



Here, a combination of high-frequency vibratory loading and prior in-service damage
such as FOD has caused the part to fail. FOD is of particular concern because of
how detrimental it can be to rotating components even if the damage is smaller than
what is detectable by the human eye [7]. As such, it is of interest to find small
defects in these turbine engines.

However, advances in materials and manufacturing techniques are currently
pushing the capabilities of inspection. Advance materials can come with benefits
such as being stronger and lighter, but for these materials to be used safely, it must
be possible to inspect them with confidence. Being able to perform a comprehen-
sive inspections on such materials also allows for parts to be designed with a lower
“factor of safety”. This means reduced cross-sectional area, with weight and material
saving [11].

Advances in material technology include the increasing use of low electrical
conductivity metal alloys such as titanium aluminide (TiAl). TiAl is lightweight
and has good mechanical properties even at high temperatures making it appealing
for use in a range of applications, including turbine blades where General Electric’s
GEnx engine is the first commercial aircraft engine to use TiAl (Ti-48A1-2Nb-2Cr)
for their low-pressure turbine blades, which entered service in 2011 and has been
used in Boeing aircraft [12]. This move has been followed by other aircraft engine
manufacturers including Pratt & Whitney and Rolls Royce [13].

Jet engines can be separated into three main parts: the compressor, the
combustor and the turbines as illustrated in figure 1.1. Furthermore, most modern
jet engines are turbofans with their higher fuel efficiency [14]. Turbofans have, in

addition, a distinct fan stage before the compressor.
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Figure 1.1: Schematic of engine.

Titanium (Ti) alloys are widely used for the fans and early parts of the
compressor, where the temperature is relatively low (< 600°C) [15, 16]. In the
compressor, titanium alloys can be used for the blades and the development of strong
titanium alloys has allowed it to also be used for the compressor discs and shafts.

The push for weight savings has, however, lead to a shift towards composites being



used these cooler parts, for example, General Electric introduced the GE90 engine,
which has carbon fibre reinforced composite fan blades strengthen by titanium alloy
leading edges [17]. While, Titanium has migrated to hotter parts of the engine.

Until recently, the compressor was the only internal part of a gas turbine
engine where titanium alloys were used since prior T1i alloys were unable to withstand
temperatures in hotter parts of the engine [17]. The development of TiAl with its
good high temperature (600°C-800°C) oxidation and creep resistance [13], makes
it suitable for turbine blades and divergent flaps in nozzles. It is light compared
to nickel-based superalloys (density is half of Nickel) and replacing Nickel-based
superalloy parts with TiAl could reduce the structural weight of a gas turbine engines
by 20%-30%, which would improve performance and fuel efficiency [18|. In particular,
the use of TiAl for GEnx’s low-pressure turbine blades has helped reduced fuel
consumption by 20%, peak noise by 50% and NOx emissions by 80%. TiAl would
also be suitable for hotter part of the compressor, the afterburners, and the nozzle
in the case of military engines, but is not currently economical to implement [17].

Apart from aerospace materials, this thesis covers stainless steel (SS), which
is widely used in the power generation industry. There is a dependancy on energy
from nuclear power plants (NPPs), which supplies 16% of the global electrical power
capacity, and this is compounded by the need to move away from more volatile
and polluting sources of energy such as oil, coal and gas. However, many NPPs
constructed in the 1965-80 “boom-era” are approaching the end of their original
planned life [19] and few new NPPs have been built [20], which has brought about
discussions on operating NPPs beyond their planned lives and the management of
ageing assets has become a “hot” topic in the nuclear industry [21]. NPPs have
generally been designed to operate for up to 40 years [22], which is the original
length of operating licences for NPPs in the US. However, the average age of NPPs
worldwide was close to 30 years in 2015 [23], as such there is wide discussion over life
extension. There is even some argument as to operate NPPs for up to 100 years, but
at the least, it is expected that most NPPs will renew their license as the alternative
(decommisioning) would be unfavourable [21].

In NPPs, austenistic stainless steels are extensively used for their “ductility,
formability, toughness and weldability” as well as its suitability to corrosive environ-
ments. Moreover, often Molybdenum is added to form 316 steel, which has better
corrosion resistance. Intergranular stress corrosion cracking (IGSCC) is the largest
cause of damage for austenitic stainless steels in oxidising BWR conditions. IGSCC
are cracks that have been caused by localised corrosion along grain boundaries in

the material [24]. In austenitic stainless steel, it is caused by the migration of car-



bide and formation of chromium carbide at the grain boundaries, which results in
the depletion of chromium and the corrosion of the material [25], while its growth
is driven by inelastic deformation at the crack [24]. A significant contributor to
IGSCC is sensitisation, which is reduced by decreasing the carbon content to form
316L, 316LN and 316NG stainless steels [26]. IGSCC is a major concern and an in-
creasingly important one as nuclear power plants age. To prolong the age of nuclear
power plants, it has become paramount to find such cracks [27].

An important tool in detecting defects, such as FOD or cracks, is non-
destructive testing (NDT). This is a term that was adopted during the Second World
War, used to describe inspection using techniques that do not cause damage to the
inspected part [28]. A part is usually only considered to be damaged if usability is
affected or its integrity is compromised, and thus techniques that alter the part can
still potentially be considered non-destructive. The extent of what constitutes NDT
has no definitive boundaries; it can be something as simple as examining a sam-
ple visually [29] or in the early days of NDT in industry, wheeltappers on railways
would check for defects in wheels by listening to the sound they made after simply
tapping them with a hammer [30]. A caveat is that the term “NDT” is usually used
within the engineering industry, gaining less traction outside of this. For example,
techniques such as ultrasound and radiography are well used in NDT but many are
familiar with them because of their use in medicine, where they would not usually
be referred to as NDT techniques.

A wide range of information can be gathered from NDT, from finding the
dimensions of an item to determining the properties of a material, but as mentioned
already, the focus of this thesis will be on detecting defects [31]. Not maintaining
a component or anticipating when it will break is of little consequence in many
circumstances, for example when a light bulb breaks. Here, it is appropriate to
allow the item to fail before maintenance, otherwise known as breakdown mainte-
nance. However, sometimes the unexpected failure of a component can have serious
repercussions. This may be unplanned interruptions, expensive replacements or
even a catastrophic incident where there is the potential for loss of life. In these
circumstances, it is beneficial, or even imperative, to detect early deterioration us-
ing methods such as NDT, which can allow components to be repaired or replaced
more conveniently in order to prevent more serious incidents. This is known as
condition-based maintenance, and it is an important strategy when dealing with
critical systems [32], which are prevalent in aviation.

In aviation, safety is a high priority and the sudden breakdown of safety-

critical components can be disastrous, particularly with a growth in passenger travel



putting more lives at risk and increased social awareness over issues like safety [33].
In such industries, it is mandatory to perform regular inspections involving NDT.
The problem of damage resulting from ageing in aircrafts in particular was brought
to the attention of the public with the the Aloha Airlines accident in April 1989. In
response to the accident, the Federal Aviation Administration (FAA) established the
Aging Aircraft Program [34].

For NPPs, while the risks differ from aerospace, the risks are significant with
their, for example, being a risk of radioactivity leaking to the environment or a
burst [35], and thus, in-service inspections are routinely performed [36]. Also, the
Nuclear industry faces enhanced scrutiny, where part of maintaining its position
amongst the public is to remain a safe, reliable source of energy [21]. This means

avoiding incidents and maintaining high safety standards.

1.2 NDT techniques

Modern non-destructive testing has advanced through our understanding of electro-
magnetism, imaging, piezoelectricity, radioscopy and ultrasound [29] These have all
contributed to what are now the six main forms of NDT [37], which are covered in

the following subsections.

1.2.1 Visual

Visual Testing (VT) is one of the oldest NDT techniques and one of the most widely
used. It accounts for as much as 90% of inspections in aircraft maintenance according
to some estimates [38] and its wide usage can be attributed to it being generally the
cheapest inspection to perform with it being intuitive to understand and relatively
straightforward to apply since specialist equipment is not always necessary. It is
a technique that can be underestimated as it may not be as sophisticated as some
of the other techniques but the technique is needed to avoid gross errors and any
comprehensive inspection should include one [39]. VT in its most basic form consists
of inspecting for signs of damage by eye or a light-sensitive device such as a photocell.
VT is used to inspect for surfaces features and it works well for large area damage.
For engine components, features that can be inspected for include larger cracks,
holes, corrosion, blisters and impact damage [40].

There are, however, significant limitations to VT and in some areas, VT has
been displaced by other methods. For example, the state of New York challenged the

adequacy of visual inspections at the Indian Point Nuclear reactor nearly a decade



ago and the damaged stainless-steel bolts found in 2016 were found by ultrasonic
inspection [41].

VT is not suited to volumetric inspection and it is less suitable for finding
small defects. While it may be possible to find small defect, it may be difficult to
do so with a suitable level of repeatability as conditions vary [42]. Detecting aircraft
defects can be challenging due to surface deformation, variations in lighting, dirt
and paint quality [43]. Moreover, defect determination with VT is traditionally very
subjective and can often result in debates with it sometimes being difficult to tell
the difference between a defect and a benign flaw. Even though it is an intuitive
technique, inspectors may still require special training and regular testing to ensure
inspection are carried out consistently and performed to a high standard [44]. Even
then, physiological and psychological factor play a significant role [28].

The human component to inspection can be reduced by using automated
detection. An example is machine vision detection technology, which has the advan-
tages of high sensitivity and fast detection speed. It can, however, be difficulty to
implement, particularly for onsite inspections, as the varying conditions bring great
difficulties to defect detection algorithms [45].

Other advances include optical enhancement by magnification and visual cor-
rection, and digital technology allowing images to be enhanced [39]. Additionally,
Magnetic Particle and Liquid Penetrant testing including fluorescent penetrant in-

spection can be seen as extensions of the visual technique [28].

1.2.2 Radiography

Radiography is a volumetric technique, which can be used to image the internal
structure of an object allowing embedded defects to be detected [46]. The technique
is based on Wilhelm Réentgen’s accidental discovery of X-rays in 1895 during ex-
periments involving electric discharges through rarified gases, which earned him the
first Nobel Prize in Physics [47, 48].

X-rays are high frequency electromagnetic radiation (10'® Hz) and are tra-
ditionally produced when high speed electrons are accelerated towards a tungsten
target [11]. Roentgen found that X-rays had difficulty passing through bone and
metal compared to human tissue [49]. This is the result of X-rays being attenuated
differently depending on the structure and material of the specimen. This differen-
tial absorption is the bases of radiography and in the context of defect detection,
more radiation would pass through a void compared to the intact material. The
sensitivity of X-rays is nominally 2% of the thickness of the material such as steel.

This would mean for a 25 mm thick sample, the smallest detectable void would be



0.5mm. Another point to consider is that a crack will not show up unless it produces
a thickness change parallel to the X-rays [50].

The resulting radiation pattern can be viewed using photographic film, flores-
cent screens or after processing by a computer, particularly in the case of tomography
where the X-ray source and detector are moved around the specimen to produce a
3D image from which any cross-section can be obtained [51]. Acquiring images from
different angles helps locating and finding cracks in different orientations. The results
can be stored for permanent reference of the internal structure, which is a significant
advantage of the technique [50].

A major disadvantage of radiography is the safety risk. While the technique
has a good safety record, the safety concerns mean that there are often more re-
strictions such as it needing to be done in a confined space and it is possible the
specimen may need to be dismantled [52]. As such alternative are being used to
replace radiography, though it remains one of the two main volumetric methods,
alongside ultrasonic testing [42]|, where X-rays, particularly computed tomography,
would be viewed the high fidelity technique and ultrasound as the relatively lower
fidelity technique.

The radiographic technique has been developed to include gamma radiogra-
phy and neutron radiography where gamma and neutron radiation are used respec-
tively as the source instead of X-rays [51]. To penetrate thick metal samples, high
energy X-ray sources are required, and at some point, X-rays do not have sufficient
penetrating power to pass through a metal sample without introducing problematic
health and safety issues. In these situations, one might choose gamma rays, which
are able to penetrate deeper into a sample. Accordingly, gamma ray tends to be be

used for larger components and X-rays on smaller ones [17].

1.2.3 Ultrasound

Ultrasonic testing (UT) is suited for bulk inspection and is able to detect embedded
defects and defects on the back surface with only sided access being being needed [53].
Some surface inspections is possible with UT [54] but the technique is not known
for being particularly suitable for surface inspection unlike eddy current testing [55].
The technique has difficulties with detecting sub-millimetre sized surface defects even
when samples have significant surface preparation.

UT is similar in principle to the early hammer tests but it uses higher fre-
quency sound waves above the audible range. Typical frequencies for UT range
between 1 MHz and 10 MHz [51]. The transition to ultrasound was made possible

by improvements in understanding how to generate and detect ultrasound through



the work by individuals such as Paul Langevin who developed the first application of
ultrasound during World War I. Langevin’s extensive knowledge of piezoelectricity
allowed him to enhance the piezoelectric effect of quartz crystals allowing ultra-
sound to be transmitted and detected at levels that could be used in submarine
detection [56, 57].

Conventional ultrasound uses piezoelectric transducers and it is the most
common transducer type used. It is, however, limited by the need for direct contact
and the transmission of ultrasound is usually aided by a coupling fluid, since the
propagation of elastic waves through the air is very inefficient. In the last decade,
there has been a focus on developing non-contact sensors and air-coupled probes [58].
Non-contact probes include Electromagnetic Acoustic Transducers (EMATS) and
lasers.

EMATS create ultrasound either through: generating eddy currents in the
surface of the sample and using a static magnetic field from a magnet to gener-
ate a Lorentz force or through magnetostriction, whereby dimensional changes in
ferromagnetic materials are caused by an alternating magnetic field [59]. Although
contact is not required, the probe should be within a few millimetres as the magnetic
field strength falls rapidly with lift-off, this is the distance between the probe and
the sample.

Laser Ultrasonics allows inspections to be carried out from further away.
Pulsed laser beam generation of ultrasound works between two extreme regimes:
the ablative regime and the thermoelastic regime [60]. In the ablative regime, a
the high energy density, pulsed laser beam heats a point on the sample’s surface,
such that a plasma is formed above or the surface is partially ablated, which then
generates ultrasound by the recoil effect [61]. In the thermoelastic regime, a lower
energy density laser beam heats a region of the sample surface, which is constrained
by the cooler surrounding material. This rapid change in stress generates ultrasonic
waves that are generally lower energy and with different properties to those generated
in the ablative regime.

There has been a trend in industry to replace inspections where radiography
has been typically used due to safety concerns. Ultrasound is natural to consider as
it is also a volumetric technique, but it is important to remember they are distinct
methods with considerably different physics and thus, ultrasound would not always
be suitable as a replacement [62]. For example, generally in-planar defects (i.e. de-
fects are plane parallel to the face) are more suited for UT as this is the orientation
where a defect would intercept the ultrasonic beam maximally while transverse de-

fects (i.e. defects that lie across the face) are more suited to radiography as this is



the orientation where the defect crosses the X-ray path maximally [11|. Additionally,
ultrasound can be less effective if the geometry of the specimen is complex or the
surface is rough [63]. Moreover, X-rays are not impeded the way ultrasound is by

air gaps.

1.2.4 Magnetic particle inspection

Magnetic particle inspection (MPI) is a technique that can be seen as an exten-
sion of the visual technique. Defects are enhanced by magnetising a section of the
specimen and covering it in magnetic particles suspended in a liquid. In a flawless
specimen, the magnetic flux resulting from magnetisation stays largely within the
sample. However, if a defect is present, the magnetic flux will be distorted with
defects near the surface forcing the magnetic flux to ‘leak’ out of the surface. This
magnetic flux leakage attracts magnetic particles, which can be seen by visual ex-
amination. As the technique depends on magnetising the specimen, the technique
only works on magnetic materials [37, 51| thus it is not suitable for non-ferrous and
most austenitic stainless steels [64].

The surface may need to prepared prior to inspection. The surface should be
cleaned to prevent contamination, and paint may need to be removed as the force
of the magnetic field is proportional to the distance from the poles. Consequently
only non-magnetic coatings less than 0.025 mm can be left on prior to inspection for

critical components [65].

1.2.5 Liquid penetrant testing

Liquid penetrant testing (LP) is another technique that can be considered an ex-
tension of visual testing. LP is used to enhance the appearance of surface-breaking
defects and it is more more suitable for sub-millimetre defects compared to visual
testing. In fact, its main draw is the sensitivity of the method, where defects with
an opening width of 0.5 mm can be safely detected. Furthermore, it is suited to
complex geometries and it is a low cost method [66].

In LP inspections, a liquid is applied to the surface of the specimen and drawn
into defects by capillary action, and sometimes heat. The surplus liquid is removed
after allowing sufficient time for the liquid to penetrate the flaws, otherwise known as
the ‘dwell’ time. The defect should then be clearly visible after a developer is applied
to draw out penetrant left in flaws. It can be visible either directly or using some
aid such as ultraviolet light if the liquids are florescent [47]. Such fluorescent dyes

were used in aircraft production in World War II and continue to be the penetrant



typically used in the aerospace industry [28].

Prior to the application of the liquid, the surface needs to be prepared and
cleaned. This can involve several steps as any residue can hinder the entry of the
penetrant. For example, the contamination may need to be removed by chemicals,
but these chemicals may adversely affect the penetrants and thus need to be thor-
oughly removed. A typical sequence might consist of alkaline cleaning followed by
a tap water rinse, a pickling tap water rinse and then a deionized water rinse be-
fore drying with a hot air knife [67]. Care needs to be taken with these potentially
harmful chemicals.

The disadvantages of the method are that it does not work well on rough
surfaces and only surface breaking cracks can be detected, even defects through
paint cannot be detected as the dye must enter the defect itself. Information about
the full extent of the defect is also not provided, for example, its depth and shape.
Moreover, the process can be time-consuming and labour intensive, especially if small
defects need to be found [66]. However, a large area can be inspected and it can be

done so relatively quickly after preparation.

1.2.6 Eddy current testing

Eddy current testing (ECT) is technique based on the phenomena of eddy currents,
which were first observed by Frangois Arago in 1824 [68]|. The technique is based on
magnetically inducing current loops in the test material, usually through driving a
nearby coil with an alternating current. The loops generated are called eddy currents.
The resulting magnetic field can then be detected using various magnetometers, but
usually the electrical voltage signal across the existing coil or another nearby coil is
just measured. The signal gives information about the properties of the test material,
and changes in the measured signals can be an indication of a discontinuity like a
defect.

Eddy currents are, by their nature, localised mainly under the generation coil,
which means that the sensor can only detect defects in the immediate vicinity. This
means that only surface and near-surface defects can be found, and the sensor needs
to be scanned over the whole test surface, which can be time-consuming. However,
this also means the determination of the defect location is more straightforward
compared to a technique like ultrasound, where defect positions may need to be
extracted from complicated traces. ECT is also very sensitive to surface variations,

where it can detect small sub-millimetre sized defects.
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1.2.7 Choosing an NDT method

The optimal technique for any NDT requirement is completely application-specific.
This thesis will focus on surface-breaking defects on TiAl, Ti and stainless steel (SS)
316L. Whilst the Institute of Metals [47] found that ultrasound and X-rays account
for about a third of NDE techniques in use, these techniques are better suited to
volumetric inspection rather than surface inspection, although there are reports of
the successful use of ultrasound to defect small surface-breaking defects [69]. X-rays
can also be used, but usually dismantling of the component is needed and there are
safety considerations with the ionising radiation from the X-rays.

Techniques such as visual testing, MPI, liquid penetrant testing and ECT
are more suitable for surface breaking defect. These are naturally surface selective
techniques. Inherently “visual” inspection methods such as liquid penetrant and mag-
netic particle testing account for 50% of testing [47]. However, MPI is not suitable
for the austenistic metals such as 316L as the material must be magnetisable [70],
and visual testing is less suitable for the small defects. This leaves liquid penetrant
testing and ECT as the main candidates. That being said, there is considerable
surface preparation needed to carry out LP inspections. As such, this thesis will
focus on eddy current testing, which according to the aforementioned Institute of
Metals study [47] accounts for approximately 10% of NDE inspections.

ECT has certain advantages that make it well suited to the detection of
surface defects, and the use of electromagnetic induction means that defects can be
inspected without touching the sample and a relatively fast, quantitative indication
of defect size can be given. The use of electromagnetic induction obviously limits its
applicability to electrically conductive materials, but this is not a problem for the
majority of engineering applications since many engineering structures are metallic.
As such, ECT is one of the standard methods for detecting defects in aircraft jet
engine turbine blades.

Eddy current testing can overcome some of the limitations associated with
visual testing. While it is not suited to volumetric inspection either, it is able to
detect subsurface defects in addition to surface defects, and detect defects through
paint. It is not susceptible to to lighting conditions and it is inherently a more

quantitative technique.
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1.3 Background to Eddy Current Testing (ECT)

Eddy currents were first observed by Frangois Arago in 1824 [68] and electromagnetic
induction, which underpins the phenomena, was discovered by Michael Faraday [71]
in 1831. However, it was not until 1878 that D. E. Hughes developed a device capable
of sorting metals, which is usually credited as the first application of eddy current
NDT. He found that the electrical properties of a coil would change when placed
near metals of different conductivity and permittivity [72]. The apparatus used may
be considered antiquated by today’s standard, but he had demonstrated the utility
of the method.

Modern ECT is largely attributed to Friedrich Foerster, who was responsible
for developing much of the underpinning theory and technology. His contributions
to the development of quantitative test equipment and methods were an important
factor in the wide acceptance of ECT during the early years (the 1950s - 1960s)
where it was taken up by the aircraft and nuclear industries [73]. Much work in
ECT was inspired by his efforts, with his research being acknowledged by several
early works [74, 75].

These seminal papers that established the underlying scientific description
and mathematics behind ECT included the paper from Dodd and Deeds (1968) [76],
which found the first closed-form solution for a practical ECT sensor. They de-
rived the magnetic vector potential for an air-cored coil situated near a conductor
in various geometries. Calculating the magnetic vector potential allows “any physi-
cally observable electromagnetic quantity” to be calculated. Though perhaps more
importantly for ECT, it allowed a sample’s properties to be determined from mea-
surements through an inverse calculation of the electromagnetic response of an eddy
current coil. The Dodd and Deeds paper formed the basis for more complex models
by Cheng, Dodd and Deeds (1971) [77], who had multi-layered conductive slab as
the sample, and another paper by Uzal, Moulder, Mitra and Rose (1993) [78], who
made the sample a layered material whose conductivity and permeability profile vary
arbitrarily. However, the Dodd and Deeds (1968) paper remain one of the most im-
portant analytical solutions in the field, and it continues to be one of the most highly
cited papers in ECT.

ECT is now a well-established technique, with more recent developments
being less about establishing the technique and more about addressing the existing
limitations. These developments have included pulsed eddy current techniques and
eddy current arrays. Pulsed ECT allows information about a range of depths to

be gained by using an excitation current that is a step function and thus contains
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multiple frequencies which correspond to different penetration depths [79], while
eddy current arrays multiplex between multiple sensors to provide wider coverage
and faster scanning times [80].

While ECT has been used in various applications such as thickness measure-
ments, surface treatment and sorting [81], the focus of this thesis is the detection of
defects on low conductivity metals. The F. Hughes, R. Day, N. Tung, and S. Dixon
(2016) [82] paper focussed on addressing this issue by operating at higher frequen-
cies. They demonstrated that the operating frequency of ECT can be increased by
mounting parts of the electrical circuitry directly behind the coils. This helps reduce
noise caused by the cables as they move and interact with nearby objects, which
they can electrically couple with. By mounting the circuitry in this way, they show
that frequencies of over 15 MHz can be reached, inspecting both low conductivity
metals and carbon fibre composites. There is, however, a limit to how much of the
electronics can fit directly behind the coils to reduce the use of connecting cables
and the noise associated with higher frequencies.

Additionally, high frequencies help with both smaller defects and lower con-
ductivity materials. The benefits of higher frequency to detecting small defect stem
from the penetration depth generally reducing with higher frequencies. This can be
seen in the work of Heuer et al. (2011) [83], where the EddyCus system is used to
detect flaws in the range of a few millimetres by operating at 2 MHz to 10 MHz.

The skin effect also means that higher electrical conductivity materials tends
to be inspected with higher frequencies and lower electrical conductivity materials
tend to be inspected with lower frequencies. Metals generally have a high electrical
conductivity. Thus, the eddy current penetration depth in metals is generally lower
and frequencies from low kHz up to single digit MHz tend to be used [84]. As such,
commercial eddy current testing equipment generally goes up to 10 MHz as higher
frequencies are not needed for most applications [85].

However, in the special circumstance of low conductivity materials, higher
frequencies up to 50 MHz or even 80 MHz may be needed [84]. In low-conductivity
engine alloys, the penetration depth cannot be reduced below below 0.2 mm without
using frequencies above 10 MHz and frequencies of at least 50 MHz are needed to
capture the important part of the near-surface residual stress profile [85]. While,
frequencies of 5 MHz or higher must be used for carbon fibre-reinforced polymer
(CFRP) with the optimal frequency being 5 MHz to 25 MHz for uncured prepreg
using the EddyCus MPECS system. Here, the conductivity of CFRP is significantly
lower than the conductivity observed in metal despite the carbon fibres being highly

conductive [86].
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For sub-millimetre defect inspection of aerospace material, such as titanium
alloy, the operating frequency should often be between 5 and 10 MHz [87]. Though
frequencies above 10 MHz may also be beneficial [82]. In fact, Ernt et al. (2016)
notes that high frequencies are needed for small surface defects on TiAl, where the
combination low conductivity and the requirement to detect defects less than 200 pm
in depth mean that standard techniques are unsuitable [88].

High-frequency operation on low conductivity materials is also seen in Mook
et al. (2009) [89], where a high frequencies probe that operates at frequencies up
to 10 MHz is used to detect fibre orientation and local flaws on CFRP [90], and in
the R.R. Hughes, B. W. Drinkwater and R. A. Smith (2018) [91] paper, which uses
high-frequency (20 MHz) ECT on CFRP. Like F. Hughes, R. Day, N. Tung, and S.
Dixon (2016), the Howland current source (HCS) is mounted immediately behind the
sensor coil to reduce the effects of connecting cables at high frequencies and the HCS
is presumably made to a similar specification, although other parts appear to have
to be placed further away. The purpose of the paper was to display the benefits of
using Radon Transformation to maintain the correct fibre orientations and stacking
sequence in CFRP. The paper may not be focused on high frequencies, but they use
high frequencies to produce high-resolution images, and so it nonetheless shows that
operating at high frequencies can be useful. In such a scenario, high frequencies are
used due to a combination of the low conductivity of CFRP and the high resolution
that is desired.

The low conductivity of some materials means that conventional ECT tech-
nique is unsuitable, which often means needing to increase the frequency [90, 92].
However, as mentioned in the abstract, increasing the frequency will result in an
increase in electrical noise as the cables inductively couple to the surrounding envi-
ronment and stray capacitances becomes more significant. Such coupling can result
in variations in the measured signals that are unrelated to the electromagnetic cou-
pling between the coil and sample [82]. According to Jun Cheng et al. (2016) [93],
the “transmission of high frequency signals in coaxial cable tends to introduce se-
rious line-line crosstalk, external interference, as well as the energy loss of received
signal due to the dielectric insulation resin, resulting in extra difficulties in the stage
of system design and implementation”. Additionally, they note that high frequency
probes suffer “from higher levels of background noise as it became more suscepti-
ble to lift-off, tilt and sample surface condition”. This may negatively impact on
the signal-to-noise at higher frequencies. Therefore, possibilities at lower frequencies
need to be explored.

Alternatives to improve defect detectability at lower frequencies include using
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a SQUID magnetometer. This is explored by Ruosi (2005) [94] and Carr et al.
(2003) [95]. They use SQUID due to the difficultly detecting small disturbances in
the magnetic field, that may result from defects, when the background magnetic
noise is large. SQUID is able to do this well even at low frequencies.

Another alternative is presented by A. Egbeyemi’s (2018) [2]. His work in-
volved small defects on low conductivity materials such as Ti and TiAl. However,
rather that going to higher frequencies, which can be less suitable for arrays. It was
found that combining magnitude and phase data by multiplication leads to a signif-
icant improvement in the signal-to-noise ratio compared with using each parameter
individually in isolation. This approach of measuring magnitude and phase simulta-
neously will be called the Parametric approach, which will be covered in more detail
in section 1.6, and will be explored in this thesis to detect small defects.

There is also an interest in inspecting for defects in complex geometries as
FOD damage on air turbine blades often manifests as a dent or notch at or close to
the leading edge of the blade [96]. Fatigue cracks tend to be at edge due to the high
stress concentrations at sharp geometries [97]. However, inspecting for defects near
edges can be more challenging as the edge response has the potential to mask the
response to a defect at or close to the edge [97, 98]. As such, some simply recommend
avoiding the edge region [99] despite the need to inspect for edge defects.

There are, nevertheless, some papers such as Theodoulidis and Bowler
(2009) [100], and Bowler et al. (2012) [101] that seek to better understand the edge
effect. These papers seek to aid the inspection of defects near edges by improving
the understanding of the edge effect through a more analytical approach. On the
other hand, Xie et al. (2020) [102]| uses simulations to improve sensor parameters
for the purpose of detecting defects close to an edge. This paper, in particular,
models a titanium alloy sample using the finite element method.

Moreover, there exists experiments involving defects near an edge. For ex-
ample, Wang et al. (2017) [103] used an absolute probe for subsurface defects at the
edge of a titanium alloy block. Special probes and probe configurations may also
be used. T Dogaru et al. (2000) [104] used a magnetoresistance based eddy current
sensor to detect edge defects that are several millimetres (1 mm to 15mm) long on
an aluminium plate. While, Fava and Ruch (2004) [105] uses rectangular planar
coils to minimise the edge effect. Rectangular planar coils are sensitive to shallow
features but bridge balancing is required with half of the coil’s area on the sample
and the other half off the sample. Eua-Anant et al. (1999) [106] suggests the use
of differential probes to reduce the edge effect. Though, it is usually necessary to

ensure good alignment with the edge when using such coils. Other solutions include

15



high magnetic permeability cores, flux focusing and using small coils, which work by
spatially localising the eddy current to reduce the response of the eddy current to
the edge [107, 108|. Also, shielded probes allow for inspection near edges by focusing
the magnetic field [109].

Another solution would be to localise the eddy currents by operating at higher
frequencies. Increasing the operating frequency produces eddy currents that are
localised to a shallower skin depth, which both provides increased sensitivity to
shallow defects and reduces the lateral extent of the eddy current [82]. This may
be used to reduce the edge effect. Sasi et al. (2004), for example, uses a dual-
frequency technique where they mix signals from two frequencies to suppress the
edge effect [97]. The approach of using higher frequencies will be combined with the

approach of using small coils to find edge defects in this thesis.

1.4 Principles of ECT

Michael Faraday discovered electromagnetic induction, which is the process that
explains the origin of eddy current generation in conductive materials [110]. Maxwell
later mathematically described the process, and this is known to many as Faraday’s
law of induction. Along with Ampére’s law, the physics of eddy current testing
can be explained. Faraday’s and Ampeére’s law can be respectively be stated in
differential form as [111]

0B
E=—— 1.1
V x 5 (1.1)
and 5D

where H is the magnetic field, J is the current density, D is the electric displacement
field, ¢ is time, E is the electric field, and B is the magnetic flux density. Here, the
constitutive relation linking B and H is H = B/ .

From these equations, it follows that passing an alternating electrical current
through an electromagnetic coil to concentrate the field produces an alternating mag-
netic field through Ampére’s law, which can induce a current in a nearby conducting
test material through Faraday’s law. These currents are called eddy currents and
they flow in closed loops plane perpendicular to the magnetic field. The negative
sign in Faraday’s law is due to Lenz’s Law, and means that direction of the induced
current is such that the magnetic field produced by the induced current acts to op-
pose the change in the magnetic field that caused the induced current. Accordingly,

the direction of the induced eddy currents opposes that of the current in the exciting
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coil [112].

The eddy currents also change based on the properties of the material and
the defects in the vicinity of the coil change the eddy current flow as they are
forced to go around them. The eddy current itself also produces a magnetic field
through Faraday’s law, and this magnetic field can be measured in many ways. A
simple approach would be to measure the impedance across an electromagnetic coil.
The same physics that produced the eddy currents would mean the eddy current
themselves would induce an current across the coils. The electromagnetic coil can
even be the same as the driving coil such that only one coil is needed for the probe |51,
113]. Through its use of inductive coupling, ECT has the major advantage of being
a non-contact technique [114].

Usually, the frequency of the alternating electrical current in the coil, which
will be called the operating frequency, is chosen based on the desired skin depth where
eddy current density drops to 1/e of its value at the surface. When assuming a plane
wave solution, the skin depth, §, can be derived using Ampére’s and Faraday’s laws.

It can be derived as followed [110], where Ohm’s law (J = oE, where o is
electrical condictivity and E is the electric field) will be used. Using the vector

Laplacian relationship
VxVxE=V(V-E)-V’E. (1.3)

In a conducting medium, the macroscopic charge density remains zero everywhere,

thus V - E = 0 and equation 1.3 becomes
V xVxE=-V’E. (1.4)

Following Faraday’s equation (equation 1.1)

0B 0
VXVXE:—VXE:—E(VXB), (15)

Combining this with equation 1.4 and ampere’s law (equation 1.2), with the dis-

placement current taken to be negligible, results in
OE
V?E = op—. 1.6
ol (1.6)

For an attenuated plane wave moving in the z-direction, this becomes

d’E OE

- —ou— 1.
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Solving this equation using a plane wave solution (E = Eq exp|j(wt — 8z)] exp(—az),
where w is the angular frequency, and « and ( are parameters to be determined)

gives

a=p= WTW (1.8)

The skin depth is defined as § = 1/« and thus

5= \/% (1.9)

In actuality, the coils are of finite size and accordingly, they do not generate a
plane magnetic field. With smaller diameters where R/d =~ 1, the actual penetration
depth is smaller that the calculated skin depth, §. Only with diameters, where
R/ > 10, does the actual penetration depth converge with the skin depth, ¢ [115].
Nevertheless, the equation 1.9 is widely used to approximate the skin depth and for
defects, at the surface, this skin depth should be comparable to the shallowest defect
that will need to be detected for optimum detection. Large electromagnetic skin
depths mean the sensor is less sensitive to defects near the surface, and too small
skin depths mean the sensor is too sensitive to surface roughness. This dependency
of skin depth on frequency is why a higher frequency is needed for detecting small
defects in low electrical conductivity materials, where high frequencies are required
to maintain small penetration depths on lower conductivity materials.

The electrical conductivity of Ti is considered to be low [116] with a value of
2.38 x 109 Sm™! [117]. Thus for a sub-millimetre size defect on Ti, the operation
frequency should be about 10 MHz. Apart increasingly sensitivity to the surface by
using higher frequencies, the strength of the eddy currents generated is also increased.
However, this is countered by an increase electrical noise at higher frequencies [82],
as discussed in section 1.3, and at a fundamental level, the sensor is more sensitive to
changes in the distance between the sensor and the sample, otherwise known as lift-
off [113, 108]. The increased sensitivity to lift-off at higher frequencies is caused by
the skin effect being stronger, thus making variations in lift-off more prominent [39].

This may be offset by the Parametric approach, which will be used in this
thesis. This approach can be seen to increase the signal-to-noise ratio at well as
improve robustness to lift-off. The Parametric approach can be used as an alternative
to operating at higher frequencies. As mentioned in the abstract, this thesis will

mainly involve work at 1 MHz, though there is also some higher frequency work.
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1.5 Challenges that will be addressed

In addition to trying to detect small sub-millimetre sized defects, this thesis will
address finding them in some challenging circumstances. This is mainly split into
two branches. Firstly, as previously mentioned, components such as turbine blades
are increasingly made from low conductivity materials like TiAl. TiAl is an inter-
metallic, which is a material with an ordered crystallographic structure formed from
a combination of metals, where concentration of the alloys exceeds the solubility
limit [118]. As an intermetallic, it is expected to be lower conductivity, which was
verified by four-point probe measurements. This is a method, where current flows
through an outer probe pair and the voltage drop is measured across an inner pair
using a voltmeter. The value of the voltage, current and spacing between the probes
can then be used to find the conductivity of the material [119]. While uncertainties
in, for example, the probe geometry meant one could not be confident in the absolute
resistivity, the conductivities of different materials could be ranked, where TiAl was
determined to be likely more resistive than Ti.

Low conductivity is a problem for the ECT method, as the eddy currents are
generally weaker and less localised in lower conductively materials. The basic logic
in ECT suggests higher frequencies are needed to counteract this, but as explained
in sections 1.3 and 1.4, noise can be higher at such frequencies. Additionally, inter-
metallics are often more brittle than conventional structural metals (being between
a ceramic and conventional structural metal). Moreover, TiAl is considered a more
brittle intermetallic, where the crack-growth response more closely resembles that
of ceramics [120]. Here, the crack-growth exponents are extremely high, and thus
when a crack is initiated, it will typically grow extremely rapidly. This makes it
more important to find these defects at an earlier and smaller stage. This thesis
will look at improving the detection of small defects using ECT for use on these low
electrical conductivity materials [121].

Another challenge is the detection and characterisation of defects near an
edge. This detection of cracks near sharp edges is a problem, especially in the aircraft
industry [104]. ECT is a well-established technique and there is much research behind
it, and yet, there are only a few studies on edge defect detection. It is often easier to
assume the sample is infinite in some dimension. It is more challenging to identify
defects near an edge as both the defect and the edge of the material will distort eddy
currents, with both affecting the signal. With conventional probes, the large signal
associated with the edge can completely mask the signal produced by the crack [104].

However, defects commonly develop at edges and the stress concentration at edges
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can aid in the growth of a crack, which makes this an important challenge to tackle.

A quick and compact solution to measuring phase using hardware will also be
tackled. Compact solutions are needed in eddy current testing to make testing con-
venient and efficient to perform. Fortunately, there exists a plethora of compact and
inexpensive hardware capable of performing this task, where phase often needs to be
measured up to and into GHz frequencies in radio-frequency (RF) applications, such
as receiving signals from antennas. To measure phase at such high frequencies, these
systems also need to be accurate and precise. One such device is the AD8302 chip,
which is an inexpensive and small chip capable of measuring phase in frequencies up
to 2.7 GHz, and this will be implemented in this thesis.

1.6 Parametric approach to Eddy Current Testing

An approach that will be called the Parametric approach in this thesis is explained
in the following section. Eddy current testing (ECT) is traditionally performed by
displaying the magnitude and phase on a Lissajous plot. With the Lissajous plot,
the system is generally calibrated by zeroing the probe on the material such that the
change in magnitude and phase in shown, then rotating the displayed data to lie along
the horizontal as lift-off is changed over a region free from defects [122]. By plotting
the measured impedance with the plot rotated such that lift-off is horizontal, signals
deviating from the horizontal can then be identified as being an indication [109].
Such plots generally require careful interpretation with small changes being often
difficult to reliably detect, let alone quantify. In contrast, our Parametric approach
involves measuring the magnitude and phase of the signal independently. To explain

what is meant by magnitude and phase, let us start with Ohm’s law for AC circuits,
V=12, (1.10)

where V, I and Z are the voltage, current and impedance of the transmitter coil

respectively. Writing Z in its exponential form results in

V = [ Zexp(i¢), (1.11)

Z and ¢ are the magnitude and phase of impedance respectively. This equation
implies that ¢ is equal to the phase difference between the voltage and current. If
the current is kept constant as is the case for our transmitter coil, any changes in
the phase of the impedance must result in an equivalent change in the phase of the

voltage. Additionally, constant current also means the magnitude of the voltage is
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proportional to the magnitude of the impedance.

Furthermore, the signal can be related to the inductance, L, and resistance,
R, of the coil by treating the coil as an inductor with an equivalent series resistance
(ie. Z = R+ iwL) so that Z = vVR24 w?L? and ¢ = arctan(wL/R). For an
inductor, ¢ = 90°. This means the voltage leads the current by 90° [123].

The signal in the receiver coil is due to a combination of the magnetic field
seen from the transmitter coil (Bry) and the eddy current (Bgc). Modelling the

magnetic field from each as a sine wave, the total magnetic field is
B = Bty + Brc = Brxosin(wt + «) + Brgesin(wt + ) = Bpsin(wt + 1), (1.12)

where Bryo, o, Brco, 8, Bo and 7 are constants, w is the angular frequency and ¢

is time. Here,

By = \/[BTxocos(a) + Brcocos(8)]? + [Brxosin(a) + Brcosin(5)]? (1.13)

while

Brsosin(a) + Brcosin(5) ] (1.14)

= arctan
K [BTxoC?OS(Oé) + Bgcocos(8)
Since the total magnetic field is a sinusoid, the voltage in the coil is also a

sinusoid of the same frequency (i.e. Vrx = Vixosin(wt + )) through Faraday’s law,

whereby [124]
d
V=-—— B.d 1.15
dt // S, ( )

where V is voltage and s is a surface. Thus Vgyx x B.

The analysis of eddy current signals in this manner differs from the usual
Lissajous method of viewing the signals. While there are clear similarities between
the Lissajous plot information and the Parametric approach, the methodology and
quantification used in this thesis are distinctly different and provide the potential
for more reliable measurements. Analysing signals with the Parametric approach
may help with the identification and characterisation of defects as the results show
interesting characteristics such as the phase being potentially to be more robust
to lift-off and the edge of the sample. This is important since lift-off variation is
known to be one of the main factors that can limit effective eddy current testing
(ECT) [125], where variations in lift-off have the potential to mask a defect.

21



1.7 Eddy current probe configurations

A simple ECT sensor configuration would be to use a single coil to generate and
detect the eddy current. This is a well-used and simple configuration. Moreover, the
most widely used circuitry for measuring the impedance of the coil is an impedance
bridge [108]. To demonstrate the principle behind an impedance bridge, a Wheat-
stone bridge is shown in figure 1.2. A Wheatstone bridge measures an unknown
electrical impedance by balancing two legs of a bridge, where one leg of the bridge
has the component whose impedance is to be found. The principle is as followed.

For the circuit in figure 1.2, if the potential difference measured at V is zero then

73
= = —. 1.16
7~ 7, (1.16)
Thus, if say Z4 was the component whose impedance is to be measured, by varying
Zs3 to balance the bridge, the impedance of Z; can be found if Z;, Z5 and Z3 are

known [126].

V)

Z3 Z4

Figure 1.2: Wheatstone Bridge.

Figure 1.3 shows examples of absolute probes in bridge mode. It shows an
uncompensated and compensated probe. It is common for absolute probe to be
compensated to reduce variations due to thermal fluctuations, a “dummy” coil that
is not coupled magnetically to either the main coil or the sample is used as a reference

where the difference between the coils can be measured in this bridge configuration.

22



© ©

[Tcferorce ]

Figure 1.3: Diagram of absolute probe configurations. (a) is uncompensated, (b) is
compensated.

Another option is to use a differential probe. Such probes tend to be better for
comparing adjacent material sections and more suited to detecting abrupt changes
such as those caused by small defects [127, 128, 129]. These can be formed by
winding two coils in opposition [129]. It is able to enhance the detection of defects
by producing a signal related to the difference in impedance between the two coils.
In the differential configuration, a signal is produced when one coil is over a defect
and the other is over a flaw-free region, but no signal is produced when both are over
a flaw-free region. They have the advantage of being very sensitive to defects, whilst
being more robust to material and lift-off variations. It is important to note that
they are relatively insensitive to gradual dimension change and can be difficult to
interpret: for example if the flaw is longer than the spacing between the coils [127].
Figure 1.4 shows some typical configurations where the most used configuration is
the parallel configuration, though the coaxial configuration widely usedsignal-to-
noise for tube/rods [130]. An orthogonal arrangement is used in a circumstance
when the flaw is best detected by considering the difference between a tangential

and normally orientated coil.

: : bﬁ

Figure 1.4: Differential eddy current probe configurations where the coils are posi-
tioned (a) parallel, (b) coaxially, and (c) orthogonal to one another.

Reflection probes (also know as transmit-receive or driver-pickup) can also be

used. In such an arrangement, one coil is used as a transmitter and another coil is
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used as a receiver [131]. Obrutsky (1997) [132] worked with laterally displaced trans-
mit and receive probes, which they argued had the advantage of having a greater
signal-to-noise in the presence of lift-off and being strongly directional. They rea-
soned that the signal generated by localised defects between the transmitter and
receiver coils was similar to a similar-sized impedance coil, but the low flux linkage
between the coils meant that the response to global variations such as lift-off would
also be low, while the directional properties can help enhance the detectability of
defects such as cracks.

In the work presented in this thesis, two adjacent coils are used. One coils is
used as a transmitter, but the magnitude and phase of the signals from both coils are
measured. Thus, one benefits from the data that a reflection probe would generate

while maintaining the data that would be obtained from an absolute probe.

1.8 Modelling the eddy current sensor

As mentioned, Dodd and Deeds found the first close form solutions for a practical
sensor [76]. These solutions were for 1) a coil above a two-conductor plane, and 2)
a coil surrounding an infinitely long circular tube/rod. The former was was used to
calculate the current density for zinc cladded carbon steel in MATLAB. This was

solved as followed, with the model setup shown in figure 1.5.

‘ c Region 1

Region 2

Figure 1.5: Dodd and Deeds model setup.

In the Dodd and Deeds paper, the magnetic vector potential in the top layer
(region 1 in figure 1.5) is given by

Ai(r, z) :,ulro/ Ji(arg)Jy (ar)e % (1.17)
0

[(ag + aq)exp(2agc)exp(arz) + (o — ag)exp(—ai z)

(= a1)(oq — a2) + (o + aq) (a2 + a1)exp(2ayc) do-

While, the magnetic vector potential in the bottom layer (region 2 in figure 1.5) is
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given by

As(r,z) = Mh‘o/ Ji(arg)Jy(ar)e (1.18)
0

2a1exp((ag + aq)clexp(agz)

X [(a —a1)(ag — a2) + (o + a1)(ag + ag)exp(2a;c) da

In these equations J; is a first order Bessel function, [ is the current, rg is the
coil radius, [ is the coil lift-off, ¢ is the thickness of the top layer, « is a continuous
variable and o := (2 4 jwuo;) /2.

The current density can then be calculated using the magnetic vector poten-

tial and Ohm’s law,

0A
J=wE =—-0—=—jwoA, (1.19)
ot
which becomes J = —jwo A(r, z) due to the axial symmetry, where w is the angular

frequency.

The equations were combined with values for electrical conductivity of
17MSm™! [133] and 5.9MSm™~! [134] for the conductivities of zinc and carbon
steel respectively (values derived from electrical resistivity), a thickness of 0.3 mm
for the zinc layer, a lift-off of 0.1 pm, an angular frequency of 27 x 1 MHz and a
current of 2pA. Furthermore, the principle of superposition was used to model a
coil with multiple layers and turns, where the contribution from multiple coils were
added. Here, the inner radius is taken to be 0.9 mm, the spacing between coils to
be 0.063 mm, the number of the layers to be four and the turns per layer to be 25.

The result is shown in figure 1.6, where r is the radial position, z is the
depth, and J is the normalised current density. The apparent lack of eddy currents
in the bottom layer is because the eddy currents induced in the top layer are much
stronger. This is due to a combination of the difference in electrical conductivity
and permeability of the materials, and the multiple windings that concentrate the

eddy currents close to the surface.

0 1
.02 2
g 052
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r (mm)

Figure 1.6: Dodd and Deeds solution produced in MATLAB.
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Analytical models tend to provide solutions for idealised systems with
zero/infinite dimension parts, or simple systems with a good amount of symmetry.
For example, Bowler (1994) models a defect as a negligible opening, which is
impenetrable to electric current [135], while Skarlatos et al. (2011) [136] model a
defect as a hole parallel to the surface. The defects in this thesis are slot defects and
while there is analytical work on rectangular defects such as that by Theodoulidis
(2005) [137], much analytical work uses truncated domains. In these domains, the
space is truncated by an artificial boundary, with the papers mentioned here using
a half-space domain. Truncated domains are used since the Green’s functions are
known and can be more easily evaluated. These are functions are used to solve

linear inhomogeneous partial differential equations [138] and they are a solution of
LG(z,s) =0(z — s), (1.20)

where L is a linear differential operator, G is a green function, § is the dirac delta
function and s is a position.

In addition to the complexity introduced by the defect geometry, there are
often additional geometries and factors that complicate matters further. Often the
complexity of a real system means it is not feasible to calculate closed-form solutions,
particularly solutions that require 3-D modelling. Trying to solve complex geometries
analytically would be prohibitively difficult, as the entire system would need to be
solved at once. In such cases, numerical methods may need to be used. The three
main numerical methods that have been adopted to solve eddy current problems are
the finite element method (FEM) [139], the boundary element method (BEM) [140],
and the finite difference method (FDM) [141].

Out of these methods, the FEM and FDM are more established. The FDM
solves differential equations by approximating the derivatives by a differential quo-
tient. Mathematically, this means

yooy u(x+h) —u(r)
(@) ~ ; , (1.21)

which is a good approximation so long as h is small but not equal to zero. Steps can
be taken to improve the accuracy, which includes centering the quotient like so
u(x 4+ h) —u(x —h)

o' (z) ~ o . (1.22)

FEM has risen with advances in computational modelling. The FEM is better

suited for complex geometries than the FDM [142], where arbitrary geometries can
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be modelled with relative ease. The FEM works by dividing the geometry into
elements (connected by nodes) and solving equations for each element, which are
then combined to model the system. These elements generally fall under two main
shapes: tetrahedral and hexahedral. Tetrahedral elements will mainly be used as
these mesh easily and better fit arbitrary geometries. Moreover, the order of the
elements used will be quadratic, which allows for quadratic interpolation of variables
between nodes (the corners of each element) and better fitting of curved geometries
than linear elements. The order of elements could of course be higher (e.g. cubic)
but the computation requirements increase with increasing order. A related term is
finite element analysis (FEA), which refers to the application of the FEM.

The BEM has risen as an alternative method to the FEM. Instead of dividing
the geometry into elements, the problem is reduced to a boundary problem, where
only the surface is discretised. By reducing the dimensionality by one order (see
figure 1.7 [143]), the computational time is reduced and the technique is suited to

infinite domain problems [144].

FEM BEM

Figure 1.7: Comparison of finite difference and boundary element discretisation.

In this thesis, the finite element method (FEM) will be used. A commercial
finite element program is used to build our models and run simulations. More specif-
ically, the magnetic fields interface of COMSOL’s AC/DC module will be used. This
means the main dependent variable being solved for in the model is the magnetic
vector potential, and it is from this the desired variables (e.g. the voltage across
each coil) are “probed” for. Furthermore, the model can be solved more efficiently in
the frequency domain as linear differential equations can be simplified into algebraic
equations. This is suitable for systems that vary sinusoidally over time, as is the case

for the systems in this thesis. Conceptually, this means that the Maxwell equations
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being solved are of the form:

VxH=1J (1.23)
B=VxA (1.24)
E = —jwA (1.25)
J =0E + juD (1.26)

The inputs for the equations come from constitutive relations, based on the
material properties (e.g. B = pou,H and D = ¢ye, E). The second term in equa-
tion 1.26 involves the term D. This is known as the displacement current and it
is a correction to Ampére’s law made by Maxwell. Furthermore, in our model, the
boundary condition used on the outer surface of the system is the magnetic insula-
tion boundary condition and before this there is an infinite element domain, which
should stretch the coordinate axis with the effect of approximating an infinitely large

domain.
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Chapter 2

Methodology

This chapter will begin with discussing the experimental setup and the considerations
made before in the final section of the chapter (section 2.8) explaining the simulation

setup.

2.1 General setup

The general setup is depicted in figure 2.1, in which the transmitter coil (Tx) is
driven at a constant amplitude sinusoidal current, and there is a nearby receiver coil
(Rx) that is passive. The coils are placed directly adjacent along the x-direction
unless stated otherwise. The constant current is achieved using a Howland current
source (HCS), which produces a current proportional to the reference signal that in
this case will be a constant amplitude voltage. The specific setup will vary within
this thesis as the probe and the measurement system is varied. This is, for example,

why the Rx coils do not appear to be connected to anything in figure 2.1.

To Power Supplya

Stage

Figure 2.1: General setup.

Also, the equipment used to generate the reference signal will differ, although

direct digital synthesis will be used throughout, and the parameters of the coil will
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change between the study of defects that are away from and defects close to an edge.
The common features along with some of the general considerations and details of
the data collecting process used in this chapter are discussed in this section. To
make the setup clear for each experiment, each chapter will start with a description

of the specific setup used.

2.2 Howland current source for transmitter coils

As seen in section 1.6, a constant current to the coil means that only the voltage
needs to be measured, and this also simplifies the interpretation of the results. A
current source should generate current independent of the voltage across it and a
HCS is used in this system. A HCS consists of a high gain operational amplifier and

a balanced resistor bridge, as shown in figure 2.2.

Ry Ro

J_ A% VV—]

Figure 2.2: Schematic of a basic Howland current source. R; and Ro are the resis-
tances of the resistors. a represents the gain of the op-amp.

The system has the benefit of being able to output current in both directions
and having a grounded load. However, the HCS is not expected to work well at high
frequencies, because at high frequencies the gain of the op-amp, a, falls, leading to

a decrease in its output impedance, R, according to,

a
R=(R || R)x (1+———]. 2.1
Y ) )
When combined with the increase in the impedance of the load up to its resonance
frequency, the frequency operated at has to be well below resonance. While there is
work regarding eddy current measurements at near resonance, where the behaviour

near resonance can help with defect detection as mentioned in section 1.3, the res-
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onance can also be affected by a number of other factors that could interfere with
defect detection [125]. Above the resonant frequency, the coil is in the capacitive
region and thus the system is not dominated by the effects of induction, which ECT
depends on.

The voltage across the coils and current can be measured using the setup
shown in figure 2.3. There are unity gain op-amps either side of a resistor. The
voltage going through an op-amp is the same as the input but their high impedance
means they draw little current. The load voltage is monitored from the bottom
op-amp. Whereas, the current amplitude can be found by subtracting the voltage
signals from each op-amp, finding the amplitude of the resulting waveform, and

dividing by the resistance of the resistor.

Trigger
-i{ Oscilloscope
J;Ll_Ll_l_

OO 1
HCS
Rl 1
Tx
A —J

Figure 2.3: The arbitrary function generator (AFG) generates a sinusoidal voltage,
which is feed to the Howland current source (HCS). The HCS generates a current
proportional its input such that it drives the circuit at a constant amplitude sinu-
soidal current. The yellow triangles are op amps of unity gain. The signals from
the op amps are terminated at 50 €2 going into the oscilloscope to reduce reflections.
The resistor has a resistance of R.

In the setup shown, the voltage measurements is performed using an os-
cilloscope, but any other voltage measuring device may be used. When using an
oscilloscope, the signals from the op-amps are terminated at 50 € going into the os-
cilloscope, and so the measured signals are also attenuated by a factor of two. Thus,
there is a correction factor of two that needs to be applied for both the voltage and
current measurements.

As one may appreciate, the measured voltage is not only dependent on the
electrical properties of the coils, since there is a resistor on the Tx side and an
amplifier on the Rx side, but the measured voltage would be expected to scale
proportionately with the voltage without these components. This is key since the
defect indication comes from observing changes in the eddy current sensor signals,

whilst the absolute value of the voltage is less important.

31



Moreover, while one might want to take the phase difference of the voltage
signal with respect to the current in the Tx coil, this would add extra capacitance to
the system and extra components would be needed to measure it accurately. Instead,
it is more sensible to trigger from the voltage output of the signal generator, as while
this is not necessarily in phase with the current in the Tx coil, it should be phase-

locked to the current in the Tx coil when using the HCS.

2.3 Scanning method for positioning of sensor

The coil positions generally fall under three basic probe positions: encircling, internal
axial and surface scanning. In this thesis, surface scanning probes will be used
throughout, whereby the axis of the coils are held perpendicular to the surface to
be inspected. For 2D scans where an eddy current probe is held above a sample
and moved to cover a region on the surface, the eddy current probe is mounted on
an XY stage. The XY stage moves the sample, such that the coils move across the
sample surface. The scanning pattern is such that measurements are taken at 0.1 mm
intervals in a square grid-like pattern. Moreover, the scanning pattern implemented
is one in which each line would be retraced before going to the next line, to reduce
misalignment through backlash. Faster scanning patterns were considered, such
as the bidirectional raster scan, whereby alternating lines are scanned in opposite
directions, but it was deemed more important to reduce misalignment.

As discussed, taking Parametric measurements was found to improve the ro-
bustness to lift-off. While this was initially suspected to be the case after analysing
the 2D scans, the natural progression was to perform lift-off measurements to confirm
this and better understand the lift-off behaviour. For these lift-off measurements,
the probe is mounted onto a vertical positioning micrometer, to move the coils to-
wards and away from the sample surface. Lift-off measurements are taken at 0.1 mm
intervals moving toward the sample. This is because if the probe is moved away
from the sample surface, the probe may recoil after being initially in contact with

the sample.

2.4 Geometry of eddy current probe

ECT probes are generally made by winding a wire into a coil. There are many
variations of this design, which can depend on the purpose or type of defect that
needs to be detected. This section will discuss different shapes and sizes, before

finalising the coil selection that will be used in this thesis.
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2.4.1 Shape considerations for coil

The probe sensitivity improves with higher coil inductance, L. For a coil, L can be
calculated as [31]
L = Knz[(r§ = r2) — prilpo/1, (2:2)

where 7 is the mean radius, 7. is the radius of the core, [ is the length, n is the number
of turns, u, is the relative permeability of the core material, ug is the permeability
of free space, and K is a dimensionless constant.

K is a correction factor that is based on the shape of the coil. It can help
account for the reduction in inductance associated with the coil being finite and is a
concept introduced by Nagaoka [145]. Nagaoka’s paper contains a look up table of
values for the correction factor [146].

From this equation, it can be seen that several variables can be changed to
increase L. This includes increasing n, which can be achieved by winding the coil
along its length to form a solenoid, or winding the coil into a flat spiral shape to

form a pancake coil.

2

In winding a pancake coil, the cross-sectional area (related to the r3 — r2

term) also increases, which further increases the L. However, the distribution of
eddy currents in the sample mirrors the footprint of the coil and thus doing so
can reduce the spatial resolution. The pancake coil may be suitable for measuring
material properties such as conductivity, but the smaller footprint of the solenoid
makes it suitable for detecting small defects.

Other details to consider include whether a coil should have multiple layers.
Multiple layers increase n without increasing [ for solenoids or cross-sectional area for
pancake coils. Also, there exist other coil shapes, which are not axisymmetric such

as rectangular coils [105] or double-D coils, which is used in differential setups [147].

2.4.2 Size considerations for coil

Choosing the right size coil is a trade-off between many, sometimes competing factors.
Smaller probes tend to have a better spatial resolution, as eddy currents tend to
follow the coil footprint. As for vertical resolution, when the penetration depth
was discussed in section 1.4, a plane wave solution was assumed. In actuality, the
electromagnetic penetration depth also depends on the diameter of the coils, which
is finite. At high frequencies, the actual penetration depth is more or less accurately
approximated by the penetration depth formula for a plane wave solution. In fact,
according to Mottl (1990) [148], the equation holds if the mean coil radius divided

by the standard depth of penetration is greater than ten, which is a regime that
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is not ideal for eddy current testing. As Mottl states, “the coil impedance changes
due to eddy current generation are relatively small, so it is not the optimal range
for eddy current testing”. At lower frequencies, the actual penetration depth and
the penetration depth from the formula diverge. This has been studied using finite
element models [149, 150], where one sees the penetration depth plateau towards
lower frequencies as depicted in figure 2.4. At these lower frequencies, it can be seen

that smaller coils have a lower penetration depth.

Log of penetration depth, ¢§

Frequency, f

Figure 2.4: Diagram illustrating how the penetration depth differs for a finite coil
(red) compared to the penetration depth from a plane wave solution (blue).

Moreover, smaller coils can fit into smaller gaps and the coils need to be
small enough that the test surface at any position can be considered flat for surface
scanning [31]. Also, inductance, which is linked with larger coils, can be an issue
for maintaining a constant current source. This is because a high output impedance
compared to the load is needed in order for the current to be relatively unaffected by
variations in the load conditions. In fact, an ideal current source would have infinite
output impedance [151].

On the flip side, coils that are too small may be overly sensitive to surface
variations and suffer more from lift-off induced changes to the electrical properties.
Additionally, the spatial coverage will be reduced and so will the potential signal

that can be induced due to its lower inductance.

2.4.3 Chosen coil specification

Taking these factors into consideration, the coils used for most of the work in this
thesis were solenoidal shaped and wound using 0.063 mm diameter wire on a 0.9 mm
diameter rod to have 4 layers with 25 turns per layer. The rod is removed after

winding. They were wound with an orthocyclic winding structure, which has the
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highest fill factor for round wires. It achieves this by placing the winding of each
layer into the groves in the lower layer.

Initially, air-cored coils were used, but this later progressed to using a NiZn
ferrite core. There is usually a trade-off where higher permittivity cores help con-
centrate the magnetic field but their domains tend to switch less easily, which makes
them less suitable for high-frequency operation. Accordingly, NiZn ferrite was se-
lected because of its suitability for use at high frequencies although it has a lower
permittivity than many other ferrites such as MnZn ferrite.

Ferrites have the chemical formula MOFeyOg3, where MO is one or more diva-
lent metal oxide blended and sintered with 48 to 60 mole percent of iron oxide [152].
The NiZn ferrite rods used are called “67 material” by Fair-Rite. According to the
safety data sheet, it is a Nickel Zinc Spinel Ferrite, which by weight is composed of
<23% Ni, <8% Cu, <23% Zn and <2% Co [153|, indicating the material is further
doped Cu and Co. Also, according to the data on its permittivity vs frequency,
iy = 35.969 4+ 0.15¢ at 1 MHz [154].

An impedance analyser was used to characterise the probe. The results for the
probe with NiZn cored coils are shown in figures 2.5 and 2.7. Figure 2.5 displays two
peaks at about 15 MHz and 20 MHz in the impedance. This arises from the coupling

of two adjacent coils within the probe, where the coils have different self-resonances.
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Figure 2.5: Impedance of NiZn cored coils.

The coils are made to the same specification, but it is apparent slight dif-
ferences have caused the coils to have different resonances. This behaviour is also
reported in R. Hughes (2016) [155], which investigates the electrical resonance in
eddy current array probes. According to the paper, multiple peaks are caused by
coils with different resonances coupling, where variations in the resonance may be
caused by any number of parameters, including “turn spacing, coil slippage and fer-
rite core length/condition”. The results for a single NiZn coil made to the same

specification as the coils in the probe is shown for comparison in figure 2.6. In this,
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only one peak is present since there are no adjacent coils to couple to.
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Figure 2.6: Impedance of a single NiZn cored coil.

The series equivalent inductance and resistance are also plotted in figure 2.7.
In the resistance plot, it is possible to again see the double peaking characteristic
of the coils self-resonances. The inductance on the other hand goes from positive
inductance to a negative one. This negative inductance is capacitance. The electrical
resonance would be expected to shift to higher frequencies on non-ferromagnetic

material and decrease over a crack [155].
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Figure 2.7: Series equivalent inductance and resistance of NiZn cored coils.

The impedance for a single coil can be straightforwardly modelled using Kir-
choff’s law. This is shown for a coil in free-space in figure 2.8. The figure is calculated
from an equivalent circuit model, more specifically a circuit with a resistor and induc-

tor in series and a capacitor in parallel was used resulting in the formula [156, 155].

R+ jwL
Z = . 2.
1 —w?LC + jwRC (2:3)
This equation can be split into real and imaginary components as followed
7 R [wL(1 - w?LC) —wR?C (2.4)
- (1 =w?LO)? + (WRO)? (1 —w2LC)? + (wRC)? |~ '
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Equation 2.4 was plotted in MATLAB with R = 6.682, ¢ = 0.1nF and
L =19.82uf2. The resulting plot can be seen to be similar to the measured
impedance for the single NiZn cored coil (figure 2.6).
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Figure 2.8: Impedance from Kirchoff’s law.

For the edge/corner defect part, the geometry of the coils is slightly different.
The coils are air-cored as they are designed to operate at higher frequencies and
consist of 5 layers, 20 turns per layer to give a total number of 100 turns of wire.
The coils are 1 mm long, and the inner and outer diameters of the coils are 0.315 mm
and 0.55 mm respectively. These smaller coils should allow for greater localisation
of the eddy current as the eddy current footprint follows that of the coils. Also, the
smaller coils help allow higher frequencies to be reached as load impedance is lower,
which is better for the current source. Higher frequencies in turn reduce the skin
depth. By better confining the eddy current, there should be increased sensitivity
to shallow defects while reducing the extent that the eddy current is affected by the
sample edge. The impedance analyser results are shown in figure 2.9 and were taken
by Zhichao Li. The resonance peak is less pronounced and lower than the NiZn cored
coils. This can be explained by the coils being uncored and smaller, thus expected
to have a lower inductance. In fact, the inductance is calculated to be approximately
1.8 u€2. It can also be seen that the first resonance occurs at 23.1 MHz. Care must
be taken to operate below the resonance peak as this the region where inductance
dominates.

When dealing with applications such as surface crack detection, it is common
to try to confine the magnetic field [157|, which can be achieved with ferrite cores
or shielding. This can additionally help with reducing the coupling between the
inductor and the rest of the circuit. The edge/corner coils were, however, uncored in

an attempt to reduce the instability in the current source seen at higher frequencies.
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The approach however is agnostic and thus, can be applied to other probes including

ferrite-cored /shielded ones.
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Figure 2.9: Impedance of coils used for edge defects.

2.5 Material selection for samples

Significant properties of the material tested are the permeability and electrical con-
ductivity [158]. On the issue of permeability, non-magnetic materials were chosen,
as ECT tends to work well on these materials. With magnetic materials, other
techniques such as magnetic particle inspection can be used and thus are poten-
tial competition. Also, magnetic materials can have issues that are different from
non-magnetic materials, requiring the sample to be tested differently. For example,
magnetic materials have the issue that permeability variations generally have a much
greater effect than variations in conductivity on the eddy current response, which
means that defects may not be possible to detect if there is too much heterogeneity.
In particular, ferromagnetic materials tend to have significant variability in magnetic
permeability, so difficulties can be experienced in the inspection of ferromagnetic ma-
terials and the testing of such materials may need to be altered. For example, it may
be beneficial to magnetically saturate such materials during testing to have fewer
permeability variations [108].

Taking the requirement for non-magnetic materials into account, three sam-
ples were chosen: a sheet of austenitic SS 316L of thickness 2.16(2) mm, a titanium
aluminide (TiAl) block of thickness 11.84(2) mm, and a titanium (99.6%+ purity)
sheet (Ti) of thickness 6.0 mm. These materials were chosen because of their wide
usage or potential usage in safety-critical applications.

Stainless steel (SS) is has been a transformative material since it was com-
mercialised in the early 20th century [159] and is ubiquitous in industries including
for power generation applications, where it has superior resistance to corrosion in

most environments and it can endure the high temperatures/pressures and radiation
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often present. The most commonly used are the austenitic grades, of which 302, 304,
and 316 are the most popular wrought grades [160]. 304 grade SS has enjoyed much
popularity in the power industry, but the 316L grade that will be tested has a better
resistance to chemicals and chlorides.

TiAl is a low-density material with high oxidation resistance and impressive
strength retention even at high temperatures. As such, it has great potential in
the aerospace and automotive industries for combustion engines and gas turbines.
TiAl is becoming an increasingly important alloy for aerospace applications, whereby
the Ti-48Al-2Cr-2Nb (4822) version of TiAl has been used in making low-pressure
turbine blades for GEnx engines, achieving a 50% weight reduction [14]. This thesis
will be using the Ti-45A1-2Mn-2Nb-1B (4522XD) version of TiAl, which is considered
to be more suitable for casting with its fine grain size [161]. As TiAl is a more novel
material, there are relatively few papers that describe eddy current inspection of
titanium aluminide [162]. This makes it an interesting material to look at, but it
is also consequently harder to source. Instead of purchasing a standard sheet of
material from a supplier, an engine part made from TiAl had to be ground to have
a smooth surface.

Often alloys/intermetallics rather than pure materials are used in industrial
applications as alloying a material usually confers additional beneficial mechanical
properties. However, as a baseline, pure titanium will be tested, as it can be sourced
from suppliers to a particular specification. In this case, the sample is a high purity
(ASTM B265 Grade 2) and temper annealed sheet sourced from Advent Research
Materials under the label “T12290 titanium Plate”. It acts as a comparison sam-
ple, which other materials can be compared to. In this vein, compared to other
alloys/intermetallics one would expect some general features to be similar, depend-
ing on the exact composition, although there would of course be key differences.
As an intermetallic, it is expected to be lower in electrical conductivity than Ti,
which was confirmed by magnitude of the receiver coil voltage being generally lower
in experimental results, where the difference in the magnitude of the receiver coil
voltage can be seen in a comparison of the 2D scans. As well as, four-point probe
measurements.

The four-point probe measurements were performed using a CROPICO
DO5000 Microhmmeter (Seaward, UK). The four-point probe method consists of
placing four probes on the material whose conductivity is to be measured (see
figure 2.10). An electrical current (I) is then induced across the outer probes and

the voltage (V') is measured between the inner probes. The conductivity (o) can
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then be found using [163]
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where p is the resistivity whereby (p = 1/0) and s are the spacings. The use of the
four-point probe method avoids the problem of contact resistances, but it assumes
the sample is semi-finite. In reality, the sample is finite and as such, it was difficult
to be confident in the absolute value. The samples could, however, be ranked for

conductively in relative to the other samples.
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Figure 2.10: Four-point measurement schematic.

SS and Ti are known to be relatively lower in conductivity compared to other
metals, and with TiAl being lower in conductivity than Ti, finding small defects
in such materials may be more of a challenge since this increases the skin depth,
and thus reduces sensitivity to surface variations. However, TiAl is also expected
to be more brittle than Ti. Intermetallics are often more brittle than conventional
structural metals, being somewhere between a ceramic and a conventional struc-
tural metal, and on this scale, TiAl is closer to a ceramic than many other inter-
metallics [120]. This means that it is even more important to detect defects at the
earliest stage of development in safety-critical components, presenting an interesting

challenge.

2.6 Defect dimensions used on samples

Defects were laser micro-machined to allow small slots to be produced. The laser
micromachined slots simulate idealised defects and will be referred to as such in
this thesis. There are obvious differences between real and machined defects. It is
unusual for real defects or cracks to have a simple geometrical shape [164]. Cracks
can several branches and irregular openings [165] as well as interfacial contact within

them [166]. The use of machined slots is, however, common practice [165, 166] with
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it is still being useful for benchmarking purposes since their dimensions are better
controlled and defined.

There were Ti and TiAl slots that were positioned far from the edge of the
sample so that the sample edge would have little to no impact on the results. These
were measured using an optical microscope (Zeiss Axio Imager). See figures 2.11
and 2.12 for the images taken, which are produced by focusing the microscope on
the top surface of the Ti and TiAl samples respectively. The SS sample was too big

to fit under the microscope.

Figure 2.11: Optical microscope image of the surface of the Ti sample. (a) is the
region in which the shortest slot (nominally 0.25mm) is and (b) is the region in
which the longest slot (nominally 1mm) is. The red markings are from when the
slot measurements were taken, but there is a scale positioned to the lower right of
the slot in each image since the dimensions marked in red are small.

(@

Figure 2.12: Optical microscope image of the surface of the TiAl sample. From (a)
to (d) are the regions in which the shortest (nominally 0.25mm) through to the
longest slot (nominally 2mm) are respectively. For (d), the slot length was too big
to both be in focus and to fit on the screen. The red markings are from when the
slot measurements were taken, but there is a scale positioned to the lower right of
the slot in each image since the dimensions marked in red are small.

It was found that the measured dimensions of the slot at the surface were
larger than the nominal ones (see table 2.1), at least at the surface. This was
because the kerf was not being appropriately accounted for when the slots were

being machined. The laser beam was moved the nominal length, but since the kerf
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is 0.25 mm, the outline of the slot from the surface is a locus of 0.125 mm from the
laser path, as depicted in figure 2.13. There were difficulties getting light into the
crack, which meant that depth could not be measured reliably, and only the opening
size of the machined slot could be measured. Regardless, the power of the pulsed
laser beam used to do the micro-machining is expected to vary across its cross-section

and the slot would not be expected to be cut with a uniform width all the way down.

Sample Nominal dimensions (mm) | Measured dimensions (mm)
Length | Width | Depth | Length | Width Depth
Stainless steel | 10 1.15 * * 1.15
0.25 0.55 0.29
. 0.5 0.79 0.27
Tial 1 0.1 }tlsg 1.28 0.27 rs
2 length - 0.29
Ti 0.25 0.46 0.22
0.5 0.75 0.25

Table 2.1: Nominal and measured dimensions of slot on samples tested. The defects
were measured at the surface using an optical microscope. * Stainless steel sample
was too big to fit under the optical microscope. ** represents a measurement where
the slot length was too big to fit for the microscope used. *** represents a depth
that could not be measured accurately. The uncertainty in the measured values is
0.05 mm for the optical microscope readings (i.e. all measured values except for the
depth of the stainless steel slot depth, which has an uncertainty of 0.1 mm).

Material removed by laser
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Figure 2.13: Depiction of material removed for a slot with a nominal length of
0.5 mm.

The depth of the SS slot was measured (see figure 2.14) using a piece of metal
whose height has been measured with a digital vernier, and a digital vernier placed
on a parallel that is on top of two parallels on either side of the slot. The process
of measuring the depth starts with zeroing the vernier on the sample surface, the

piece of metal of known height is then placed in the slot making sure contact with
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the bottom of the slot is made. The depth of the slot can then be found by adding
the vernier measurement with the piece of metal in place (the vernier measurement
will be negative) from the height of this piece of metal.

(a) (b)‘ (c

~

E Zero
| .

Figure 2.14: Schematic for measuring depth of stainless steel slot.

The measurement of the slots was performed after the simulations and the
depth measurement was found to have poor reliability. Consequently, the simula-
tion uses the nominal dimensions that had also been determined from machining
calibration cuts at the edges of other samples. This is not a problem for under-
standing the general behaviour of the eddy current interaction with the defect, as is
the purpose in this thesis, but it does mean that nominal dimensions are used for
the simulation despite having access to the optically measured results, which is why
both dimensions are presented.

The slot machined on the SS sample is relatively large at 10 mm long, but it
is consistent with slot sizes that may be of interest in the power generation industry.
The slots on the TiAl and Ti samples are much smaller since very small defects
need to be detected in aerospace applications. The measured dimensions are larger
than the nominal ones, but they still go down to sub-millimetre sizes (0.55 mm and
0.46 mm for TiAl and Ti respectively).

In safety-critical components, there is a requirement to detect surface-
breaking defects and fatigue cracks at the earliest stage of growth, with an
aspirational target of detecting defects less than 250 pm long. Reasonable detection
rates are only seen for defects over a couple of milimeters [167] and thus, 250 pm
would represent a very significant improvement on what was currently available.
Moreover, as discussed, TiAl has a limitation in that it is relatively brittle [14],
meaning that it is even more important to detect defects at the earliest stage of
development.

This is of course expected to be difficult, given the lower electrical conductiv-
ity of TiAl, which is lower than Ti, a material considered to be a low conductivity
material. ECT is very sensitive to small defects and it has certain advantages such

as being a non-contact technique, which make it a suitable candidate to find small
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defects at an earlier stage. However, its lower conductivity increases the eddy cur-
rent (EC) electromagnetic skin depth for a given frequency and it means the eddy
currents are much smaller in amplitude, making it more difficult to detect surface
cracks.

Another observation to note is that in the optical microscope measurements,
it can also be seen that the Ti sample has a rougher surface texture than the TiAl
sample. This is potentially linked to Ti being much more prone to oxidation. It was
observed that the Ti dulls quite quickly on unpacking, and TiAl maintains quite a
shiny, flat surface, for longer in air.

Since there are two adjacent coils, the probe is directional, and thus the defect
will be considered in two extreme orientations, as portrayed in figure 2.15. These
will be called parallel and perpendicular orientations. These are shown from the
view of looking down onto the sample’s top surface (the surface that the defect is
machined onto). There will be a depiction of the scan orientation in the bottom left
corner on most figures. This is to remind the reader of the coil positioning relative
to the defect. An example of how the depiction will look is in figure 2.15, and these
depictions will also be from the view of looking down onto the sample’s top surface.

If the probe consisted of just one coil (consider figure 2.15 with just the
transmitter coil), the defect response would be expected to be the same when the
sample is rotated to change the defect orientation (like in figure 2.15) but with a
change in the signal position to reflect change in position of the defect. However,
even accounting for the change in position of the defect, the signal will be expected to
be difference when considering a probe with two adjacent coils. At least the receiver
signal would be affected as the magnetic field from the eddy current would appear to
be difference from the receivers perspective for a given transmitter location relative
to the defect. This may in turn affect the sensitivity to the defect. Moreover, it is
possible that the change in the receiver signal would affect the transmitters signal as

they are electrically coupled, but the effect would not be expected to be as strong.
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Figure 2.15: Top view of (a) “parallel” and (b) “perpendicular” scanning with respect
to a slot on the surface of a sample. The defect is shown in red and the dotted black
line represents the direction of scanning. The transmit (Tx) and receive (Rx) probes
have the axis perpendicular to the surface. Its circular shape reflects the circular
footprint of the probes. Not to scale. (c¢) and (d) are examples what the depictions
look like for the parallel and perpendicular orientations.

Defects can occur in difficult locations such as near edges, and so three slots
near the edge of the Ti sample have also been inspected. One slot was placed
perpendicular to an edge and was once again a laser machined slot defect. The others
were corner defects machined using a small circular abrasive disc of thickness 0.6 mm
and were crude in nature. The dimensions are given in table 2.2 and photographs of

them are shown in figure 2.16.

Location | Label Dimensions (mm)

Length | Width | Depth
Edge N/A 3 0.5 2
Notch 1 | 1
Corner Notch 2 12 0.8 1

Table 2.2: Dimensions of edge and corner defects on the Ti sample. The uncertainty
in the measured values is 0.1 mm.

Figure 2.16: Photographs of the edge defects. (a) is the slot defect near the edge,
while (b) and (c) are the corner defects labelled notch 1 and notch 2 respectively.
They are orientated in a way to aid with comparison with the results.
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2.7 Data processing of the signal from the sensor

Data processing was limited to relatively simple approaches. The thesis focuses
on improving data collection and the setup where possible. For example, signal
background variation was reduced by reducing the tilt of the sample with respect to
the probe, rather than background subtraction. This was to avoid getting artefacts
in the data due to data processing.

Generally, the only post-processing used after signal averaging was in ex-
tracting the magnitude and phase from the signal for the experiments where an
oscilloscope is used to directly capture and store the voltage in the coils, after buffer-
ing/amplification i.e. where the magnitude/phase is not already extracted by pre-
ceding electronics. Only in limited circumstances is more post-processing used, but
it will be made clear where this happens. For example, a more complex background
subtraction technique is used for just two of the figures, but this is made clear by
showing the original data and the background signal to be subtracted in the same
figure, and clearly mentioning that background subtraction is applied. This back-
ground subtraction still basic whereby a linear fit is applied to the endpoints for each
scanning line and subtracted from the original data.

The extraction of the magnitude and phase information from each eddy cur-
rent coil voltage signal is done by fitting a sinusoidal fit using the “sinl” fit in MAT-
LAB. While the oscilloscope is capable of extracting this data, the MATLAB function
was used as the documentation for the function is more accessible.

“sinl” uses the sum of sines model in MATLAB, a model that fits data to the
function

n
Yy = Z a;sin(bix + ¢;), (2.6)
i=1
where a is the amplitude, b is the frequency, and c is the phase. According to the
MATLAB documentation that can be found in the software [168], the non-linear
least squares method and trust region algorithm is used with the starting points
calculated heuristically based on the current data set, and it is constrained so that
b; > 0.

The number of terms in the series, n, is set to 1 for the “sinl” fit. Also,
the terms z and y in equation 2.6 would be time, ¢, and voltage, V', for our data.
Consequently, the fit used is

V = asin(bt + ¢). (2.7)

Here, a and c are the values of interest since these are the values used for the

magnitude and phase.
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To quantify the signal-to-noise ratio (SNR), the following process was per-
formed (see figure 2.17):

1. Select an area away from the defect to represent the background signal, this
will be called the “defect-free region”. While this is only part of the background
signal, it would be expected to be fairly representative of the overall background
for the scan of the entire surface, since the sample surface has been processed

in the same way.

2. Subtract the mean of the measured value over this “defect-free region” from all

the values in the scanned area to produce a background-subtracted data set.

3. Take the noise to be the root mean square of the background-subtracted data

in the “defect-free region”.

4. Take the signal amplitude to be the average of the largest in magnitude val-
ues (i.e. the magnitude of the values with the biggest difference from the
background level). Unless otherwise mentioned five values will be averaged to

produce a single value for the signal amplitude.

5. The equation

signal amplitude
SNR = 20 log ( gha’ amp ) (2.8)
noise
is used to get the signal-to-noise ratio in decibels.
Five largest values
L» Average
L»Signal

i Y
nd region) <
X P
(background region)
RMS

k
Subtract background Noise

Figure 2.17: Process for extracting signal and noise values to calculate the signal-
to-noise ratio.

This is a simple way of calculating the signal-to-noise ratio, but the actual
ability to spot the defect is often better than the calculated signal-to-noise ratio

would suggest, as it does not take into account the complex ability of humans to
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spot patterns and see general changes in morphology, particularly since there are
four separate measured parameters that can be taken into consideration. The errors

will be calculated using the functional approach [169].

2.8 Simulation methodology

The finite element method (FEM) is used to try to better understand the physics
behind the interaction of the eddy current with the defects and coils, and the rea-
son for certain observed behaviours. Simulation of the eddy current probe systems
is achieved using the commercial finite element software program COMSOL. The
theory behind the model has been summarised in section 1.8. For this thesis, a
simplified version of the experimental setup was built. The model has two coils and
a sample, which is enclosed in an infinite element domain.

For defects where the edge effect should be negligible, the coils are held
stationary, centred on the centre of the sample while a rectangular defect is moved
along the sample. Also, (0,0) mm is the position where the defect’s centre and the
Tx and Rx coils combined centre coincide. The Tx coil is to the left and the Rx coil
to the right. The geometry is shown in figure 2.18. The model geometry is shown for
a perpendicular scan, but the geometry is similar for a parallel scan with the defect

simply being rotated 90°.

Defect Sample

Figure 2.18: Geometry of COMSOL model. Coils are stationary while the defect
moves across the sample with the black dotted lines representing the scan direction,
which in this case is perpendicular. Model is enclosed in an infinite element domain
(IED). (a) shows an artistic depiction of the geometry while (b) shows the geometry
implemented in COMSOL.

48



For the case where a defect is near the edge of the sample, a similar approach
is used. In this instance, the rectangular geometry of the defect is attached to
another rectangular geometry to represent the area over the sample edge, which are
both subtracted from the sample. This forms the geometry shown in figure 2.19.
The location (0,0) mm is where the Tx and Rx coils’ combined centre coincides with
the edge in the horizontal extent (x-direction) and the centres of the defect in the
vertical extent (y-direction). The Rx coil is to the right of the Tx coil. The geometry

is shown in figure 2.19.

Figure 2.19: Geometry of COMSOL model for edge defect.

The corner defect FE model is similar to the edge defect model, but the cut-
out for the area over the sample edge is an L-shaped region (the cut out for the
defect is rotated 45° to be attached to the inner corner of the L-shape) as shown in
figure 2.20. (0,0) mm is where the coils combined centre coincides with the corner of
the sample. Again, the Rx coil is to the right of the Tx coil as shown in the figure.

Figure 2.20: Geometry of COMSOL model for corner defect.
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The model uses a mixture of the nominal sizes (the coil and defects are based
on nominal dimensions) and sensible estimates (the distance between the coils and
the lift-off is set to be 0.1 mm for defects where the edge effect should be negligible
and 0.05 mm for the edge/corner defects). The stationary location of the coils near
the centre of the model’s geometry with the defect moving was a conscious choice so
that the coil remain the same distance from the boundary of the model. The size of
the model’s geometry was then chosen based on making it large enough that the val-
ues outputted from the simulation (magnitude and phase) were stable. The fast drop
off in the magnetic field generated by the coils with distance should mean that the
model can be kept to a manageable size. This is important since the computational
resources were moderate (16 GB of RAM). With moderate computational resources,
a large model geometry would mean the mesh density would need to be lowered or
long computational times. Following similar reasoning, the sample dimensions are
reduced. The skin depths expected are small (for example, the skin depth is 0.3 mm
in Titanium at 1 MHz). Thus, the sample need not be large for the system to be
properly modelled. It is more important to ensure the mesh is dense, so that the
steep changes in the eddy currents with space are appropriately modelled.

The current used to drive the Tx coils is set to a constant amplitude of 2mA.
The current is set to have no phase shift, such that the value for phase from the
model can be thought of as being with respect to the current. As mentioned in
section 1.8, a frequency-domain study is performed. In such a study, the frequency
is set by the user and all variables that usually vary with time, vary at the chosen
frequency.

The current amplitude is from the measured value (see section 2.2). While
the setup used to measure current is sufficient to approximate the current amplitude
within an order of magnitude, there will be some uncertainty in the precise value.
These uncertainties are caused by, for example, the voltages from the op-amps being
only subtracted after traversing through the leads instead of using a differential op-
amp to subtract the voltages on-board the circuit board. The extra components
needed for an accurate measurement would not help with defect detection. After
all, what matters is that the current is constant not that it is a particular value.
The extra components do, however, adds capacitance, which is known to negatively
affect the operation of the sensor.

This means steps such as continuously measuring current so that the effect
on the system is consistent, and adding additional components were not taken. The
voltage should be proportional to the current in any case, and also the receiver

voltage is not amplified in the simulation as is the case in the experiment. As such,
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the general behaviour should be similar, although some scaling may be needed.

The main material properties that would be expected to affect the measure-
ments are its electrical conductivity and magnetic permeability [158]. Ti has an
electrical conductivity of 2.38 x 105Sm~! [117] as mentioned in section 1.4 and SS
316L has an electrical conductivity of 1.35 x 105 Sm™! (derived from a resistivity of
74 x 1078 Qm [170]). As non-magnetic materials, their relative permeabilities were
taken to be 1 (the relative permeability of Ti and 316L are 1.00005 [171] and 1.0—1.3
respectively [172]).

These material properties are reflected in the model. However, more com-
plex material features are not. For example, the model assumes the material is
isotropic and homogeneous, when in fact, titanium and most common alloys suf-
fer from grain noise and have some degree of elastic and electrical anisotropy. As
a hexagonal crystal, the axial symmetry around the principal direction allows for
the electrical conductivity to be directional, converse to cubic structures, where
the electrical resistivity is fully isotropic in a single crystal [173]. In titanium,
o, =2.08 x10°Sm~! and o =221 x 10°Sm~? (derived from p; = 48 x 1078 Qm
and p| = 45.35 x 1078 Qm [173]).

This grain noise is a well-known issue. There is a tendency for grains to have
anisotropic morphologies, which can lead to differences in grain boundary density
in different directions. The resulting variations in the local conductivity within the
material causes electrical scatter and increases the noise, which is detrimental to
defect detection [173]|. The approximations used in the model mean that the results
are not expected to be exactly the same as experimental data, but it is used to help
understand the physics involved.

The model was automatically meshed using COMSOL’s physics controlled
mesh and the choice of solver was left to COMSOL. For 2D scans and lift-off mea-
surements, measurements are taken at intervals that match the experiment (i.e. with
a scanning step/interval of 0.1 mm). This means multiple simulations are needed for
each data set. Thus, care must be taken with the mesh density so that it is suffi-
ciently high to ensure stable results, but not so dense that the simulation would take
too much time and computational resources.

The results extracted from the model were the voltage signal from both coils,
and checks were done to ensure that the mesh had a suitable mesh density. As
validation, the results were checked to make sure they converged numerically at
certain coordinates (see figure 2.21). The purpose of the simulation results was to
understand behaviour in the experimental measurements. Thus, it was sufficient for

the behaviour of the experimental and simulation results to be just similar provided
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the differences could be understood. It was a tool to understand the experimental

results rather than being the focus of the thesis.
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Figure 2.21: Convergence of parameters in stainless steel model. Mesh refinement us-
ing different settings: coarse, normal, fine, finer, extra fine. Plotted is the logarithm
(base 10) of the degrees of freedom vs the value for each measured parameter.

The gains with increasing mesh density are diminishing so it makes sense
to choose a mesh that balances the requirement for stability and the computa-
tional resources needed. Accordingly, the second finest mesh in figure 2.21 (i.e.
log,o(DOF) ~ 5.8) was chosen. With this mesh density, the returns had greatly
diminished with the output values plateauing, but the time taken remained reason-
able.

The time taken for a simulation with this mesh density is around 1 minutes 30
seconds for each defect location. Whereas, the highest mesh density (log;,(DOF) ~
6.2) took around 18 minutes for each defect location. This adds up. For example,
to cover a 10 square millimetre area with an interval of 0.1 mm, 10000 simulations
would need to be run. This translates to 9 days for the second finest mesh and 125
days for the finest mesh. The time could, however, be hugely reduced with enough
computational resource. Since the simulations at different locations are separate, it

would be possible to run the simulations in parallel.
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COMSOL by default ensures that the result meets a convergence threshold of
better than 1% i.e. where the estimated error between the current solution and exact
solution is below the defined tolerance (relative tolerance was kept at the default of
0.001). Results below this threshold are disregarded. The final estimated error of
the accepted points is often below the tolerance (see figure 2.22). Each simulation

took approximately 2.8 iterations with an average final error of 1.2 x 10~ for the

scan on Titanium.

o

10

Error (arb.)

10
0 20 40 60

Iteration number (arb.)

Figure 2.22: Convergence plot for BiCGStab. 20 simulations are shown for a scan

of the Ti sample’s surface.
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Chapter 3

Developing the Sensor system

3.1 Phase difference and signal amplitude measurements
with the AD9850 module

3.1.1 Experimental setup for testing probe by performing 2D scans

Chapter 2 outlines the general setup used to test the probe designed throughout this
thesis. The initial design of our probe with the setup used to test it is depicted in
figure 3.1. This configuration uses the sinusoidal output of a signal generator module
(AD9850) as the reference signal for the aforementioned HCS. The module is inexpen-
sive and its small size of approximately 4.5 cm X 2.6 cm x 1.7 cm makes it extremely
portable. The frequency was tuned using an Arduino nano board, and according
to the datasheet, it should be capable of generating waveforms up to 40 MHz [174].
The electronics in the dotted box shown in figure 3.1 are mounted directly behind
the coils, and the arrows indicate connected electronics that are further away. The
voltage across each coil is measured using an oscilloscope (DP03034), from which
both magnitude and phase data are simultaneously extracted. The receiver (Rx) coil
voltage is measured after (10x) amplification. The oscilloscope is triggered on the

output from the signal generator module.
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Figure 3.1: Setup using AD9850 module. The part within the dotted box is directly
behind the coils. Not to scale - coils are much smaller compared to the rest of the

components shown and are in close proximity to each other. The XY stage used is
the K8200.

The probe was tested by performing 2D scans over the largest defect that will
be studied in this thesis (the slot of length 10 mm, width 60 pm and depth 1.15 mm
on the austenitic SS 316L sheet of 2.16(2) mm thickness) since its relatively large

size should mean that it is the easiest defect to detect.

3.2 Experimental results from testing probe

A 2D scan over the slot on the the SS sample is shown in figure 3.2. The process
established in section 2.7 for calculating SNR was used with the background region
being defined to be [x,y, width, height] = [1,1,5,5] mm i.e. a rectangle with a width
and height of 5mm and its lower left corner located at (1,1) mm. This yielded an
SNR of 15.8(3) dB for Rx mag. For the other parameters, the five values with the
biggest difference from the background level were not on the slot due to the data

sporadically spiking, and thus are not expected to produce valid results.
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Figure 3.2: Experimental data on stainless steel (316L) of thickness 2.16(2)mm with a
single 10 mm long, 60 pm and 1.15 mm deep slot running vertically, taken using signal
generator module (AD9850) at 1 MHz. The orientation of the coils is “perpendicular”
to the slot (as depicted in the bottom left corner). (a) and (b) are magnitude and
phase of the voltage measured on the transmitter coil while (c) and (d) are magnitude
and phase of the voltage measured on the receiver coil.

The reliability of this simplistic approach can be improved by using a 2D
median filter (the default “medfilt2” function in MATLAB is used, which uses a
3-by-3 neighbourhood), resulting in SNR values of 15.7(3) dB and 19.294(1) dB for
Tx mag. and Rx mag. In figure 3.4, it can be seen that the scans do not give a
clear indication of a defect around the location where the defect exists for the phase
measurements, but they do for the magnitude results. From this, it can be said that
using this setup, it is possible to detect the slot in the Tx mag. and Rx mag.

The simulated counterpart is shown in figure 3.3. Since the Tx coil is slightly
to the left of the origin, the transmitter signals are also slightly to the left, but it
is interesting to note that the receiver signals tends to be centred about the origin,
which is where the centre of the two coils and the slot coincide (the Tx coil is to the
left and the Rx coil is to the right of the origin). It may be the case that the origin is
a compromise between both the Tx coils being around the slot to produce a change

in the eddy current and the Rx coil being close enough to see this.
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Figure 3.3: Simulation of a slot in a perpendicular orientation (as depicted in the
bottom left corner) on stainless steel at 1 MHz. Grouped in columns by frequency
and row by measured parameters. Rx mag. values have been multiplied by ten to
reflect the amplification of the Rx signal.

In the simulation, the main response to a slot in the Tx mag. is to increase.
The Tx mag. measurement increases when the Tx coil is on the slot, although the
signal steps down near the ends of the slot. The increase in the Tx mag. measurement
is due to the slot disrupting the eddy current, which causes the eddy current to take
a longer path around the slot. Consequently, the eddy current is generally weaker
and so is the secondary magnetic field [108]. This results in a higher impedance over
the slot [175]. The central part of the defect signal is when both coils are on the
slot and the steps either side of the slot is due to the slot only partially intersecting
the coil as explained in Uchanin (2007) [175]. The eddy currents mainly follow the
coil wires. Thus, as the coil intersects the slot, there is a period where the slot is
intersecting one side of the eddy current loop but not the other resulting in the steps.
The Tx phase follows a similar behaviour to the Tx mag.

Also in the simulation, the Rx mag. dips in response to a slot when the slot is
between the two coils. This can be explained by the slot blocking the eddy current.
In the Tx coil, the eddy current opposes the current in the coil, but in the Rx coil,
the generation of current in the coil comes from the eddy current so blocking of the
eddy current results in a reduction of the signal. The Rx phase measurement is more
interesting yet, where the defect response is almost more like a raised outline of the

slot. The Rx signal arises from how the magnetic field from the Tx coil and from
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the eddy current interact, which means that an understanding and explanation of
the phase change is more complex. Not only is there a combined effect from the
magnetic fields but the eddy current caused by the Tx coil also affects the Tx coil
itself, thus creating a feedback loop. This made trying to model each contribution
in isolation difficult.

It can be seen that for Tx mag. and Rx mag., the overall response from
experiment is in line with the COMSOL simulation results, whereby the Tx mag.
value increases in response to the slot and the Rx mag. falls. There, however,
appear to be horizontal ridges in the Rx mag. scan data, that are not present in the

simulation results, along with some general noise.

— 0.01
0.0004 = =
g 0.005 £
0.0002 Z o
5 0 z
0 < <
g o
-0.0002 & -0.005 ¢5
-0.0004 -0.01
—~ 0.006
2 =
0 o 0.004 <
< 8
=] N
% 0o £
-0.002 £ =
2 -0.002 %
-0.003 -0.004

‘B)efect X (mm)
Scan direction

Figure 3.4: Median filtered result for a slot in the perpendicular orientation (as

depicted in the bottom left corner) at 1 MHz. The signal-to-noise ratio is determined

by selecting an area off the slot (blue) and subtracting the average of this area from

the plot followed by taking the noise to be the RMS value of the data in this region

and the signal to be the average of the five largest in magnitude points (red crosses).

The slot in the scan is large and yet the SNR values calculated are not
particularly high, while the phase measurements cannot be realistically used due to
the difficultly in distinguishing any defect signal. This problem was only likely to get
worse with increasing frequency, but to confirm this, some measurements were taken
at higher frequencies. At 10 MHz, the signal seemed unstable on the oscilloscope
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but it was possible to get some results, which are plotted in figure 3.5. It seems
that despite the optimum frequency being calculated to be around 10 MHz from the
skin depth formula in section 1.4, the electronics used result in an unstable signal
(the signal is located at spikes in the scan even with 2D median filtering). When

increasing the frequency to 20 MHz, the signal from the module was too unstable to

reliably trigger from.
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Figure 3.5: Experimental data on stainless steel (316L) of thickness 2.16(2)mm with
a single 10mm long, 60 pm and 1.15 mm deep slot running vertically, taken using
signal generator module (AD9850) at 10 MHz. The orientation of the coils is “per-
pendicular" to the slot (as depicted in the bottom left corner). (a) and (b) are
magnitude and phase of the voltage measured on the transmitter coil while (¢) and
(d) are magnitude and phase of the voltage measured on the receiver coil.

Modifications were made to the probe instead of continuing to the much

smaller slots on TiAl and Ti, as they would likely be very difficult to see given the

current issues.

3.2.1 Summary of experimental results from testing probe

It was observed that it was possible to detect the slot in the Tx and Rx mag.
scan data whose overall response of increasing/decreasing in response to the slot
was as expected from the COMSOL simulation results. However, the SNR was
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low and phase measurements cannot be realistically used due to the difficultly of
distinguishing any defect signal. Modifications were made to the probe design in
response (section 3.5), but in the next section (section 3.3), a prototype sensor from
EddySense Ltd was tested. The probe is limited to measuring just Rx mag. signals,
while the aim of this thesis is to measure mag. and phase for both the Tx and Rx
coils, but it serves as a means of benchmarking and testing how the system used by

EddySense would compare to the probe designed in this thesis.

3.3 Evaluation of a prototype ECT sensor head from Ed-
dySense

3.3.1 Experimental setup for testing probe by performing line and
2D scans

Given the problems experienced in getting a high SNR on the SS slot with the
initial iteration of our probe, shown in the previous section (section 3.2), a prototype
produced by EddySense was tested. Eddysense is a spin-off company from Warwick
University, which produces high-frequency eddy current technology.

The coils used are made to the same specification as the coils used previ-
ously, though are not the same coils. The system works using similar principles to
our system, but there are some differences in the implementation. The EddySense
electronics use the same design of HCS to drive the generation coil, and a similar
design of amplifier to amplify the voltage from the Rx coil. However, in the Ed-
dysense sensor, this amplified Rx coil voltage is rectified using a precision rectifier,
then integrated using an integrator with a time constant of several microseconds.
A microcontroller with a maximum sampling rate of 125 kHz is used to convert the
output of the integrator to a digital value that can be stored in memory or trans-
mitted to another device. Only the Rx mag. is measured and recorded. This value
of Rx mag. is read by a computer via a USB cable in the setup that was used to

test the sensor, which is depicted in figure 3.6.
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Figure 3.6: EddySense setup. The part within the dotted box is directly behind the
coils on a single printed circuit board. Not to scale - coils are much smaller compared
to the rest of the components shown and are in close proximity to each other.

The value returned by the microcontroller is an integer value between 0 and
1023, corresponding to a voltage of 0V to 1 V. There are adjustable potentiometer
offsets, which can be used to bias the output of the microcontroller to be midway
in its output range when on a defect-free region of the sample. The lack of phase
information or measurements from the Tx coils is an immediately obvious trade-off,
but the system is capable of a good signal-to-noise ratio performance on the Rx mag.
measurement at high frequencies up to 40 MHz.

In the EddySense system, almost all the electronics are integrated onto a
single printed circuit board (PCB) that has a design optimised to reduce noise picked
up and feedback at radio frequencies; not only is the electrical system, including the
whole measurement system, located behind the coils as shown in figure 3.7, but they
are carefully laid out to fit on a single board. The AD9850 chip is soldered to the
same circuit as all the other components, and the chip is connected via conductive
tracks to other components instead of wires. This reduces stray capacitance and
inductance that would come from connecting wires/cables. Also, by using a PCB,
smaller surface mounted components can be used and electrical components can be
organised to reduce path lengths. Additionally, the USB cable used to read the Rx

mag. is used to power the circuit, which runs on 5V.
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Figure 3.7: (a) and (b) are images of the EddySense integrated circuit board enclosed
in a 3D printed holder. There is a ruler for reference in (a). (c) is an image of a
computer-aided design (CAD) model that shows the geometry of the printed circuit
board. The overall dimensions are 83 mm x 40 mm X 16 mm).

3.4 Experimental results from testing probe

Line scans were taken that cut across the slot’s width in the parallel orientation on
the SS sample. As mentioned, the slot is a 10 mm long, 60 pm and 1.15 mm deep slot
(see table 2.1). The results were taken using coils made to the same specification as
before. These coils had an inductance of 19.82 1{2 as seen in subsection 2.4.3.

The initial result is in figure 3.8. There is no result for 1 MHz as the purpose
was initially to see the the system could work at higher frequencies first. The be-
haviour appears to be noisy in the figure. There was a moderate of averaging with
the number of averages being set to ten, but the problem seemed to transcend the
issue of simply how much averaging there was, especially given the size of the slot.
While it appears that there is a transition in the defect response as the frequency
increases, which may be due to the coil resonance as the the impedance peaks of the
original coils were 15 MHz and 20 MHz (see subsection 2.4.3), even the behaviour at
lower frequencies is not ideal. Combined with the recommendation that air-cored
coils should be used by someone involved in making the EddySense system, experi-

mentation using ferrite-cored coils ended prematurely.
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Figure 3.8: Normalised line scans along perpendicular bisector of slot in parallel
orientation (as depicted in the bottom left corner) on stainless steel using the Ed-
dySense probe with ferrite-cored coils. Each line is taken at a different frequency as
given by the legend.

Following the recommendation, coils to the same specification as before but
without a ferrite core were used. These coils will only be used in this section and
as such, the impedance analyser results for these coils are shown here in figure 3.9.
The calculated inductance using from these results is approximately 4.7 nQ2 and it
can be seen that the resonance is much higher at about 50 MHz, which should help
with reaching higher frequencies.
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Figure 3.9: Impedance analyser results for air-cored coils.

Using the air-cored coils results in figure 3.10. There is a much stronger

signal up to 20 MHz, which is quantified in figure 3.11. The signal quickly drops off

at 20 MHz and beyond this there is no discernible defect signal, nevertheless this is

an improvement upon using the ferrite-cored coils with the EddySense probe.
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Figure 3.10: Normalised line scans along perpendicular bisector of slot in parallel
orientation (as depicted in the bottom left corner) on stainless steel using the Ed-
dySense probe with air-cored coils. Each line is taken at a different frequency given

by the legend.
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Because of the signal’s profile, it makes sense to take the signal to be the
height of the defect signal. Figure 3.11 shows the signal-to-noise calculated based
on the method established in section 2.7 along with the signal-to-noise based on
taking the signal to be the height of the defect signal (the difference between the
mean of the five largest and the mean of the five smallest values), but otherwise
following the same method of calculating signal-to-noise that has been established.

The background region is defined to be between X = 0mm and 3 mm.
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Figure 3.11: Calculated signal-to-noise ratios (SNR) based on the normal approach
and the approach using the height of the defect signal.

Based on these SNRs (figure 3.11), it was decided that 2D scans at 1 MHz
and 15 MHz would be taken. Its possible to see that there was significant lift-off
variation across the scans. Nevertheless, the defect signal can be seen and this can
be largely corrected for using background subtraction. The 2D scans are shown in
figure 3.12. In the figure, the slots are again parallel in orientation with respect to
the coils, but we have changed over to the TiAl sample. For these scans, TiAl sample
was orientated so that the slots increase in size going from the bottom to the top of

the plot, and the steps taken to subtract the background are shown in the figure.
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Figure 3.12: Experimental data taken at 1 MHz and 15 MHz using the EddySense
probe with air-cored coils on TiAl with the slots in the parallel orientation (as de-
picted in the bottom left corner). (a)-(c) is the data for 1 MHz while (d)-(f) is the
data for 15 MHz. (a) and (d) are the original data, (b) and (e) are the calculated
background based on a linear fit between the endpoints for each scanning line, and
(c) and (f) are the results after subtraction.

The ridges in the Rx mag. that were present in previous 2D scan data (sec-
tion 3.2) are not present in the 2D scans here (figure 3.12), suggesting that the
ridges were due to the construction of the coils and/or housing of them in the coil
holder, rather than the coil specifications themselves. There is, however, significant
lift-off variation in these scans. This is likely not helped by the small footprint of
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the probe head, but the variation seems to be due to misalignment of the line scans
that make up the 2D scan (2D scans are essentially composed of multiple line scans
along the x-direction). Drawing a line from the first to the last point in each line
and subtracting this from the scan results in a much more level plot. This is a very
crude way of dealing with the issue, but it works well because the sample is fairly
flat and homogenous, and thus the background signal should not vary significantly.
This background-subtracted plot was used in trying to determine the SNR, for each
slot.

Following this, the process established in section 2.7 was used
to calculate the SNR, where the background region is defined to be at
[x,y, width, height] = [2,8,5,5] mm. Since there are multiple slots, the search area
is restricted to the quartile of the scan containing the each slot for each SNR. The
SNRs are shown in figure 3.13. The high SNR values indicates that the defect signal

is clear to see.

45
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Figure 3.13: Signal-to-noise ratio for TiAl slots in parallel orientation for EddySense
probe based on background subtracted data.

3.4.1 Summary of experimental results from testing probe

The purpose of performing these tests was to investigate what level of SNR perfor-
mance was possible on the Rx mag. measurements when using a circuit designed
specifically for low noise at MHz frequencies. The circuit used the same driver and
amplifier electronics, and so gives a benchmark of the SNR that could be achieved.
The EddySense probe produces some good results for the measurement of Rx mag.
with high signal-to-noise ratios that go up to 42.57(4) dB, which is achieved on the
largest slot (nominally 2mm) on the TiAl sample at 1 MHz though the smallest slot
(measured to be 0.55(5) mm long) on TiAl can be seen with an SNR of 23.86(8) dB.
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Moreover, the system seems to work well up to 20 MHz, where the SNR for the line
scan on SS using the air-cored coils is 19.4(4) dB.

3.5 Eddy current sensor measurements using benchtop

laboratory equipment

3.5.1 Experimental setup for testing probe by performing 2D scans

A significant contributor to the low SNR in the magnitude and phase data was found
to be due to the signal driving the HCS. Because of this, the AD9850 module used
in section 3.2 was replaced with the Tektronics AFG3052C function generator as
shown in figure 3.14. The function generator has a higher specification and would,
accordingly, be expected to produce a more stable signal. The function generator,
for example, has a frequency resolution of 11Hz [176] compared to 0.0291 Hz [174]
for the AD9850 module. Additionally, the function generates a 5V square wave,
which provides a sharp edge to trigger from. This will be used as the trigger for the
oscilloscope instead of triggering on the reference signal for the HCS to improve the

stability of the signal further.

A
: To Power Supply

To Oscilloscope
Amplifier

From signal

To Oscilloscope

generator

Stage

Figure 3.14: Setup with function generator. The part within the dotted box is
directly behind the coils. Not to scale - coils are much smaller compared to the rest
of the components shown and are in close proximity to each other.

To check the signal quality from the AD9850 module and AFG3052C, the

signal was tested using an MDO4054C oscilloscope. This oscilloscope has a sampling
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frequency of 2.5 GHz and sampling depth of 8 bits. Waveforms at frequencies from
1 MHz to 20 MHz in 1 MHz intervals were taken to compare the two methods of signal
generation. Each waveform was generated from 128 averages. These waveforms
were then frequency transformed to analyse their frequency content. From the Fast
Fourier transforms (FFT), the peak frequencies were found to align with the expected
value to a precision of 25 kHz. Furthermore, to quantify the signal-to-noise, the
peak value in the FFT was divided by the sum of the values at all other frequencies
resulting in figure 3.15. This uses the full FFT range up to 1.25 GHz. From this,
the function generator was found to have a higher SNR compared to the AD9850

module.
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Figure 3.15: Signal-to-noise ratio (SNR) generated using the FFT of the signal,
where the FFT goes up to a frequency of 1.25 GHz. In the SNR calculation, the
signal amplitude is taken to be the maximum value in the FFT and the noise
to be the sum of all values in the FFT. To get the SNR in decibel the formula
SNR = 20 log(signal amplitude/noise) is used. (a) is the signal from the AD9850
module and (b) is the signal from a function generator (Tektronics AFG3052C).

This is by no means a comprehensive study of the signal quality. Regardless,
it would be difficult to tell how much using the function generator would help without

using it in its intended application.

3.5.2 Results on stainless steel sample

Going back to testing the system with the new function generator (Tektronics
AFG3052C), a 2D scan on SS is shown in figure 3.16. The scan uses new coils
made to the same specification as the previous ferrite-cored coils. The defect signal
is much clearer in the scans, and it is possible to see the defect in all the measured
parameters, including in the phase, which has so far been difficult to do. The calcu-
lated SNRs (using the established method in section 2.7) are 21.60(2) dB, 20.0(2) dB,
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28.90(2) dB and 16.6743(1) dB for Tx mag., Tx phase, Rx mag. and Rx phase re-
spectively (the background region is set to [x,y, width, height] = [0, 5, 3, 3] mm).
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Figure 3.16: Experimental data taken at 1 MHz on stainless steel (316L) sample.
The orientation of the coils is “perpendicular” to the slot (as depicted in the bottom
left corner). (a) and (b) are magnitude and phase of the transmitter while (¢) and
(d) are magnitude and phase of the receiver.

As a precursor to performing 2D scans at higher frequencies, a number of line
scans were taken resulting in figure 3.17. Voltage into the HCS was lowered but keep
constant to prevent distortion of the signal at frequencies where the signal peaks.
The calculated SNRs are given in figure 3.18. The noise was taken to be the region
between X = 1 mm and 2mm. Starting at the lower frequencies, it can be seen that
the Tx mag. initially increases in response to the slot while its SNR, drops with the
defect signal being difficult to distinguish from the background at 6 MHz to 7 MHz.
As the frequency is increased beyond 7 MHz, the Tx mag. seems to then decrease in
response to the slot. This behaviour suggests that the system has gone through a
resonance.

To confirm this, the frequency of the signal from the function generator was
swept and the usual measured parameters (Tx mag., Tx phase, Rx mag. and Rx
phase) were recorded. The result of the sweep is shown in figure 3.19 and from this,
there appears to be a peak in the magnitude data at 7MHz while the phase goes
from a higher to lower value, which seems to confirm there is a resonance at 7 MHz.
There is some noise near the start of the line scans for 5 MHz and 6 MHz. This might

be linked to the system being near resonance and thus, being less stable.
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Figure 3.17: Line scans at differing frequencies. A depiction of the scan orientation
is in the bottom left corner.
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Figure 3.18: Results of signal-to-noise (SNR) calculation for line scans at different

frequencies. The results for 6 MHz and 7 MHz are not shown for Rx mag. For these
frequencies, the identified signal locations appeared to be spread about the line scan.
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Figure 3.19: Measured parameters with increasing frequency. Input voltage to How-
land current source is kept constant. The phase is wrapped to [0 27].

There appeared to be a slope in many of the scans. This is clearly seen in
figure 3.16 going from the top to the bottom of the scan. It appears to be the case
even after rotating the sample 90° as shown in figure 3.20. As this slope was thought
to be caused by the misalignment of each scan line, the program was changed to scan
in the y-direction resulting in a 2D scan that is the composite of scans along the
y-direction, instead scans in the x-direction. The result is figure 3.21, which has
a slope that is instead in the x-direction, confirming that the slope is due to the
misalignment of each line scan. It would be sufficient to fit each line to a linear fit
and subtract each one to remove this type of background, but to reduce the lift-off
variation in the raw data, an adjustable table was made to mount the sample so that
it can be tilted. Additionally, near the start of the scan, there is often a line/a couple
of lines where the signal diverges from the background level (scan starts from the
origin of the plot). This was found to be caused by the system needing to equilibrate
after being switched on and to allow this to happen, the system was left on for about

half an hour before starting a scan.
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Figure 3.20: Experimental data taken at 1 MHz on stainless steel (316L) sample.
The orientation of the coils is “parallel” to the slot (as depicted in the bottom left
corner). (a) and (b) are magnitude and phase of the transmitter while (¢) and (d)

are magnitude and phase of the receiver.
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Figure 3.21: Experimental data taken at 1 MHz on stainless steel (316L) sample.
The orientation of the coils is “perpendicular” to the slot (as depicted in the bottom
left corner). (a) and (b) are magnitude and phase of the transmitter while (c) and

(d) are magnitude and phase of the receiver.
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With the table reducing the tilt, a larger area of the surface was scanned
so that the full slot on the SS sample is scanned over, resulting in figures 3.22 and
3.23. Instead of there being a tilt from top to bottom, there is some horizontal
banding in the background. This banding is not ideal, but it is distinct from the
defect signal response and the table reduces the general lift-off. The banding is
likely caused by errors in the placement of the probe by the XY stage. The calcu-
lated values for SNR, using the same process in section 2.7 and the background region
[x,y, width, height] = [1,1, 5, 5] mm, are 22.505(9) dB, 21.0(3) dB, 27.0558(1) dB and
26.8969(1) dB for the Tx mag., Tx phase, Rx mag. and Rx phase respectively for the
perpendicular orientation, while the SNRs are 20.130(2) dB, 20.9(1) dB, 18.30(1) dB
and 31.20(5) dB for the same measured parameters in the parallel orientation. While
the Rx mag. is expected to have the highest SNR, and it does for the perpendic-
ular orientation, the horizontal banding is stronger in the Rx mag. in the parallel

orientation, compared to in the other measured parameters.
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Figure 3.22: Experimental results from 2-by-2 c¢m perpendicular scan (as depicted
in the bottom left corner) over the surface of the stainless steel sample at 1 MHz.
(a) is the magnitude of the transmitter, (b) is the phase of the transmitter, (c) is
the magnitude of the receiver and (d) is the phase of the receiver. The magnitude
and phase are respectively in terms of voltage and radians.
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Figure 3.23: Experimental results from 2-by-2 cm parallel scan (as depicted in the
bottom left corner) over the surface of the stainless steel sample at 1 MHz. (a) is
the magnitude of the transmitter, (b) is the phase of the transmitter, (c) is the
magnitude of the receiver and (d) is the phase of the receiver. The magnitude and
phase are respectively in terms of voltage and radians.

The response to the slot in these 2D scans are similar to that seen in the
simulation results. The simulation results in the perpendicular orientation were
introduced in figure 3.3, and the simulation result for parallel orientation can be seen
in figure 3.24. In both the perpendicular and parallel scanning orientations, the Tx
mag. and Tx phase increase in response to a slot in the experimental (figures 3.22 and
3.23) and simulation (figures 3.3 and 3.24) results. The reasoning for the behaviour
in the Tx mag. and phase was discussed in section 3.2 and the same reasoning
applies here as well. The defect signal is just rotated to lie along the the horizontal
direction for the parallel orientation to reflect the change in the slot position. The
experimental and simulation results, however, differ in that that there is horizontal
banding present in the experimental results.

The Rx signal is more complicated with it arising due to a combination of
the magnetic field directly from Tx and the magnetic field from the eddy current,
although again it exhibits a response that is similar to those obtained in the simu-
lation. Like the simulation, in the perpendicular orientation, the signal decreases in

the Rx mag. and forms a halo in the Rx phase as discussed in section 3.2.

75



4 (b) 5
1.505 &=
M
4 1.495 &
. 5 0 5
g
N (d)
d
g 4 -1.56
0 -1.58 2%
= T
-16 2F
-4 -1.62 x &
©
Tx Rx 5 0 5
\é Defect X (mm)
..... -

Scan direction

Figure 3.24: Simulation results for 2D scan taken in parallel orientation over stainless
steel slot at 1 MHz. Rx mag. values have been multiplied by ten to reflect the

amplification of the Rx signal.

In the parallel orientation, the Rx signals differ from the perpendicular ori-
entation, but they are again similar to the simulation. In the Rx mag., there is a
double-peaked structure when traversing the slot length, peaking when either the
Tx or the Rx coil is near the end of the slot. On first impressions the Rx mag.
response to a slot in the parallel orientation may look quite different to that in the
perpendicular orientation, as it primarily increases in response to the slot instead
of decreasing. However, it is important to note that the main response is not the
only response that Rx mag. has to the slot, for example, there is the lower region
around the main defect signal in the parallel orientation, which can be seen on closer
inspection (see figure 3.25). Thus, the differences in the defect response in the per-
pendicular and parallel orientations are not incompatible. The Rx phase seems to
increase over the slot, although there appears to be slight peaking near either end of

the slot on the 2D scan data.
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Figure 3.25: Normalised line scan in parallel orientation (as depicted in the bottom
left corner) of Rx magnitude at Y = Omm for 1 MHz. Scan normalised to be in the
range [0 1].

Moreover, the defect signal from Tx also looks shifted to the right of the signal
from the Rx for the perpendicular orientation, while in the parallel orientation, there
is no apparent shift. This mirrors the simulation results and it is presumably due to

the relative positions of the coils.

3.5.3 Results on the titanium aluminide sample

Results taken in the perpendicular and parallel orientation are shown in figures 3.26
and 3.28 respectively. The simulation counterparts are shown in figures 3.27 and
3.29, which have slots based on the TiAl sample but on a material with the electrical
properties of Ti since there were uncertainty in the conductivity of TiAl. Never-
theless, it is possible to see that the defect signal have similarities. Although the
material is different, the conductivities are not expected to differ so much that the
general morphology of the signal would be hugely different. Accordingly, the simu-
lation results can be reasonably compared to the experimental results. The general
shape of the signal should be more influenced by other parameters such as the slot
size compared to the coil diameter, which is approximately 1 mm. Here, a good range
of slot dimensions are tested, with slots shorter and longer than the coil diameter,
helping to show how the defect signal evolves with slot size.

Starting with the perpendicular results, for the experimental (figure 3.26)
and simulated (figure 3.27) counterpart, the Tx mag. and Tx phase signal for the
shortest slot appears as a raised ring. In the simulation, the ring can be seen to form
where the slot and the circular footprint of the Tx coil coincide. The defect signal
arises from the slot crossing the eddy current induced by the Tx coil, and since the
slot is smaller than the coil diameter, the signal is lower when the slot sits completely

within the inner diameter of the Tx coil and is raised in a ring shape around this
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lower part as the slot intersects with the footprint of the Tx coil. Furthermore, the
slot blocks the eddy current more when the current flow is perpendicular to the slot
length, leading a rise in the signal near the top and bottom of the ring. As the slot
increases in length, the slot goes from being smaller than the coil diameter to being
larger. With this increase, the signal elongates, and the dip in the middle of the
ring becomes less pronounced as the slot is no longer able to fit completely within
the inner diameter of the coil. For the 2 mm long slot, the slot extends beyond the
coil diameter, and the signal looks like a continuous raised section as the Tx coil
traverses the slot length.

In the Rx mag. and Rx phase, there is a single peak for the smallest slot. In
the simulations, the location of the peak appears to be a compromise between the
Tx coil being close enough for the slot to disrupt the eddy current and for the Rx
coil to be affected by this disruption. There is also dipping in the Rx mag. that is
located on either side of the peak along the slot length. There is some horizontal

banding that is not in the simulation results, but the higher SNR means it is less

visible.
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Figure 3.26: Experimental results from 4-by-1 cm perpendicular scan (as depicted in
the bottom left corner) over the surface of a titanium aluminide at 1 MHz. Sample
with four slots: the shortest to the longest slot from left to right. (a) is the mag-
nitude of the transmitter, (b) is the phase of the transmitter, (c) is the magnitude
of the receiver and (d) is the phase of the receiver. The magnitude and phase are

respectively in terms of voltage and radians.
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Figure 3.27: Nomalised simulation results for perpendicular orientated slots (as de-
picted in the bottom left corner) on Ti at 1 MHz. Sorted in columns by slot length
and row by the parameter measured.

Moving on to the result in the parallel orientation, the Tx mag. and Tx phase
measurements were expected to be similar to that in the perpendicular results, but
with the signal rotated to lie along the the horizontal direction to match the change
in orientation of the slot. However, the Tx mag. and Tx phase also has visible
asymmetry along the slot length. This is seen for both the experimental (figure 3.28)
and simulation results (figure 3.29). This asymmetry is likely caused by the ferrite

core of the Rx coil pulling the eddy current towards it, as shown in figure 3.30.

79



(a) (b)
40 sy 40 1.825
: > g
= 088 . g
m =
= 20 0878 2 = 20 3
= 0.876 = 2
s 0874 & s 1838
H
0 0.872 0
0 10 0 10
X (mm) X (mm)
() (d)
40 40 I
~ 1234 =2
~ <
— 172 — =
g g g o
g% & g% 1232 &
>
= & = &
1.7 2
0 0 1.23
Tx Rx 0 10 0 10
\%Defect
X (mm) X (mm)

Scan direction

Figure 3.28: Experimental results from 1-by-4 cm parallel scan (as depicted in the
bottom left corner) over the surface of a titanium aluminide sample at 1 MHz. Sam-
ple has four slots: from the shortest to the longest, from top to bottom. (a) is the
magnitude of the transmitter, (b) is the phase of the transmitter, (c) is the magni-
tude of the receiver and (d) is the phase of the receiver. The magnitude and phase

are respectively in terms of voltage and radians.

80



=)
o
Tx mag.
(arb.)

N ) ; ;
g
s Low
g s
0 05 =7
-2 -2 -2 -2 0 ~
420 2 4 -2 0 2 420 2 420 2
2 2 g -
23
-2 -2 -2 -2 0o £
Tx Rx 4 -2 0 2 4 -2 0 2 4 -2 0 2 4 -2 0 2
Defect

Scaﬂ"girection X (mm)

Figure 3.29: Normalised results for parallel orientated slots (as depicted in the bot-
tom left corner) on Ti at 1 MHz. Sorted in columns by slot length and row by the
parameter measured.
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The asymmetry in the eddy current means that more of the eddy current is
disrupted when crossing the right side of the coil. Thus, causing a bigger change in
the signal on this side. When the coils are air-cored, the result looks symmetrical
as one would expect since, without the core, the Rx coil would not be expected to
significantly influence the Tx coil. Ignoring the Rx coil, the system is symmetric
whether on the left or right of the slot and thus the signal should also be symmetric.

While, defect signal is again a peak in the Rx mag. and Rx phase in the experimental

and simulation results.
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Figure 3.30: Normalised magnitude of the current density at the sample surface
under the Tx coil in COMSOL (a) without a core and (b) with a ferrite core. The
origin is where the centre of the coils are (the Tx coil is to the left and the Rx coil
is to the right). (c) and (d) are the simulated Tx results when traversing in the
parallel orientation (as depicted in the bottom left corner) through the slot (i.e. at
Y = 0mm in a 2D scan) with air-cored coils, where the results can be seen to be

more symmetric.
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By dividing the signal search area into quadrants where each slot is in a
separate quadrant, the SNR can be calculated for each slot. The results are shown in
figures 3.31 and 3.32 for the perpendicular and parallel orientations. The background
for the SNR calculation is defined to be [x,y,width, height] = [7,1.5,5, 5] mm and
[2,7,5,5] mm for each respective orientation. From this, the signal appears to stand
out particularly in the Rx phase with a good SNR of up to 43.0(3) dB, which is

achieved on the 2 mm long slot in the perpendicular direction.
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Figure 3.31: Signal-to-noise ratio for TiAl slots in perpendicular orientation. For the
shortest slot, the Tx mag. and Tx phase SNRs are not present since the locations
with maximum difference from the background average were not located on the slot.
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Figure 3.32: Signal-to-noise ratio for TiAl slots in parallel orientation. Points where
the maximum difference from the background average are not located on the slot are
not included.

Although there is some noise in the Rx phase for both the SS and TiAl
samples, the relatively level appearance of the background with the lift-off variation
being less apparent, gave rise to the idea that the Rx phase may be more robust to
lift-off. This was a driving factor behind performing lift-off experiments, which can

be seen later in section 4.3.
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3.5.4 Results on the titanium sample

Again, there are similarities in the experimental (figures 3.33 and 3.34) and simu-
lation results (the 0.25 mm and 0.5 mm long slots in figures 3.26 and figure 3.28).
However, there is banding in the background of the 2D images in experimental re-
sults, which is more visible on results for the Ti sample than on the TiAl sample.
This could be because the slots on the Ti sample are smaller than those on the
TiAl sample, but it could also because the surface of the titanium sample is par-
ticularly uneven (see optical microscope measurements in section 2.6), where the
consequently weaker signal results in more visible banding. The banding means that
the SNR could not be calculated for many of the results, including the slots in the
perpendicular orientation. This is because for these results the banding intersects
the slot. But, where the SNR could be calculated, the SNR is calculated based on
the method in section 2.7, but with the defect search area split into halves according
to where the defect location is. This results in SNRs for the Rx mag. of 25.97(3) dB
for the shortest slot (measured to be 0.46(5) mm) and 28.57(6) dB for the longest
slot (measured to be 0.75(5) mm), while the SNR for the Rx phase is 25.2(1) dB for

the longest slot when the slot is in parallel orientation and when the background is

set to [x,y, width, height] = [1, 10, 2.5, 2.5] mm.
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Figure 3.33: Experimental results from 2-by-1 cm perpendicular scan (as depicted
in the bottom left corner) over the surface of a titanium sample at 1 MHz. The
longer slot (0.75(5) mm) is to the left of the shorter slot (0.46(5) mm). (a) is the
magnitude of the transmitter, (b) is the phase of the transmitter, (c) is the magnitude
of the receiver and (d) is the phase of the receiver. The magnitude and phase are
respectively in terms of voltage and radians.

84



S

z 0.87 B

£ 10 < 2

= g E:

> ﬁ 2,

0.868 x

> <

— 1.675 £

E 60 .

£10 167 E %

- 1665 )

o]

0 =
Tx R)i:) ; 0 5 10
\.(S efect X (mm)

Scaii”direction

Figure 3.34: Experimental results from 1-by-2 cm parallel scan (as depicted in the
bottom left corner) over the surface of a titanium sample at 1 MHz. The shorter
slot (0.46(5) mm) is above the longer slot (0.75(5) mm). (a) is the magnitude of the
transmitter, (b) is the phase of the transmitter, (c) is the magnitude of the receiver
and (d) is the phase of the receiver. The magnitude and phase are respectively in
terms of voltage and radians.

To combat the banding in the background, various coil enclosures were ex-
perimented with. This included an enclosure that used springs to press the coils
to the sample. However, this seemed to result in the coils becoming increasingly
tilted when dragged along the scanning direction and when PTFE tape was used
to reduce the friction of the coils on the sample, the behaviour only improved to
periodic dragging then releasing.

The variation in lift-off during a scan of the sample surface was small, but
noticeable in the results. A system that can correct for small lift-offs while not
tilting was needed. After several iterations of the coil enclosure, it was decided that
an approach where the coil holder was printed using 3D printed resin would be used.
This implementation is presented and used in the next chapter (chapter 4). With
this improvement and the other improvements implemented during this chapter,
higher frequencies up to 20 MHz were also investigated. It was suspected there
may be issues, because of the aforementioned resonance at around 7MHz, but it
was also thought that taking 2D scans and lift-off measurement may provide more

information.
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3.5.5 Summary of experimental results from testing probe

Overall, the defect signal looks much clearer with the improvements made, which
have included using a function generator instead of the AD9850 module, a new pair
of coils and a new table to mount the sample. There is some visible banding in the
2D scan data, but this has allowed an interesting feature to be seen where the Rx
phase seems like it could be more robust to lift-off in the TiAl results. This will
be explored later in this thesis in section 4.3, but in the next chapter, lift-off will
be reduced by printing a coil holder made using a 3D resin printer where results
at higher frequencies will also be taken. Here, there are similarities between the
experimental and simulation results, despite the banding, and reducing the lift-off

variations should help improve the similarities.
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Chapter 4

Control Tests

4.1 2D scans

4.1.1 Experimental setup for performing 2D scans

The same setup as the one used in section 3.5 was used along with the alterations
made during the study (i.e. the new ferrite-cored coils and the table to level the sam-
ple). Additionally, a resin 3D printed coil holder will be implemented as suggested
at near end of the previous chapter (in subsections 3.5.4 and 3.5.5). Figure 4.1 shows

the computer-aided design (CAD) model of this resin 3D printed coil holder.

Figure 4.1: CAD model for coil holder 3D printed using resin. The coils are placed
in the central cutout and the four holes near the circumference are to attach the coil
holder to the main structure where the electronics behind the coils are placed.

In figure 4.1, the “top surface” is the surface that is placed against the sample.
The four holes near the circumference are used the attach the coil holder to the main

enclosure for the electronics placed directly behind the coils. The coils themselves
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are placed into the central cutout and are adhesively bonded in place using epoxy
resin.

Resin printing allows fine details to be printed, which is used here to print
fine spokes that radiate from the coils at the centre. The spokes are fine so that
they are able to flex, allowing the coils to closely follow the surface during a scan.
Resin printing also ensures a smooth finish that reduces the friction between the coil
holder and the sample surface. There is also slopes cut on the bottom surface and
some additional smaller holes. This is to help with the alignment of the coil holder
and the main enclosure.

Using this setup, measurements will be taken at higher frequencies, up to
20 MHz, and this is done with the MDO4054C oscilloscope.

4.2 Experimental 2D scan results

4.2.1 Line scans on stainless steel sample

For comparison to the line scans obtained using the EddySense prototype in section
3.4, line scans were taken at different frequencies up to 40 MHz using the experimen-
tal setup developed so far. The Rx mag. results from this are shown for comparison
in figure 4.2. The x-axis is labelled “Y” since the coils are housed in a different
orientation to the results that are shown in section 3.4, and thus the scan needed to
be scanned in the y-direction to be comparable; both the scan using the EddySense
prototype (figure 3.8) and the setup developed so far (figure 4.2) are scans that cross
along the slot’s width in the parallel orientation on SS.

The general cross-section in the Rx mag. is w-shaped, where the lobing either
side of a central peak dominate such that the overall shape is more of a dip in the
frequency range 10 MHz to 30 MHz, and at frequencies above and below, the central

peak dominates the response.
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Figure 4.2: Line scans along perpendicular bisector of slot in the parallel orientation
(as depicted in the bottom left corner) on stainless steel using a probe that uses
a AFG3052C function generator as the reference signal. Each line is taken at a
different frequency given by the legend.

The calculated SNR, with the background taken to be the region Y < 2mm,
is shown in figure 4.3. The Rx mag. SNR is generally improved compared to the
result with the EddySense probe, particularly when comparing higher frequencies.
The system is, however, capable of also measuring the Tx mag., Tx phase and Rx
phase. Parameters such as the Rx mag. and Rx phase seemed to be capable of
distinguishing the slot at high frequencies, up to and potentially beyond 40 MHz,
despite the aforementioned dip in SNR that is centred around 30 MHz. However,
there were issues detecting the slot with the Tx mag. and, even more so, with the Tx
phase, at high frequencies. For these parameters, the SNR reduces with increasing
frequency until the slot is difficult to distinguish from the noise at 30 MHz for the
Tx mag. measurement, and at 25 MHz for the Tx phase measurement, with the SNR
not recovering as the frequency is further increased. This could be related to the
fact that the HCS is known operate less well at higher frequencies, and considering
all the results, it seems that it is not possible to continue beyond 20 MHz if the Tx

phase is to be usable.
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Figure 4.3: Calculated signal-to-noise ratios for line scans on stainless steel. Missing
data points represent invalid results where some/all of the identified signal locations
are away from the defect region.

4.2.2 2D scans

2D scans were consequently taken at five driving frequencies up to 20 MHz. Scans
were taken at 1 MHz, 5 MHz, 10 MHz, 15 MHz and 20 MHz. These 2D scans give a
more comprehensive picture of the defect signal and are more likely to show lift-off
variations, since lift-off seems to show up between the line scans that the 2D scan is
comprised of. The measurements are all taken with a 0.5V pk-pk reference signal
for consistency as the measured waveform distorts around the resonant frequency
(~7MHz) if a larger reference signal is used (subsection 3.5.2).

Plots showing 2D scans for each sample will presented for the perpendicular
and parallel orientations at 1 MHz. The scan area is the same for the other frequen-
cies, but the results will be summarised in selected plots. These selected plots will
include plots quantifying the signal, along with some cross-sectional plots.

For the SS sample, the 2D scans in the perpendicular and parallel orientation
at 1 MHz are shown in figure 4.4. It can be seen that the behaviour looks similar to

previously taken scans in subsection 3.5.2.
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For the TiAl sample, the scan in the perpendicular orientation at 1 MHz is
shown in figure 4.5 and the scan in the parallel orientation is shown in figure 4.6. At
each frequency, one continuous 2D scan containing all the slots were taken for the
experimental results. However, the difference in signal for the longest and shortest
slot varied considerably (for example the signal is about eight times greater for the
longest slot compared to the shortest slot for the Tx phase in the parallel direction),
which makes it difficult to see the shortest slot on the same plot as the longest
slot, even if the shortest slot has a good SNR. Consequently, each scan is split into
quadrants to form four plots for each variable such that the original data set would
be formed from the plots shown, but concatenated.

For the perpendicular orientation, the plots would be concatenated in de-
scending slot length so that the longest slot (2mm) would be on the far left and the
shortest slot (0.55(5) mm) would be on the far right. While, for the parallel orien-
tation, the plots would be concatenated so that shortest slot (0.55(5) mm) would be

on the top going up in size to the longest slot (2mm) on the bottom.

92



€6

0.1532
0.153
0.1528

10

[en)
t

-1.7705
-1.771
-1.7715

é 0 5 10
b
0.2995
0.299
0.2985
0.298
0.2975
0 5 10
10
5 -1.826
0 -1.828
Tx Rx 0 5 10
-------- -
Defect
-------- >

Scan direction

Figure 4.5: TiAl at 1 MHz. Slot is in perpendicular orientation (as depicted in the bottom left corner). Grouped in rows by the
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Like for the previously taken results in section 3.5.3, these experimental re-
sults (figures 4.5 and 4.6) and its simulated counterparts (figures 3.27 and 3.29 re-
spectively) share similarities such as the Tx mag. and phase forming more of raised
ring in appearance for the shorter slots, which morphs into more of a bar for the
longer slots for both the perpendicular and parallel orientations. Additionally for
both the experimental and simulation results, the Rx mag. evolves from a mainly
peaking signal to a dipping signal as the dipping side lobes become more dominant
with increased length, while it forms more of a single peak in the parallel orienta-
tions. In the Rx phase, the signal evolves from more of a peak to a raised ring in
the perpendicular orientation with increased length, while the signal remains peak
in the parallel orientation. It is clear that the experimental and simulation results
are similar, and the experimental results are repeatable.

The 2D plots for the Ti sample are shown in figures 4.7 and 4.8 for the
perpendicular and parallel results respectively. Like the TiAl results, the 2D scan
was taken is continuously, but the scan was split. As there are two slots, the plot was
split into two. The original plot would be a concatenation. In the the perpendicular
orientation, they would be concatenated with the longest slot (0.75(5) mm) on the
left and the shortest slot (0.46(5) mm) on the right. In the parallel orientation they
would be concatenated with the shortest slot (0.46(5) mm) on the top and the longest
slot on the bottom (0.46(5) mm).
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Figure 4.7: Ti at 1 MHz. Slot is in perpendicular orientation (as depicted in the
bottom left corner). Grouped in rows by the measured parameter and columns by
the slot length.
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Figure 4.8: Ti at 1 MHz. Slot is in parallel orientation (as depicted in the bottom
left corner). Grouped in rows by the measured parameter and columns by the slot
length.

From these 2D scan plots, the general response to a slot appears similar to
previous experimental results, but with reduced noise and less banding present. It is
also possible to see that the background looks mottled in the Ti results, which could
reflect surface variations related to the surface roughness. This roughness was noted

in the optical microscope measurements (see subsection 2.6) and it is thought that
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this may be due to the Ti sample surface being more prone to oxidation. It is much
more difficult to observe the slots on the Ti sample compared to the slots on the
TiAl sample. This could be due to various factors such as the higher conductivity
of the Ti compared to the TiAl sample making the sensor more sensitive to surface
variations, the greater surface roughness of the Ti sample and the slightly larger size
of the Ti slots. Also, there is the possibility that Ti suffers more from grain noise
and TiAl is better behaved.

To try to quantify the defect signal, the SNR will be calculated as well as
the signal response as a percentage of the background value. The results in the
perpendicular orientation from this analysis will be presented first, followed by the
results in the parallel orientation. In the plots quantifying the signal, there are some
data points missing and this will be because the five measurements with greatest
deviation from the background level were found in locations spread apart and away
from the slot location.

As a reminder, the defect sizes are shown in table 2.1, but the lengths of the
slots will be summarised here. There is a single nominally 10 mm long slot on the
SS sample, four slots on the TiAl sample and two slots on the Ti sample. The three
shortest slots on the TiAl sample are 0.55 mm, 0.79 mm and 1.28 mm long with an
uncertainty of 0.05 mm each and the longest slot is nominally 2 mm long. The two
slots on the Ti sample are 0.46(5) mm and 0.75(5) mm long with an uncertainty of
0.05 mm each. They will be grouped by their nominal lengths in plots where the
experimental and simulation results are combined to help with comparison. To this
effect, the 10 mm long slot on the SS sample and the 2mm slot on the TiAl sample
do not have a measured value so they will already be referred to by their nominal
lengths. However, the TiAl sample also has slots nominally 0.25mm, 0.5 mm and
1mm long. While, the Ti sample has slots with nominal lengths of 0.25 mm and
0.5 mm.

Starting with the results in the perpendicular orientation. The back-
ground region is defined to be [x,y,width, height] =[1,1,5,5] mm for the SS
results and [x,y,width, height] = [6.5,1.5,5,5| mm on the original data set
for the TiAl sample, which between the longest (nominally 2mm) and third-
longest slot (1.28(5) mm). For the Ti sample, the background is defined to
be[x,y, width, height] = [9,5,2.5,2.5] mm, which is between the two slots present.
To be able to get separate values for each slot on the TiAl and Ti samples, the
defect search area is split into the quadrants and halves respectively. Figure 4.9
shows the calculated SNR. As a reminder, the SNR calculations are based on the

method in section 2.7.
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Figure 4.9: Signal-to-noise ratio as a function of frequency for the experimental and
simulation results in the parallel orientation. The legend is arranged by row from the
shortest to the longest slot. Exp and Sim are short for experimental and simulation
results respectively.

From figure 4.9, the SNR is good at 1 MHz even for the smaller slots, which
is a significant results as there is a requirement to detect surface-breaking defects
and fatigue cracks at the earliest stage of growth in safety-critical components, with
an aspirational target of detecting defects of less than 250 pm in length.

The SNR can, however, be seen to generally decreases with increasing fre-
quency. At higher frequencies, this means the SNR cannot be determined for many

of the parameter, but even the smallest slots can be seen in the Rx mag. The cause of
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the noise in the experimental results will be due to physical factors, rather than the
mesh as is the case for the simulation results, but it is sensible to reason that factors
contributing to a stronger signal in the simulation may transfer to the experimental
results.

Figure 4.10 shows that the voltage constantly increases with frequency in the
simulation results whereas the voltage only increases up to 5 MHz in the experimental
results before decreasing. This could be because the capacitance of the electronics
is taken to be negligible. Accordingly, the impedance of the coils and thus, voltage
would be expected to simply increase. The simulation would therefore be expected

to be more accurate for lower frequencies.
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Figure 4.10: Voltage with frequency for experimental and simulation results in the
perpendicular orientation. To simplify the plot, just the results for the 0.5 mm slot
is shown for the TiAl and Ti samples.

Figure 4.11 shows the defect signal as a percentage of the background signal
to get an idea of the general response. A positive value would correspond to the
measurement being higher than background value and a negative value would corre-
spond to the measurement being lower than the background value. From this, it can
be seen that the direction of the response is the same in both the experimental and
simulation results for all variables at 1 MHz. It is positive in both the experimental
and simulation results for the Tx mag., Tx phase and Rx phase. As well as, in Rx
mag., except for the SS slot and 2mm long slot, where it is negative for both the
experimental and simulation results. This suggests the change in response is due to

the size of the slot, where larger slots result in a negative response and smaller slots
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have a positive response.

Increasing from 1MHz to 5 MHz, the experimental and simulation results

generally move in the same direction, but the behaviour is starting to diverge. For

example, looking at the SS results, values for the experimental and simulation results

both either increase or decrease. However, the value for the Rx phase decreases so

that it is negative, which produces a response that is different in appearance. The

divergence reflects the aforementioned resonance (subsection 3.5.2).
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Figure 4.11: Defect signal as a percentage. Calculated by taking the difference
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Results for the perpendicular orientation.
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The values are not exactly the same, but when combined with similarities in
morphology between the experimental and simulation slots signals, the simulations
can be used as a tool to try to understand some of the behaviour observed in the
experiments. Cross-sections through the slot are shown to demonstrate some of these
characteristics.

For the SS slots, the defect signal has a mainly bar-like profile that reflects
footprint of slot, the side profiles of which can be seen in the line scans in figures
4.12 and 4.14 for the experimental results, and in its simulated counterpart in figures
4.13 and 4.13.

In figure 4.12, the results at 20 MHz appears noisy due to the banding present.
The results are clearer in the 2D scans as more area is covered, which can be inter-
preted in a fairly intuitive manner as the data is visual in nature. It is worth noting
that the experimental results along the y-direction such as in figure 4.14 may look
like a continuous line scan. However, they are in fact composed of extracting data
from different scan lines. It is, thus, more susceptible to showing lift-off as lift-off
mainly occurs between scan lines. It was from this that it was suggested that the
Rx phase may be more robust to lift-off, which formed the part of the rational to
later study lift-off (section 4.3).
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Figure 4.12: Cross-section through the centre of the 2D scan in experimental results
for the perpendicular orientation on stainless steel.
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Figure 4.13: Cross-section through the centre of the 2D scan in simulation results
for the perpendicular orientation on stainless steel.
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Figure 4.14: Cross-section through location with the maximum measured value in
the experimental results for the perpendicular orientation on stainless steel.
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Figure 4.15: Cross-section through location with the maximum measured value in
the simulation results for the perpendicular orientation on stainless steel.

Moreover, the signal can be seen to localises with frequency in both the

experimental and simulation results (figure 4.16).

1.1

—7F— Experimental
1t —F— Simulation

0 5 10 15 20
Frequency (MHz)

Figure 4.16: Full width half maxima through the width of the slot (through ¥ =
10 mm for the experimental results and ¥ = O mm for the simulation results) in the

perpendicular orientation on stainless steel.

Cross-sections for select slots on the TiAl and Ti samples will also be pre-

sented.
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Figure 4.17 shows a cross-section through the longest slot on the TiAl sample

(nominally 2mm long) from the experimental 2D scan, and figure 4.18 shows the

simulated counterpart.
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Figure 4.17: Cross-section through the centre of the experimental 2D scan for the
perpendicular orientation on the longest slot (nominally 2mm) on TiAl
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Figure 4.18: Cross-section through the centre of the simulated 2D scan for the
perpendicular orientation on the longest slot (nominally 2mm) on Ti.
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While figure 4.19 shows a cross-section through the longest slot on the Ti
sample (0.75(5) mm long) from the experimental 2D scan and figure 4.20 shows the

simulated counterpart.
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Figure 4.19: Cross-section through the centre of the experimental 2D scan for the
perpendicular orientation on the longest slot (0.75(5) mm) on Ti.
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Figure 4.20: Cross-section through the centre of the simulated 2D scan for the
perpendicular orientation on the 0.5 mm long slot on Ti.
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The signals are well localised, and the the position where the signal is maxi-
mum for the Tx and Rx are not expected to coincide. This is a problem for selecting
a single cross-section that shows the defect signal well. It is such that at high fre-
quencies, it is difficult to observe the signal in a single cross-section. That being
said, it is possible to see some similarities in morphology such as the double peaking
in the Tx mag. for both the TiAl and Ti slots, as well as the w-shaped response to
the larger TiAl slot and the single peaking response to the Ti slot in the Rx mag.
This difference in the Rx mag. is caused by the size of the slot.

Moving on the results in the parallel orientation. Again, to quantify
the signal, the defect search region is divided in to quadrants and halves
for the TiAl and Ti samples respectively, and the background is set to be
[x,y, width, height] = [2,7,5,5] mm on the original data for the TiAl sample and
[1,7,2.5,2.5] mm on the original data for the Ti sample. The resulting SNR is
shown in figure 4.21.

The SNRs appears to be high at 1 MHz though it tends to decrease with
frequency, similar to the perpendicular results. The SNRs are also generally higher
than those in the perpendicular direction. Furthermore, the SNR is improved for
both the perpendicular and parallel scan orientations (SNRs shown figures 4.9 and
4.21) when considering the 1 MHz operation that had been previously tested. This
suggests that the new resin 3D printed coil holder is helping to improve the scan

results.
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Figure 4.21: Signal-to-noise ratio as a function of frequency for the experimental
and simulation results in the parallel orientation. The legend is arranged by row
from the shortest to the longest slot. Exp and Sim are short for experimental and
simulation results respectively.
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From figure 4.22, the same divergence between the experimental and simula-

tion results, seen in the perpendicular orientation, is present in the parallel orienta-

tion.
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Figure 4.22: Voltage with frequency for experimental and simulation results in the
parallel orientation. To simplify the plot, just the results for the 0.5 mm slot is shown
for the TiAl and Ti samples.

The defect signal as a percentage of the background signal is shown in fig-
ure 4.23. This is the counterpart to figure 4.11 but in the parallel orientation. It can
be seen that the plots are similar in Tx mag. and Tx phase compared to equivalent
plots in the parallel orientation, which is to be expected, since the defect response
would be expected to be just mainly rotated to reflect the different orientation of
the slot. In fact, if one were to plot the values from the perpendicular results again
the parallel results, the correlation coefficient would be 0.99 for the Tx mag. and
0.94 for the Tx phase. There is also some similarity in the Rx phase (correlation
coefficient of 0.83).

The Rx mag. on the other hand differs significantly from the perpendicular
results (correlation coefficient of 0.09). The Rx mag. response is to largely increase
in response to the slot (positive values) in the parallel orientation, whereas the Rx
mag. increases (positive values) for shorter slots and decreases (negative values) for

larger slots in the perpendicular orientation.
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Figure 4.23: Defect signal as a percentage.

Calculated by taking the difference

between the signal and average of the background region divided by this average.
Results for the parallel orientation.
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It is possible to see further changes in morphology in the parallel results
compared to the previous perpendicular results. For example, on the steel sample,
there appears to be a double peaked defect signal in the Rx mag. along the slot
length. This can be seen in figures 4.24 and 4.25, which are cross-sections from the

experimental scan and the simulated counterpart respectively.
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Figure 4.24: Cross-section through the centre of the 2D scan (through ¥ = 10 mm)
in experimental results for the parallel orientation on stainless steel.
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Figure 4.25: Cross-section through the centre of the 2D scan (through ¥ = 0mm)
in simulation results for the parallel orientation on stainless steel.
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Figure 4.26 and its simulated counterpart in figure 4.27 show the same defect

signal but along the slots width.
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Figure 4.26: Cross-section through the centre of the 2D scan (through X = 10 mm)
in the experimental results for the parallel orientation on stainless steel.
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Figure 4.27: Cross-section through the centre of the 2D scan (through X = 0mm)
in the simulation results for the parallel orientation on stainless steel.
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Cross-sections in the parallel orientation are shown below for the TiAl and
Ti slots to complement the previous cross-sections for the perpendicular orientation.
Figure 4.28 shows the longest slot (nominally 2mm) on the TiAl sample, while

figure 4.29 shows its simulated counterpart.
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Figure 4.28: Cross-section through the centre of the 2D scan in experimental results
for the parallel orientation on the longest slot (nominally 2mm) on TiAl.
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Figure 4.29: Cross-section through the centre of the 2D scan in simulation results
for the parallel orientation on the longest slot (nominally 2mm) on Ti.

113



While figure 4.30 shows the longest slot (0.75(5) mm long) on Ti and fig-

ure 4.31 shows its simulated counterpart.

o

ﬁ 0.5 ﬁ 0.5

Ts 0 -5 0

25 E

= =S

g 05 g

=] o

=} o

Z. 1 Z,

. [}

F o1 :

g s

%

g 05 5

'U . '-O .

2% 0 EE

C@\/ 'C—‘G\/
Tx Rx = 05 :
\-t Defect =~ Z

Figure 4.30: Cross-section through the centre of the 2D scan in experimental results
for the parallel orientation on the longest slot (0.75(5) mm) on Ti.
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Figure 4.31: Cross-section through the centre of the 2D scan in simulation results
for the parallel orientation on the 0.5 mm long slot on Ti.
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There are similarities between the experimental and simulated cross-sections
for the TiAl and Ti slots (figures 4.28-4.31), particularly in the less noisy magnitude
plots and at lower frequencies. It can be seen that for both the TiAl and Ti slot that
the Rx mag. response resembles more of a single peak. While, in the Tx mag., the
Ti slot has a double peaking response, while the TiAl slot has a broader response
from the peaks merging as the TiAl slot is longer. This can also be seen in the 2D
scan plots.

Figure 4.32 shows correlation coefficient between the experimental and sim-
ulation results for the SNR and the defect signal as a percentage. For these calcula-
tions, the Ti simulations are used as the counterpart to the TiAl experimental results.
As mentioned, the cause of the noise in the experimental and simulation results are
fundamentally different. As such, the correlation coefficient may not be as strong.
However, the correlation coefficient for the defect signal as a percentage seems to
confirm that there are similarities in the experimental and simulation response to a

slot at lower frequencies, but the response diverges at higher frequencies.
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Figure 4.32: Correlation coefficient between the experimental and simulation results
for (a) the SNR and (b) the defect signal as a percentage.

To summarise, the experimental results show similarities to the simulation
results, particularly at 1MHz, and the range of slots investigated help show the
evolution of the defect profile with defect size. The Tx mag. measurement generally
rises in response to the intersection of the slot with the coil wires. For slots that are
long compared to the coil diameter, such as the one on the SS sample, this manifests
as a region where the Tx mag. measurement increases when both coils are on the
slot to form a raised bar on the 2D scan image with steps either side, where the coils

are only partially on the slot, and thus are not cutting across the eddy currents as

115



strongly. Whereas for the slots that are short compared to the coil diameter, for
example, those on the Ti sample or the smaller slots on the TiAl sample, there is
not a sustained length where the coils are both on the slot, and thus the 2D scan
image contains a feature that is more of a raised halo in shape, where the slot blocks
the eddy current when underneath the coil’s wires. The cause of the behaviour is
the same, but the shape is different due to the different slot sizes. The explanation
for the Tx phase response is similar.

The Rx mag. measurement appears to dip in the 2D scans when the slot
blocks the eddy current as it does for sufficiently long slots, such as the longest
slot on the Ti sample or the slot on the SS sample, in the perpendicular orientation.
This can be intuitively explained by the diminished eddy current reducing the voltage
induced in the Rx coil. On the larger SS slot, there are peaks near the ends of the
defect signal in the Rx mag. for the scan in the parallel orientation and a single peak
for the smaller slots on the other samples in either orientation. It appears that for
these scenarios, the Rx mag. generally rises, which could be because of a build-up
in eddy current close to the edge of the slot. Though, there is some dipping around
the main signal, which may evolves to be the main signal when the eddy current is
more strongly blocked and pushed under the slot.

Furthermore, the greatest SNRs are achieved at 1 MHz in the parallel orien-
tation for TiAl and Ti slots. The SNRs are good even for the shorter slot, though
the SNRs rise greatly for the longer slots. Operating at higher frequencies generally
results in a lower SNR. However, there is more spatial localisation of the defect signal
at higher frequencies; for example, in the perpendicular orientation, the FWHM of
the Tx mag. signal reduces from 1.5(2) mm at 1 MHz to 1.3(2) mm at 20 MHz across
the width of the SS slot.

There is much less horizontal banding in the 2D scan results with the im-
plementation of the resin 3D printed coil holder, as lift-off is reduced by allowing
the sensor to follow the surface of the sample. With this development, the results
have much improved SNRs. The system is capable of detecting sub-millimetre sized
defects with good SNRs, but the system will be altered further in chapter 6. The
system in chapter 6 will use an AD8302 chip to measure the voltage gain/phase, and

the chips themselves have the benefit of being relatively inexpensive and compact.
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4.3 Varying lift-off of eddy current coils

4.3.1 Experimental setup for varying lift-off

It had been observed that the Rx phase seemed to response less to lift-off in the
2D scans. This is significant since lift-off variation is known to be one of the main
factors that can limit effective eddy current testing (ECT) [125], where variations in
lift-off have the potential to mask a defect. However, this was more of a suggestion
based on our understanding where lift-off was more likely to occur (i.e. from scan
line to scan line).

To be confident in the result, a study whereby lift-off is controlled would
be needed. To perform this study, a micrometer (Newport 423 series) was added
to vary lift-off. The sensor is attached to the micrometer, which is mounted to a
horizontal bar that is parallel to the sample surface, a depiction of this is shown in
figure 4.33. All the results presented in this chapter are taken with the slot in the
parallel orientation (also depicted in figure 4.33).

A
: To Power Supply
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To Oscilloscope lS);leort
Sensor
From functiorr Forne e > ) Micrometer
generator To Oscilloscope | |
Sample

(c)
Tx Rx
y X

Defect

Top down view

XY Stage

Figure 4.33: Setup for lift-off experiment. (a) General setup. (b) Depiction of the
vertical positioning micrometer and how it is mounted to allow lift-off to be varied
(z-direction in (a)). The micrometer is mounted to a horizontal support bar and the
sample mounted to a table that can be tilted to get the probe and surface of the
sample flush. (c¢) Orientation of slot with respect to the coils.

Additionally, the figures that show only the 1 MHz results (i.e. figures 4.34,
4.37 and 4.40) are taken with the DPO3034 oscilloscope while the remaining figures
are taken with the MDO4054C oscilloscope, which will also be the oscilloscope that

will be used in all proceeding chapters in this thesis.
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4.4 Experimental results from varying lift-off

4.4.1 Results on the stainless steel sample

For the SS sample, there is one slot of length 10 mm, width 60 pm and depth 1.15 mm.
Lift-off measurements are taken at a location away from the slot, and at three loca-
tions on the slot: the left, middle and right to coincide with where the defect signal
peaks (middle location from Tx mag., and left and right from the double-peaked
structure in the Rx mag.). Figure 4.34 shows the results for lift-off measurements
taken at 1 MHz. The experimental results are plotted alongside the simulation re-

sults, and can be seen to respond similarly.
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Figure 4.34: Normalised experimental and simulation results showing lift-off response
on Stainless Steel (316L) for transmitter (Tx) and receiver (Rx) coils at 1 MHz.
Results normalised so that the maximum of the experimental and simulation data
are equal to unity with the exception of the experimental Rx magnitude, which is
normalised so that the measurement at the closest lift-off (0.3 mm aligns with the
theoretical value at the same point to aid with comparison. The measurements are
taken at three positions on the slot (left, middle and right) and at one position away
from the slot, which are colour coded according to the legend.
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Figure 4.35 shows the results for lift-off measurements where the frequency
is swept between 1 MHz and 20 MHz for each location. As previously mentioned,
the system resonance causes the simulation and experimental results to diverge at

higher frequencies. Accordingly, they are not plotted together in this figure.
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Figure 4.35: Experimental lift-off measurement results on Stainless Steel at sev-
eral frequencies. Arranged in columns by frequency and in rows by the measured
parameter.
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For figure 4.34, each subplot is normalised, so that the maximum of each
subplot is equal to unity, except for Rx mag. For Rx mag., the simulation result
remains normalised to have a maximum equal to unity, but the experimental results
are normalised so the maximum at the lowest lift-off considered coincides with the
Rx mag. measurement at the same lift-off in the simulation results. This is because
the maximum Rx mag. in the simulation results occurs before the lowest lift-off
in the experimental results. Normalising in this way allows the simulation and
experimental curves to be compared, where the simulation results can be seen to
match the experimentally observed behaviour. The correlation coefficients between
the experimental and simulation data are 0.99, 1.00, 1.00 and 0.98 for the Tx mag.,
Tx phase, Rx mag. and Rx phase respectively.

The Rx phase appears more robust to lift-off variation when compared to the
other measured parameters. The larger differences in the lift-off curves for defect and
defect-free regions compared to the variation due to lift-off is indicative of greater
robustness to lift-off. The defect signal should be clearly distinguishable from the
lift-off response, where a change in the signal caused by lift-off variation is unlikely
to be mistaken for a defect signal, as there is a significant separation between the
defect and defect-free curves with the curves not touching for a reasonable lift-off of
less than 1 mm. To quantify this, the Rx phase changes by approximately 0.2% with
lift-off while the difference between the defect and defect-free regions is around 1.4%
at the lowest lift-off. The lift-off curves are relatively closer for the other measured
parameters, and a defect is thus more likely to be masked in these parameters. For
example, the change due to lift-off is 6.0%, 1.9% and 8.6% for Tx mag., Tx phase
and Rx mag. respectively, while the difference between the defect and defect-free
locations at the lowest lift-off considered is around 2.1%, 0.4%, and 3.0% for Tx
mag., Tx phase and Rx mag. respectively. This is a significant result that we have
published [177] since lift-off can often obscure a defect, even if there is a strong
response to the defect, since the defect may not be seen if the lift-off response is
equally strong. It is however a result specific to this defect size; it may not be
universal across all defect parameters and lift-offs. Whilst the gap between the
defect and defect-free curves may seem small, the lift-off variations in the scans are
evidently gradual enough when using the XY stage so that only a small separation
between the defect and defect-free curves is required to detect the defect.

For figure 4.35, the plots are not normalised, but they are plotted in a way
where the maximum and minimum values are at the top and bottom of the plot
so that the relative gap between the lift-off curves and the variation due to lift-

off can be compared. It can be seen that separation between the curves for each
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subplot seems to be greatest at 1 MHz-5 MHz and with increasing frequency, the gap
between the curves generally reduces. Thus, the signals are less robust to lift-off with
increasing frequency. This contributes to the general undulation/horizontal banding
in the background of the 2D scans increasing as the frequency increases. To quantify
the differences due to a) the defect and b) lift-off, figure 4.36 shows the ratio of the
difference between the defect and defect-free locations at the lowest lift-off, and the
change due to lift-off, which confirms the separation is better at lower frequencies,

particularly for the Rx phase at 1 MHz.
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Figure 4.36: Ratio of difference in signal due to the defect and lift-off for stainless
steel slot.

Additionally, the curves are less stable with increasing frequency, particularly
in the Tx phase data. This is likely related to the salt and pepper like noise in the
2D scans at increasing frequency, and could (as discussed previously) be caused
by electrical noise from increased shunt capacitance and unwanted inductance in
connecting wires. At these frequencies, the electrical instabilities seem to be more

of a limiting factor for defect detection.
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4.4.2 Results on the TiAl sample

For each slot, lift-off measurements will be taken at one location. This location

was chosen to be where the Rx mag. peak arises. The reasoning for taking lift-off
measurements at this location was discussed in subsection 4.4.2. It was identified
to be a good reference point for consistent lift-off measurements, and it happens to
occur when the centre of the slot and centre of the two coils coincide in the simulated
2D scans. The slots will be referred to by their nominal lengths and as a reminder,
the full set of slot sizes is given in table 2.1.

The normalised experimental results are plotted for 1 MHz in figure 4.37 and
at different frequencies in figure 4.38. All the plots are all normalised by dividing
by the maximum value and there are no simulation results plotted alongside due to

uncertainty in the exact conductivity of the TiAl sample.
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Figure 4.37: Experimental results showing lift-off response on titanium aluminide for
the transmitter (Tx) and receiver (Rx) coils. The purpose of this plot is to determine
the lift-off change that would be required to give the same reading as a measurement
above a defect or defect-free region. Results are normalised so that the maximum
value on any plot is unity. The values on the legend represent the length of the
defect. There is a particularly large separation between the defect-free and defect
curves in the Rx phase. Note that although the separation in plot (c) appears to
be small, the high signal-to-noise ratio means that the separation is clear at the low

lift-offs.
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Figure 4.38: Experimental lift-off on TiAl at several frequencies. Arranged in
columns by frequency and in rows by the measured parameter.
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The lift-off curves for the TiAl slots in figure 4.37 look similar in shape to the
ones for the SS slot, though different slot sizes are presented, where the difference
between defect and defect-free regions is most apparent for the longest slot (nomi-
nally 2mm), although is also a significant difference for the shortest slot (nominally
0.25 mm).

The largest observed gap between the curves is in the Rx phase measurement,
indicating it is more robust to lift-off variation. Accordingly, the Rx phase measure-
ment again appears to be more robust to lift-off variations, where there is a larger
variation in the measurement between a defect and defect-free region up to a lift-off
of 0.5 mm than would be caused by any variation in lift-off when compared to the
other parameters.

In figure 4.38, the curves appear generally better separated between 1 MHz-
5MHz, as seen in the SS results. They become closer at higher frequencies, which
results in less robustness to lift-off and more banding. To quantify the difference
due to a) the defect and b) lift-off, figure 4.39 shows the ratio of a) the difference
between the defect and defect-free values at the lowest lift-off and b) the change due
to lift-off, which confirms that the separation is best between 1 MHz-5 MHz.

50
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Figure 4.39: Ratio of difference due to the defect and lift-off for TiAl slot.

Moreover, the instability in the curves, especially for the Tx phase data,
appear to increase with increasing frequency, which may be related to the salt and

pepper like noise caused by the electronics.
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4.4.3 Results on the Ti sample

The experimental and simulation results normalised by their maximum value are
shown in figure 4.40, and the experimental lift-off results from sweeping the frequency
is shown in figure 4.41. Only figure 4.40 has the simulation and experimental results
on a single plot, since the simulation results diverge from the experimental results
at higher frequencies. In figure 4.40, the simulation results appear similar to the
experimental results. The correlation coefficients are 1.00, 1.00, 1.00 and 0.73 for Tx

mag., Tx phase, Rx mag. and Rx phase respectively.
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Figure 4.40: Simulation and experimental results showing lift-off response on tita-
nium for the transmitter (Tx) and receiver (Rx) coils at 1 MHz. Results normalised
so that the maximum of the experimental and simulation data are equal to unity.
Experimental and simulation data show a similar response between the defect-free
and defect regions.
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Figure 4.41: Experimental lift-off on Ti at several frequencies. Arranged in columns
by frequency and in rows by the measured parameter.
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There are many similarities to the results from the other sample, including
the general shape of the curves and the largest defect having the largest response.
As before, the ratio of the difference between the defect and defect-free locations at
the lowest lift-off, and the change due to lift-off will be plotted. The result is shown
in figure 4.42. The ratios suggest that the Rx mag. and Rx phase are the most
robust to lift-off. Though, the generally lower ratio, also suggest that measurements
on the Ti sample are generally more susceptible to lift-off.

Additionally, at higher frequencies (figure 4.38), the lift-off curves are more
unstable, which is likely related to the increased noise in the 2D scans at higher
frequencies, where increasing the frequency seems to have no particular benefit for the
sensor used on these samples. However, in chapter 5, it will be seen that increasing
the frequency may help with the detection of edge defects and, in particular, the Rx
phase measurement may again be useful when searching for defects close to the edge

of a sample.
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Figure 4.42: Ratio of difference in signal due to the defect and lift-off for Ti slot.
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4.5 Summary of experimental results

Overall, the experimental results seem to share similarities with the simulation re-
sults, and through these results, it has been shown that Rx phase measurements
can aid with finding defects, and in some cases can be the most robust to lift-off
and therefore, the most reliable parameter to measure, although it obviously makes
sense to still capture and analyse all the measured parameters. The signal variation
in the Rx phase measurement when on and off the defect region does not overlap for
reasonable /practical lift-off variations of less than 1 mm, where the curves converge
for SS and TiAl. As such, variation in the signal due to lift-off is unlikely to be mis-
taken for a defect. This was shown for a wide variety of slot sizes and it was possible
to reliably see the shortest slot on TiAl, which is nominally 0.25 mm in length but
measured to be 0.55(5) mm in length, despite its low electrical conductivity. Using
the phase measurement and/or combining it with amplitude measurements may pro-
vide an approach to help distinguish lift-off from a defect signal. Later, edge defects
will be considered in chapter 5, where the large change in the response of the eddy

current sensor at the sample edge introduces different considerations.
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Chapter 5

Edge defect detection on a Ti

sample

5.1 Setup for detecting edge defects using 2D scans

The setup is shown in figure 5.1.

A
i To Power Supply

To Oscilloscope From function

generator

Table

Figure 5.1: Setup for edge defect detection. The part within the dotted box is
directly behind the coils and along with the coils, they are mounted onto the XY
stage. Not to scale - coils are much smaller compared to the rest of the components
shown and are in close proximity to each other.
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The setup is based on chapter 2, which includes details of the defect dimen-
sions (table 2.2). The Tx and Rx coils are made with 100 turns of wire with an inner
diameter of 0.315 mm, an outer diameter of 0.55 mm and a height of 1 mm. These
coils are air-cored and are made using copper wire with a diameter of 0.025 mm.
An AFG3052C function generator drives the HCS and an MDO4054C oscilloscope is
used to measure the voltage across each coil. The XY stage is a Zaber X-LSM, and
thus the custom table previously implemented in chapter 4 was not used. Also, the
coils holder is not resin printed as they are in chapter 4, thus there was a reversion
to leaving a paper-thin gap between the coils and the sample for this chapter.

Detecting edge defects is a known challenge for eddy current testing, whereby
it can be more difficult to detect a defect near an edge, due to the way the edge
modifies the electromagnetic field from the coils. The change in signal due to the
sensor’s response to the edge can mix with the response due to a defect. This can
potentially mask the defect response, especially as the edge response is often larger
than the defect response. In going to higher frequencies, the eddy current is more
localised under the footprint of the coils. In doing so, the extent to which the eddy
current response is affected by the edge is expected to reduce, while the sensitivity
to more surface-level changes such as shallower defects is expected to improve. To
help with this, the coils were made to have a particularly small, sub-millimetre
sized diameter (dimensions mentioned in previous paragraph). The dimensions are
significantly smaller than the coils used in the rest of this thesis. The smaller coils
would be expected to help confine the extent of the eddy current.

Another driving factor to use smaller, air-cored coils, is that with the coils
used in previous chapters, the system seems to reach resonance at just 7MHz (see
subsection 3.5.2). This means the system is behaving capacitively rather than in-
ductively at frequencies above 7 MHz, which is clearly undesirable. Air-cored coils
would be expected to have a lower inductance than ferrite-cored coils. In this case,
the inductance is ~1.8 1£2. This may help, as the HCS needs to have a larger output
impedance than the load impedance, but this is an issue at higher frequencies, as not
only do the coil’s impedance increase as the frequency increases but so does the stray
capacitance from cables and circuitry, which act to reduce the output impedance and
compounded the issue. This is significant as it is thought that this issue may be the
limiting factor in the hardware restricting the ability to get good SNR at higher

frequencies.
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5.2 Experimental results for detecting edge defects

The experimental results were taken by Zhichao Li, but all other work such as
processing and analysing the results as well as the simulation work was performed
by myself. Results will be taken in the range of 1 MHz to 20 MHz. In this range,

the system does not appear to go through resonance; the mag. does not peak and

the phase does not transition (figure 5.2).
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Figure 5.2: Measured parameter as a function of frequency. MATLAB functions
wrapTo2Pi and wraptoPi are used for Tx phase and Rx phase since phase wraps

around.

Scans from 1 MHz to 20 MHz in increments of 1 MHz were taken, but just
a selection of frequencies are shown. Figure 5.3 show the experimental results for a
2D scan of an edge defect at selected frequencies and figure 5.4 shows the simulated

counterpart. For the experimental results, 19 MHz is shown instead of 20 MHz.
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Figure 5.3: Normalised experimental results for 2D scans on titanium near an edge
at selected frequencies (1 MHz, 5 MHz, 10 MHz, 15 MHz and 19 MHz). The bottom
and left labels are for the x-axis and y-axis respectively. The plots are organised into
columns of the same frequency, given by the labels on the top edge. The plots are
organised into rows according to the parameter being measured as labelled on the
right edge. A depiction of the scan orientation is in the bottom left corner.
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There are similarities to the experiment on SS slots in the parallel orientation,
as the defect length is much larger than the coil diameter and the coils lie parallel to
the defect. Consequently, there is some common behaviour in the observed response
to a defect. Again, the Tx mag. and Rx mag. rise in response to a defect forming
a raised bar. For the data from the SS sample, in the Rx mag., there was peaking
near the ends of the bar, to form a double-peaked structure along the defect length
and a lower surrounding region. For the edge defect, one observes something that
looks like the left half of this response, as the right side is cut-off by being over the
sample edge. The phase data is more interesting, whereby in the SS data, the Tx
and Rx phases both change their main response to a defect, from rising to dipping as
the frequency is increased, but this change does not appear to occur for these edge
defect results. In these scans, the general signal does not invert when the frequency
is increased unlike in previous chapters. Thus, the experimental results appear more
consistent with the simulation results even up to higher frequencies.

In the Tx mag. and Tx phase measurements, the edge behaves like the defect
as one might intuitively expect [98], where the response to both the defect and the
edge is to increase, as, in both scenarios, there is less material under the probe.
However, the Rx mag. and Rx phase display an interesting behaviour, whereby the
response to the defect in the Rx mag. and Rx phase differs to the response when
moving off the sample, by increasing instead of decreasing. The behaviour means
the defect region is where the maximum signal is located, and this helps the defect
and edge effects to be distinguished from each other, in a consistent and well-defined
way. This behaviour is clearer in the Rx phase than in the Rx mag. measurements,
where the raised defect signal extends further towards the edge of the sample, and
one can also see a trend where regions on the sample and off the sample become
more similar in the Rx phase with increasing frequency, which helps the defect to
stand out.

It may initially seem odd that the Rx mag. and Rx phase measurements
reduce over the edge of the sample, since the defect signal rises, and both are essen-
tially equivalent to a reduction in the amount of material underneath the coil. But,
the situation of there being less material beyond the edge is in fact more like the SS
slot in the perpendicular orientation, which acts to block the eddy current.

The signal also seems to be more spatially localised with increasing frequency
like the simulation results. This is most easily quantified for the Tx mag. and to some
extent the Tk phase where the signal cross-section along the width of the defect looks
like a single peak. The FWHM for the Tx mag. and Tx phase through the defect (at

X = 4.5mm in the experimental result and X = —1.5mm in the simulation result)
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as the frequency is increased is given in figure 5.5. In these plots, it can be seen
that the signal becomes increasingly spatially localised as the frequency increases,
although with diminishing gains. Another indication of this localisation is that the
apparent edge position, particularly in the simulated results, appears to move closer

to the actual edge (X = 0mm in the simulated results).
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Figure 5.5: Full width at half maxima plot for edge defect through X = 4.5 mm.
Error bars based on scanning interval. Some Tx phase results in the experimental
plot were excluded as the highest point in the cross-section were not in the defect

region.

The increased localisation with increased frequency can be intuitively un-
derstood to arise from the localisation of the eddy current, where the eddy current
would be expected to be more directly focused under the footprint of the wires of the
eddy current coil with increasing frequency. It is also possible that one may only be
able to benefit from improved resolution with increasing frequency up to a certain
point, as the returns diminish and at the highest frequencies, the defect signal may
be broadened by noise.

The process for calculating SNR in section 2.7 involves picking a section
away from the defect that is fairly representative of the defect-free region. This
works well when the background is fairly consistent. However, for the edge defects,
the background region varies greatly depending on if it is on the sample, off the
sample or between the two (the edge region). Thus, the process of calculating SNR
will be altered by defining the defect search region and background region with
the same x position and moving this x position. The defect search area defined
to be [x,y, width, height] = [x,7,0.5,2] mm and the background area is defined as
[x,y, width, height] = [x,4.2,0.5,2] mm. The x position was moved along the defect
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where at X = 1mm the sensor is closer to the left of the defect signal on the 2D
plot and away from the defect edge, and at X = 5mm, it is closer to the right of
the defect and closer to the edge. This is akin to looking down a couple of lines of
constant x to see the variation and would be somewhat akin to what the eye would
do to try to find the defect, whereby it would be trying the compare sections next
to each other along the edge.

Detecting the defect is a complex process of distinguishing the sample and
the edge with the problem being made more difficult by the fact the edge can re-
spond similarly to the defect. As before, what matters is obtaining a consistent
and repeatable means of calculating SNR, and being careful with the interpretation
of this value. After all, SNR is just an attempt to quantify how good the signal
is, something that is difficult to completely quantify in a meaningful way in a 2D
scan. Inspecting the image for evidence of a defect is in fact a complex process
and the reader is obviously drawing on a wider set of data than a simple number
would suggest. Spotting patterns is something humans do well and defects may be
easier to “see” than a simple quantification might imply. The conclusions drawn
from the calculated SNR values should be meaningful so long as care is taken in the
interpretation of the values.

The results of the SNR calculations are shown in figure 5.6. From this, it can
be seen that SNR is generally greater at X = 3mm. That being said X = 4mm is
closer to the edge region that is of interest.

In the Tx mag. measurement at X = 3mm, the SNR looks like it initially
increases as the frequency increases then decreases near the end. It is nearer to the
edge, at X = 4mm, where the SNR mainly increases as the frequency increases,
perhaps benefitting from the increased localisation of the signal, although the SNR
decreases at the highest frequency 20 MHz, which is in line with the general salt and
pepper like noise that can be seen in the 2D plot.

The Tx phase SNR seems to mainly decrease with frequencies. Tx phase
tends to have more salt and pepper like noise, which is reflected in the lower SNR
and this makes it difficult to benefit from going to higher frequencies. The Rx mag.
and phase results are more interesting, as there appears to be a peak in the SNR at
4 MHz and 5 MHz respectively. This peak is more defined for the Rx phase than the
Rx mag. The peak in SNR seems linked to a behaviour whereby the defect signal

seems to go from a more of a dip to more of a peak in the 2D scans.
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Figure 5.6: Signal-to-noise ratio at different x positions, as given by the key. The
background area is defined as [x,y, width, height] = [x,7,0.5,2] mm and the defect
search area is defined as [x,y, width, height] = [x,4.2,0.5,2] mm. At 14 MHz, the Tx
phase wrapped around thus, the wrapTo2Pi function was used in MATLAB.

The above process of calculating SNR is helpful, but it focuses more on the
difference between the defect area and defect-free area on the sample. It does not
capture the improvement to signal detection that would arise from the interesting
behaviour of the defect signal rising above both the sample and off-sample regions
in the Rx mag. and Rx phase measurement at some frequencies. The behaviour
whereby the defect signal becomes the maximum signal means that the defect signal
can just be picked out as the highest points. If a similar approach to the one described
before is used but the signal is taken to be located at the maximum, the resulting
SNR is as shown in figure 5.7. To clarify, there are two signal-to-noise ratios since
there are two background regions considered per plot. One background region is
on the sample ([x,y, width, height] = [0,0,3,3] mm) and the other is off the sample
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[x,y, width, height] = [7,7,3,3] mm. This is because the task of distinguishing the
defect is a combination of comparing of defect signal with the defect-free sample and
the off-sample regions. However, the SNR values based on the sample region could
be argued to be more important than that based on the off-sample region since the
defect signal is very clearly above the off-sample region for all the plots considered,

which makes the task of defect detection more about distinguishing the defect from

the sample.
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Figure 5.7: Signal-to-noise ratio where signal is defined to be at the five highest
locations. The plots labelled air are based on a background region off the sample
([x,y, width, height] = [7,7,3,3] mm) and the plots labelled sample are based on a
background area on the sample region ([x,y, width, height] = [0,0, 3, 3] mm). Some
frequencies are not plotted, since the maximum location did not coincide with the
defect location. For low frequencies, this was often because the defect signal has not
risen above the sample level yet and for higher frequencies, this was because of the
noise, which affects phase worse.

A few SNR values are not present, as for these results not all the five of
the maximum points are located on the defect, and for lower frequencies, the defect

signal has not sufficiently risen above the sample, and thus the maximum values
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would not be on the defect. For Rx mag., it is more of a case whereby the signal
is largely a dip, but part of the defect signal rises within the dip with increasing
frequency, which can be seen in the 2D plot and somewhat in the cross-sections. At
the lowest frequencies, the maximum five points are simply not on the defect as the
rising part is not high enough and this is in line with the simulation results. Going
up in frequency to 10 MHz, some but not all the five maximum points are on the
defect for the experimental results even though all five of the maximum points are on
the defect in the simulation results, which appears to be caused by lift-off variation.
For example at 10 MHz, it is possible to see that the value of Rx mag. at the top is
generally larger than the bottom, and by removing the top 1 mm strip of the plot,
the largest two points are on the defect and by removing the top 2mm strip, the
largest three points are on the defect. It is possible to get all the defects to be on
the defect with further cropping. This suggest the sample lift-off varies from the top
to the bottom of the scan.

For the Rx phase, the defect rises above the sample at an earlier point than
Rx mag. For the Rx phase, three of the highest points are already on the defect at
1 MHz while five of the highest points are all on the defect at 3 MHz. For the Rx
phase measurement, the defect signal increases to be above the sample region up to
5MHz and declines past this point.

Considering all the calculated SNR. values and the 2D plots themselves for the
single edge, a frequency around 5 MHz may be a good frequency to consider. Visually,
it is a good compromise between getting the morphology that helps the defect to
stand out, while avoiding increased noise that comes with higher frequencies, whereby
the effect of lift-off and electrical noise are expected to become more of an issue.
That being said a multi-frequency approach may be best as it is clear that the best
frequency to consider is different for different parameters.

Following a similar process used for the edge defect, 2D scans were performed
on two corner defects. This is a natural extension, essentially, going from one edge
to two edges. The experimental results are shown in figures 5.8 and 5.10 for select
frequencies. There was the issue that much of the apparent low contrast between
the sample and off-sample regions was caused by the probe is still stabilising near
the start of the scan, which is on the bottom edge of the 2D plots. Consequently, the
measured value near the start can be quite different from the rest of the plot, which
means much of the plot is plotted on a limited range. The simulated counterparts

are shown in figures 5.9 and 5.11
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as labelled on the top edge. The plots are organised into rows according to the measured parameter as labelled on the right edge.
The sample is located in the bottom left corner and is surrounded by the air region. A depiction of the scan orientation is in the
bottom left corner.
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The results for notch 1 and 2 are similar, as there are a lot of similarities
in the geometry, however notch 2 has a longer defect indication to coincide with its
longer length. In the Tx mag. and Tx phase measurements, the response to the
defect looks very similar to the response observed for the sample edge. However, the
defect signal in the Rx mag. and Rx phase has a slightly raised region inside the slot,
which is clearer to see in the simulation results. This helps distinguish the defect
signal. Additionally, like for the edge defect, the corner defect appears to localise
with increasing frequency.

Like the single edge results, detecting the defect is again a complex process
of distinguishing the sample, defect and air region, where the problem is made more
difficult by the fact the edge can respond similarly to the defect. As before, the
SNR will be calculated by limiting the search area. The defect search areas are
[x,y, width, height] = [3,4,2,2] mm and [4,4,2,2] mm notch 1 and 2 respectively,
while the background region is taken to be [1,4,2,2] mm for both notches. The
resulting SNR is plotted in figure 5.12 for notch 1 and figure 5.13 for notch 2.

(a) (b)
30 16
m14 |
=z
2t
n
®
210 1
<=
2,
g8
’ ’ 6
0 5 10 15 20 0 5 10 15 20
Frequency (MHz) Frequency (MHz)
(c) (d)
2 : : : 25 : :
—~ E -
M 9g f as)
= Z20
ot ot
Z Z
n 9292 n
. ®
4 215 |
g 2
% 20 [ o
~ &
10 |
18
0 5 10 15 20 0 5 10 15 20
Frequency (MHz) Frequency (MHz)

Figure 5.12: Indicative signal-to-noise ratio for notch 1.
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Figure 5.13: Indicative signal-to-noise ratio for notch 2.

It can be seen that the SNR generally decreases for the phase measurements
with increasing frequency. Conversely, the Rx mag. measurement SNR seems to
be optimal around 10 MHz, initially benefitting from the increased localisation of
the eddy current with higher frequencies before it becomes too noisy, whilst, the
SNR for the Rx mag. measurements seem to continue to increase as the frequency
increases, suggesting it is less affected by the noise at higher frequencies. As the SNR
for each parameter is optimal at different frequencies, choosing the best frequency
is a complex decision. Simply looking at the phase, lower frequencies should be
used. While, the increasing SNR in the Rx mag. measurements as the frequency
increases, due to the localisation of the signal, suggests that one should push to
higher frequencies. Looking at the scans, the change in the signal strength in the Rx
mag. measurement is less perceptible to the eye than for the Tx mag. measurement.
This is perhaps because the SNR range is larger for Tx mag. compared to Rx mag.
(e.g. approximately 15dB and 6dB for notch 1) whereby the SNR goes from a
relatively low SNR to a higher one in the Tx mag. while for Rx mag., it always stays
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above a reasonable SNR. From this, one may conclude by looking at the scans that
the 10 MHz frequency may be the best frequency if one had to choose a particular
fixed frequency. However, the approach used here allows one to sweep frequencies or
switch between different frequencies.

Here, the defect signal does not become the maximum signal for the Rx
mag. and Rx phase measurements even at higher frequencies, unlike for the edge
defects, and thus it does not make sense to apply the SNR calculation based on the
maximum locations that occurred for the edge results. The simulation does show
this behaviour, suggesting that the difference is not caused by the change from an
edge to a corner defect and more so because the corner notches are not as sharply
cut as that used in the simulation. The simulation assumes a rectangular slot when
in fact, the defect depth varies and it is possible to see that going into the sample,
the depth reduces below what is measured on the exterior. Nevertheless, what is
important is that it is possible to see from these results and the previous single edge
defect results that small defects near the edge(s) of the sample can be detected with
this approach.

5.3 Summary of experimental results

Detecting small defects near the edge of a sample is a known challenge, where it can
be more difficult to detect defects due to the influence of the sample edge on the
signal. It has been shown that it is possible to detect defects using this method, where
operating at high frequencies with small coils, less than 1 mm in diameter, enables the
identification of small defects. The SNR values are reasonable, but the measurement
of both the mag. and phase of the Tx and Rx coils improves the confidence in the
detection of defects, particularly as each parameter has a unique response. Rx phase
has a particularly interesting response giving the highest resolution of defect shape

and the most reliable result for distinguishing the defect from the sample edge.
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Chapter 6

New phase difference and signal

amplitude meter based on the
AD8302 chip

6.1 Setup for testing new meter by performing 2D scans

As mentioned at the end of subsection 4.1.1, the setup used will be modified fur-
ther to use a new meter based on the AD8302 chip. This new meter was built to a
requested design and specification by Robert Day (Physics Department Electronics
Technician). The AD8302 chip is an inexpensive device, that is essentially a signal
analyser on a chip; it is capable of measuring gain and phase differences at radio fre-
quencies/intermediate frequencies, and it works from low frequencies up to 2.7 GHz.
Its range allows it to be used in various applications from low frequency (Hz) [178§]
to high frequency (GHz) [179], where its low cost and compactness are major draws.
It converts gain and phase information into voltage output levels, and the phase
accuracy is independent of signal level over a wide range [180].

The new meter was used to measure the gain and phase of the Rx coil. The
setup is the same as the one used in chapter 4, but the output to the oscilloscope
from the amplifier on the Rx coil is instead connected to the new meter as the signal
to be measured (as a reminder, the setup in chapter 4 uses the setup in section 3.5
with the addition of a custom tilt table and resin printed coil holder. While the setup
in section 3.5 uses the general setup in chapter 2 with the addition of a benchtop
oscilloscope and function generator).

To use the meter, the signal from the signal generator in the previous setup,

that went to the HCS, is split between the HCS and the new meter, as the reference
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signal for the new meter needs to be comparable to the measured signal i.e. both
inputs are ideally sinusoidal, which means the TTL signal cannot be used. The
MDO4054C oscilloscope will be used to measure the output from the new meter,
but a DC voltage data logger would also be capable of this simple task. Despite
the ability of the device to measure very high frequency (GHz) signals, the system
resonance meant the frequencies considered were limited to those below the system’s
resonance. As such, measurements for just 1 MHz and 5 MHz were taken.

Since the process for measuring the Tx signal is kept the same, the signal-to-
noise ratio is expected to be similar. It provides a reference, whereby if the SNRs of
the Tx mag. and Tx phase are similar, an improvement or deterioration in the Rx
mag. or Rx phase measurement is more likely to be due to the new measurement
system rather than extraneous factor such as lift-off. That being said the actual Tx
values might differ from before as to use these new meters, the function generator
had to be varied to keep the output within a certain range.

The meter was designed so that one could change the gain of the signal to
be measured and the gain for the reference signal along with the phase difference
between them. This is to improve sensitivity, and keep the signal to be measured and
reference signal within the input ranges of the chip, where the phase discrimination
works best for a phase difference of around 0°. It is important to remember what
matters is the variation in magnitude or phase rather than their absolute values in
defect detection. The components are inexpensive but it takes some effort to ensure
good performance and layout of the circuit.

In the first iteration, the meter is a relatively large box positioned away
from the coils as a proof of concept. The setup for the this first iteration is shown in
figure 6.1. The chip itself is, however, relatively small (4.4 mmx5.0 mmx 1 mm [181]),
and a second iteration was made that was much more compact. The compact version
was 65 mm x 40 mm x 3mm in size, which allowed it to be placed directly behind
the coils with the other electronic circuits (setup shown in figure 6.2). An image
showing the printed circuit board is shown in figure 6.3, and it can be seen to be
smaller than the original less compact version in figure 6.4, which was designed to be
a bench-top unit. The more compact form would confer some advantages in reducing
the amount of cabling between the signal generated and the measuring device.

As mentioned the function generator voltage had to be varied. The function
generator voltage was kept to 200 mV for 1 MHz and 30 mV for 5 MHz on the first
iteration, and to 1 V for 1 MHz and 400 mV for 5 MHz on the second iteration.
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Figure 6.1: Setup with new meter based on AD8302 chip. The part within the dotted
box is directly behind the coils. The reference signal for the AD8302 meter is from
the signal generator. Not to scale - coils are much smaller compared to the rest of
the components shown and are in close proximity to each other.

A
i To Power Supply

oscop;‘ U}

To Oscill
P v )
.......... D) e
From signal ; i From signal
generator i generator

~To coils

Stage

Figure 6.2: Setup with compact version of new meter based on AD8302 chip (“com-
pact meter” in diagram). The part within the dotted box is directly behind the coils.
Not to scale - coils are much smaller compared to the rest of the components shown
and are in close proximity to each other.
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Figure 6.4: Image of setup including previous benchtop version in view, the circuit
inside the unit being much larger than the newer, compact design.

6.2 Experimental results from testing new meter

Following the analysis in section 4.1, plots of the 2D scans at 1 MHz for each material
will be shown alongside plots of the SNR. The other previously used metrics make less
sense to apply here as these results were taken with a device whereby the background
level was set to be as close as possible to zero, as this is the most sensitive range
(though in the compact version, it was sometimes not possible to achieve this for the
phase as the level could not be adjusted far enough).

Starting with the 2D plots. Figure 6.5-6.10 show the plots in the perpendic-

ular and parallel orientation on each sample using the first iteration of the meter.
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Figure 6.5: 2D scan on stainless steel with defect in perpendicular orientation (as
depicted in the bottom left corner). Measurement taken with a 1 MHz driving current

and a meter based on the AD8302 chip for the Rx measurements.
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meter based on the AD8302 chip for the Rx measurements.
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measured parameter and columns by the slot length.

Grouped in rows by the

The results at 1 MHz using the compact version are shown in figures 6.11-6.16.
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Figure 6.12: 2D scan on stainless steel with defect in parallel orientation (as depicted
in the bottom left corner). Measurement taken with a 1 MHz driving current and the
compact version of the meter based on the AD8302 chip for the Rx measurements.

156



28T

1.28 mm 2 mm

10 10 —
0.1538 0.154 0.1545 0.1555 E/
0.1536 0.155 R
. 5 0.154 5 0.1545 éf’

0.1534 0.1535 0.154

0.1535
0 0 01535
0 5 10 0 5 10 0 5 10
l -1.7905 10 10 1784 Z
| -1.791 -1.79 -1.788 -1.786 &
| -1.7915 1791 5 179 5 1788 g
| -1.792 1792 -1.79 2
— 8 17925 ’ 0 -1.792 0 -1.792 2,
§ 0 5 10 0 5 10 0 5 10 0 5 10 &
-~ 10 10 =
‘ 0.06 0.08 0.1 . 53
0.06 0.05 .
j 002 0.02 0 &
0 0 0 -0.1 é
0 5 10 0 5 10 0 5 10 0 5 10
96,8 10 10 =
’ -26.8 . _96.8 5 -26.8 —\S/
~26.9 -26.9 z
<
-27 27 0 27 0 27 =
TeBx 0 5 10 0 5 10 0 5 10 0 5 10 &
Defect
-------- > X (mm)

Scan direction
Figure 6.13: 2D scan on TiAl with defect in perpendicular orientation (as depicted in the bottom left corner). Measurement taken
with a 1 MHz driving current and the compact version of the meter based on the AD8302 chip for the Rx measurements. Grouped
in rows by the measured parameter and columns by the slot length.



8¢T

0.55 mm
10 0156 =
0.1536 8}238 0.1545 Z
. .1 .
5 0.1534 0.1536 0.154 0-155 é‘)
0.1532 0.1534 0.1535 0.154 -
0 0.1532 &
0 5 10 0 10 0 10 0 10
1782 o
-1.7905 -1.786 TR
: <
-1.791 -1.79 -1.788 -1.786 &
o L7 EET N
-1.7925 -1.792 -1.792 1792 =
0 10 0 10 0 10 =
0.08 . 0.6 =
0.06 0.15 o4 f{i
0.04 0.1 . : :
0.02 0.05 0.2 1
-0.02 0 0 S
&
0 5 10 0 10 0 10 0 10
10 -26.6 6 -25.5 95 @
’ -26 -925.5 <)
5 26.8 -26.6 26 o
-26.8 -26.5 265 =
0 =%
o]
Tx Rx 0 5 10 0 10 0 10 0 10 ~
\-+ Defect
Scan direction X (mm)

Figure 6.14: 2D scan on TiAl with defect in parallel orientation (as depicted in the bottom left corner). Measurement taken with
a 1 MHz driving current and the compact version of the meter based on the AD8302 chip for the Rx measurements. Grouped in
rows by the measured parameter and columns by the slot length.



0.46 mm 0.75 mm

0.1504 10
0.1505 o
0.1502 ;
5 g
0.15 0.15 ﬁ
0
0 5 10
-1.788 .
n
e}
-1.789 g
-1.789 —
g
=
-1.79
179 &
0.04 .
0.04 %
0.02 0.02 o
g
0 0 9
-0.02 =
0 5 10
10 —~
-27.35 -27.35 G
=
-27.4 5 -27.4 %
=
-27.45 -27.45 =
0 5
0 5 10
X (mm)

Scan direction

Figure 6.15: 2D scan on Ti with defect in perpendicular orientation (as depicted in
the bottom left corner). Measurement taken with a 1 MHz driving current and the
compact version of the meter based on the AD8302 chip for the Rx measurements.
Grouped in rows by the measured parameter and columns by the slot length.
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Figure 6.16: 2D scan on Ti with defect in parallel orientation (as depicted in the
bottom left corner). Measurement taken with a 1 MHz driving current and the
compact version of the meter based on the AD8302 chip for the Rx measurements.
Grouped in rows by the measured parameter and columns by the slot length.

These results look similar to the previous experimental results in section 4.1
and to the simulation results. However, the signal response will be quantified, where
a SNR calculation similar to section 4.1 is performed. The Rx mag. values from
the simulation were also converted to decibels prior to the SNR calculation as the
new meter measures magnitude in decibels.For the SNR in the perpendicular ori-

entation, the background region is taken to be [x,y, width, height] = [1,1,5,5] mm
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for the SS sample, [x,y,width, height] = [7,1.5,5,5] mm for the TiAl sample and
[x,y, width, height] = [9,1,2.5,2.5] mm for the Ti sample. This results in the plot
shown in figure 6.17. The correlation coefficient between the experimental and sim-
ulation results is 0.51 at 1 MHz and 0.71 at 5 MHz.
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Figure 6.17: Signal-to-noise ratio as a function of frequency for the experimental
and simulation results in the perpendicular orientation. The legend is arranged by
row from the shortest to the longest slot. Exp and Sim are short for experimental
and simulation results respectively. The experimental results are also categorised by

whether they come from the first iteration of the meter or the second more compact
iteration.

The counterpart in the parallel orientation is shown in figure 6.18. For
this plot, the background region is taken to be [x,y, width, height] = [1,1,5,5] mm
for the SS sample,[x,y, width, height] = [2,7,5,5] mm for the TiAl results and
[x,y, width, height] = [1,7,2.5,2.5] mm for the Ti sample. The correlation coefficient

between the experimental and simulation results is 0.59 at 1 MHz and 0.77 at
5 MHz.
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Figure 6.18: Signal-to-noise ratio as a function of frequency for the experimental and
simulation results in the parallel orientation. The legend is arranged by row from the
shortest to the longest slot. Exp and Sim are short for experimental and simulation
results respectively. The experimental results are also categorised by whether they
come from the first iteration of the meter or the second more compact iteration.

From these SNR results, it can be seen the that the SNR generally increases
with size. There is the issue that it is hard to exactly replicate the previous condi-
tions, particularly as the system is sensitive to small changes. This makes it difficult
to do a straightforward comparison with previous results, but the results are nev-
ertheless similar. The Tx magnitude and Tx phase measurements are taken in the
same way as before and help to act as a reference. Given this, the Rx magnitude and
Rx phase measurements look similar in magnitude. This is significant as these chips
are relatively inexpensive compared to the much more expensive and bulky hardware
that was used before. Additionally, by putting together all of the electronics, there

may be more flexibility to alter the measuring system further down the line.
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6.3 Summary of experimental results

The ADS8302 chip, identified as a potentially suitable device for performing the phase
and magnitude measurements of the signals from the eddy current coils, has been
shown to work at least as well as a more bulky and expensive, high specification
oscilloscope with similarities in the 2D scans and the SNR values compared to their
counterparts in section 4.1.

The signal processing for magnitude and phase measurement is also performed
within the chip, increasing measurement speed. Finally, it has been demonstrated
that the AD8302 is also suited for incorporation onto the small electrical circuit
mounted directly behind the coils, for improved performance at high frequencies.
This proof of concept design opens the door to a more “open source” design for

making eddy current systems compact and capable of operating at high frequencies.
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Chapter 7

Conclusion

This thesis details the development of an eddy current probe system, including a
novel compact meter capable of detecting and quantifying sub-millimetre defects
whilst achieving SNRs in the detected voltage amplitude across the receiver coil
(Rx mag.) of 34.76(2) dB and 36.7(1) dB for the shortest defects (0.46(5) mm and
0.55(5) mm) on Ti and TiAl respectively. The compact nature of the eddy current
sensor makes it more convenient to use and allows electrical components and circuits
to be integrated closer to the eddy current coils, reducing the need to use long
connecting cables, which can potentially introduce noise. As discussed, this proof
of concept design opens the door to a more “open source” design for making eddy
current systems compact and capable of operating at high frequencies. Moreover, the
novel compact sensor expands on the capabilities of earlier versions of the hardware
by being able to also measure phase.

Additionally, it was found that the measurement of the phase difference on the
receiving coil compared to the reference driving current (Rx phase) could potentially
be more robust to lift-off variations, a well-known problem for defect detection.

Moreover, using small coils and high frequency of operation facilitates the
detection of small surface defects that are close to the edge of a sample. A defect
3.0(1) mm long has been detected at the edge of a Ti sample with an SNR in the Rx
mag. of up to 36.5(1) dB. Interesting behaviour was also observed in the Rx phase
near the edge of a Ti sample in comparison to the response from a defect, which has
the potential to help with detection of defects close to a sample edge. These main
findings are broken down into sections below, and opportunities for further work will

be discussed.
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7.1 Designing and developing a new eddy current probe

Two main EC systems were developed in this thesis: one based on benchtop labo-
ratory equipment to generate the reference signal and to measure the voltage from
both coils, and another based on measuring the Rx mag. and Rx phase instead with
a new magnitude and phase meter, based on the AD8302 chip. The systems were
tested on defects machined on materials such as SS 316L and Ti as well as TiAl,
which is likely to see increased use in the aerospace industry. The defects on the
Ti and TiAl samples are especially small, being laser-machined sub-millimetre slot
defects; the shortest slots on the Ti and TiAl have measured lengths of 0.46(5) mm
and 0.55(5) mm respectively, and measured widths of 0.22(5) mm and 0.29(5) mm
respectively. Moreover, the systems are capable of measuring both the magnitude
and phase of the transmitter and receiver coils in the eddy current sensor.

With the system that uses benchtop laboratory equipment (AFG3052C func-
tion generator and MDO4054C oscilloscope), the greatest SNR values for Ti and
TiAl are achieved at 1 MHz and with the coils in the parallel orientation relative
to the defect (see section 2.6). Good SNRs are achieved for the smallest defects
(e.g. SNR for the Rx mag. is 29.7(1) dB and 35.0(2) dB for the shortest slots on
Ti and TiAl respectively), but the SNR is much improved for larger defects (e.g.
SNR for the Rx mag. is 50.53(5) dB for the nominally 2mm long defect on TiAl).
While going to a higher frequency generally results in a lower SNR, probably due
to stray capacitance, there is more spatial localisation of the defect signal at higher
frequencies.

For the other system, a new compact meter was designed to a requested
design and specification in this thesis. This meter uses a small and inexpensive chip
(AD8302), with dimensions 4.4mm x 5.0mm x 1 mm, to measure magnitude and
phase. A 65mm x 40 mm x 3mm PCB was fabricated to integrate the chip with
the current electronics and was designed so that the gain for both the signal to be
measured and the reference signal from the signal generator could be changed, along
with the phase difference between them to improve sensitivity. There are certain
advantages associated with this small design, including portability and the ability to
fit the measuring electronics behind the coils to facilitate high-frequency operation.

The new compact meter was used to measure the Rx voltage, where the Tx
coil voltage continues to be measured by extracting the magnitude and phase from
signal measured by the oscilloscope as a baseline. With this, the SNR is again
generally greater at 1 MHz in the parallel orientation like for the benchtop labora-
tory equipment. Here, the new Rx mag. SNRs are 29.35(6) dB and 36.81(2) dB for
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the shortest slots on Ti and TiAl respectively. Again, the SNR is much improved
for larger defects (e.g. the SNR for the nominally 2mm long defect on TiAl is
51.54(3) dB). The SNR values obtained are similar to those for the benchtop labo-
ratory equipment setup. This suggests that the compact meter with new electronics
has a similar ability to measure the magnitude and phase.

While the SNR is generally largest for Rx mag. compared to the other mea-
sured parameters for the systems developed in this thesis, by measuring other pa-
rameters apart from Rx mag., it may be possible to combine them or use them
together to increase confidence in defect detection, particularly as some parameters
show interesting features such as the robustness of the Rx phase measurement to
lift-off.

7.2 Comparison with EddySense prototype

The EC systems developed in this thesis were able to perform much better than the
evaluation prototype from EddySense. With this, the best SNR is again at 1 MHz
with an Rx mag. SNR of 23.86(8) dB for the smallest defect and 42.57(4) dB for
the largest defect on the TiAl sample. Both of these measurements are again in the
parallel orientation like the SNR values quoted in section 7.1, but for these SNR
values, background subtraction was used because of the observed issues with lift-off
variation. The SNR values from the Eddysense probe are good, but the SNR values
achieved using the systems developed in this thesis are better. Another bonus is that

the systems developed in this thesis can also measure phase.

7.3 Robustness of Rx phase to lift-off

The Rx phase measurement potentially appears more robust to lift-off variations,
as the horizontal banding in the 2D scans was less visible than in scans of other
parameters. This is significant as lift-off is a well-known issue in defect detection,
where sensitivity to defects often is linked to sensitivity to lift-off since both are
associated with a loss of material underneath the eddy current coils. Lift-off variation
thus has the potential to obscure the detection of defects.

The natural progression was therefore to perform lift-off measurements, which
was done with the system that uses the benchtop laboratory equipment. This showed
that for 1 MHz eddy current measurements, the Rx phase has the largest response
to a defect compared to the response to lift-off for the parameters measured. This

manifests as a more visible gap in the normalised lift-off for the Rx phase compared
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to the other parameters. The robustness of the Rx phase measurement for defect
detection with varying lift-off is a novel result and is the subject of a published

paper [177].

7.4 Edge defect detection

For the edge defects, the eddy current frequency was swept between 1 MHz and
20MHz in steps of 1 MHz. Higher frequencies were expected to confine the eddy
current spatial extent, thus emphasising variations in the sample that are closer to
the eddy current coils, which is to be balanced with the increased electrical noise at
higher frequencies. For the 3.0(1) mm long micromachined edge defect with a width
of 0.5(1) mm and depth of 2.0(1) mm, it could be seen that the edge and the defect
respond similarly in the Tx parameters (Tx mag. and Tx phase). The response to
both the edge and the defect in these parameters is to rise. The similar response in
these signals to both the edge and defect can make the defect difficult to distinguish
from the response to the sample’s edge.

For the Rx mag. and Rx phase measurements, the defect signal rises above
the signal on the sample for frequencies above 12 MHz for the Rx mag. measurement,
and for frequencies above 3 MHz for the Rx phase, despite the Rx mag. measurement
and Rx phase measurement falling in response to the edge. Taking the signal value for
the SNR calculation to be the average of the five highest points and the background
as a defect-free region on the sample, the highest SNR in the Rx mag. measurement
is achieved at 16 MHz and the highest SNR in the Rx phase measurement is achieved
at 5 MHz. The defect signal in the Rx phase measurement stands out further, as
unlike in the Rx mag. measurement defect signal, the Rx phase defect signal does
not have visible sloping of the signal down towards the edge, dropping below the
signal on the sample before the apparent edge is reached. For the corner defects,
this behaviour was not seen, perhaps as the defect is more crudely cut.

Nevertheless, it can be seen that operating at certain frequencies can improve
defect detection. Given that the best SNR is achieved at different frequencies for the
different parameters, a multi-frequency approach may be beneficial. Furthermore,
the spatial resolution generally increases as the frequency increases, which can be
seen in the FWHM, though it does so at a decreasing rate, and considering that the
SNR can decrease at higher frequencies due to electrical noise, one may need to strike
a balance. The possibility of improving edge detection by increasing frequency and
measuring the various parameters, especially the Rx phase, is an interesting result

and the subject of another paper [182].
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7.5 Finite element analysis of interaction of the eddy cur-

rent coils with defects

To support the experimental results and provide insight to those results, finite ele-
ment simulations were performed using COMSOL that have helped to validate and
explain the observations made. At lower frequencies, these simulation results match
well with the experimental results, although they deviated at higher frequencies, due
to resonance of the electronic system that was not accounted for. The simulation
has, however, helped confirm that some of the features seen in the experiment are
indeed expected from the underlying physics of the system. For example, the in-
crease in the Rx mag. and Rx phase measurements in response to a defect, despite

these signals decreasing over the edge.

7.6 Final notes

The eddy current probes that have been designed and developed in this thesis are
capable of measuring sub-millimetre defects with a high probability of detection due
to the favourable level of SNR. This was achieved using benchtop laboratory equip-
ment and using a compact circuit that is 65 mm x 40 mm x 3mm in size, based on
the AD8302 chip. The compact circuit was shown to work at least as well as a more
bulky and expensive, high specification oscilloscope combined with PC processing of
the data. The signal processing for magnitude and phase measurement is also per-
formed within the chip, increasing measurement speed. It has been demonstrated
that the AD8302 is also suited for incorporation onto the small electrical circuit
mounted directly behind the coils, for improved performance at high frequencies.
This proof of concept design opens the door to a more “open source” design for
making eddy current systems compact, and capable of operating at high frequencies.

In addition to designing and developing new eddy current probes, some in-
teresting behaviour was identified that may be used to improve defect detection,
such as the potential robustness of the Rx phase measurement to lift-off variation,
as well as there being a particularly interesting response to a defect in the Rx phase,
which helps to distinguish it from the edge. These observations are the subject of
two published papers [177, 182].

New eddy current probes and several interesting and novel results have been
presented, but there are opportunities for further work. For example, there is scope
to develop the compact circuit based on the AD8302 chip further and work on a

stable and compact signal generator for driving the HCS to complement the compact
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meter. Additionally, work could be carried out to try to accurately measure the
profile of the defect so that more accurate simulations can be performed and the
defect response can be better understood. This would however require capabilities
that were not available in the development of this thesis, or the use of destructive
methods. Moreover, a wider range of defect sizes could be tested to better establish
a trend between the defect characteristics and signal observed, in particular, smaller
defects may be of interest for safety-critical applications, where it is crucial to find
defects at their earliest stage of development. There are opportunities to stretch
the capabilities of the current technique and see the limits of what the technique is

capable of.
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