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Abstract

There is a constant drive within the nuclear power industry to improve
upon the characterization capabilities of ultrasonic Non-Destructive Eval-
uation (NDE) inspection techniques in order to improve safety and reduce
costs, with particular emphasis placed on the ability to characterize small
defects. The usage of ultrasonic phased array technologies have led to sig-
nificant advancements in NDT performance relative to conventional mono-
lithic transducers and they have also led to the development of several ad-
vanced imaging algorithms. A group of these called Super Resolution (SR)
algorithms have been shown to demonstrate a capability to resolve scatter-
ers separated by less than the diffraction limit when deployed in represen-
tative NDE inspections.

In this thesis, the Factorisation Method (FM) and the Time Reversal Mul-
tiple Signal Classification (TR-MUSIC) algorithms were investigated in the
imaging of embedded defects. The performance of these SR techniques in
accurately characterising smooth embedded planar defects of varying size
and orientations was investigated via two-dimensional (2D) Finite Element
(FE) simulations and the results were experimentally validated. These stud-
ies were extended to consider more realistic three-dimensional (3D) smooth
embedded planar defects in experimental trials and rough embedded pla-
nar defects, the latter being explored using 2D FE Monte Carlo simulations.
The SR algorithms were also benchmarked against the conventional array
Total Focusing Method, which is recognised to be a high performing and
robust imaging technique.

The SR algorithms were also applied to the imaging of 2D and 3D vol-
umetric defects in order to determine if direct, image-based sizing could
be achieved with these ultrasonic methods. The final and most challeng-
ing inspection case considered within this thesis was the inspection of em-
bedded defects within austenitic stainless steel welds. These materials ex-
hibit spatially-varying anisotropic coarse grained microstructures which
can lead to significant ultrasonic signal attenuation and beam bending ef-
fects that make their NDE inspection difficult.
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a) 3D illustration of the experimental set-up for FMC array
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The cross-sectional view (z — y axes) of the experimental set-

up, where the notch defect widths (X) ranged from 1 mm -

3 mm and their inclinations (/) ranged from 0°- 20°. c) The

plan-view of the set-up (z — z axes), where the defect lengths

(Z) varied between T mm-3mm.|. . . . ... ... ... ...
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croPulse FMC signal generator. Both the motor control unit

and the MicroPulse FMC are interfaced with a stand-alone
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Chapter 1

Introduction

1.1 Ultrasonic Non-Destructive Evaluation

Non-Destructive Evaluation (NDE) is a vital tool crucial to the engineer-
ing industry where insuring component integrity, minimising production
time and increasing the effectiveness of post-manufacture maintenance are
paramount. NDE is so widely used because it offers the unique benefit
of inspecting the internals of components for any defects such as cracks
or corrosion, which pose a safety risk, and characterise their physical pa-
rameters to assess the threat they pose, all whilst causing no damage. The
alternative to NDE would be to destructively inspect the component, e.g.
section and analyse, but as expected the component is no longer fit for pur-
pose after inspection. A huge range of different NDE methodologies have
been developed including electromagnetic testing, visual inspection, dye
penetrant testing, magnetic particle inspection, radiography and ultrasonic
testing [1].

Ultrasonic testing is one of the most common modes of NDE applied within
both the engineering and medical sectors [2]. This method works on the
principle of exciting high frequency ultrasonic waves with transducers which
are then transmitted into the specimen of interest. Most ultrasonic trans-
ducers are able to generate ultrasonic waves by means of the piezoelectric
effect, which is a reversible process, first observed by Jacques and Pierre
Curie in 1880 [3], where the application of an external electric field on a
piezoelectric crystal results in an internal mechanical strain. The ultrasonic
waves are propagated through the specimen and reflections due to defects
or component geometry result in scattered waves being received back at
the ultrasonic crystal. These scattered ultrasonic waves generate mechani-
cal compressional forces on the piezoelectric crystal which in turn generate
a measured voltage response over time. These time-domain voltage signal,
known as A-Scans, are used to infer the state of the component.

The mechanism for the piezoelectric effect is shown in Fig. For the
purpose of embedded defect detection, any defects which represents a dis-
continuity of the material properties result in a reflection of the incident
ultrasonic wave at that position. This defect reflection would be received
earlier in time compared to later reflections of the component geometry,
such as a back-wall, indicating that an unwanted discontinuity is present
within the specimen.
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m
Expansion

Figure 1.1: Illustration of the converse piezoelectric effect
mechanism. The application of an external electric field, E,
to a piezoelectric crystal can lead to its expansion and con-
traction from its original shape (dashed blue outline). It is
this effect which is used to mechanically drive piezoelectric
transducer crystals in the generation of ultrasound. This
effect is reversible and consequently mechanical forces ap-
plied to a piezoelectric crystal leads to the generation of a
voltage across it; this effect is used on reception of ultra-
sound to record a voltage time history, or A-Scan.

Conventional ultrasonic probes are used to interrogate the volume of com-
ponents by typically raster scanning across the component surfaces, where
the A-Scan data from each encoded probe position can be manipulated to
generate a variety of images. A common way to visualise the ultrasonic
data is to stack the individual A-Scans from a given raster scan line to cre-
ate a two-dimensional (2D) B-Scan image [4]. An illustration of a typical
ultrasonic inspection and the subsequently generated A-Scans and B-Scans
is shown in Fig. The approach of producing a B-scan can be extended
to generate a C-scan [5] where individual B-Scans are stacked and usually
a single parameter such as maximum amplitude is extracted from each A-
Scan to create a 2D plan view image. A D-Scan is similar to a C-Scan except
the imaging parameter, usually maximum amplitude, is taken across the
cross-section of the component [6]. These ultrasonic imaging techniques
are widely used within industry and are important tools to detect defects,
characterise their morphology (e.g differentiate between planar and volu-
metric flaws) and estimate their size.

The advent of ultrasonic phased arrays has been a large focus of recent ul-
trasonic NDE research due to their potential to significantly increase inspec-
tion quality and reduce inspection times. Ultrasonic phased arrays consist
of a series of individual transducer elements which can be used in isolation
or combination to allow for a variety of different applications. Individual
time delay laws can be applied arbitrarily to the separate elements which
enables a large range of angled plane beams to be generated from a sin-
gle array probe which conventionally would only be achievable by using
a series of fixed angled probes. An illustration of how delay laws can be
applied to a linear array configuration to manipulate the ultrasonic beam
it produces is shown in Fig. The usage of delay laws also allows fo-
cusing of the ultrasonic waves at different areas of components resulting
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Figure 1.2: a) Schematic of an example ultrasonic NDE

scan of a component containing an embedded defect, b) an

example A-Scan that may be measured by the transducer

when placed over the defect, c) an example B-Scan that may

be generated from the various scan points along the compo-
nent surface.
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Figure 1.3: Illustration of how delay laws of varying mag-
nitude (red) can be applied to the elements of a linear ul-
trasonic array (blue) to generate: a) a plane 0° wave when
equal or no delay laws are applied, b) an angled plane wave
when delay laws of linearly increasing magnitude are ap-
plied sequentially across the array elements, c) a focused
beam where the delay laws are used to direct the energy of
the array to a single point within the component.

in a greater sensitivity compared to unfocussed plane beams. A key ad-
vantage of ultrasonic arrays is the high flexibility of the probe to generate
a huge variety of ultrasonic beam profiles by simply manipulating the el-
emental delay laws. This is in contrast to fixed-focus single crystal probes
which although effectively direct ultrasound in the prescribed direction and
depth, they cannot be used to inspect other parts of a component. This
means a large range of fixed-focus probes are required to allow the nec-
essary inspection coverage of components whereas a single phased array
could potentially be used to achieve the same coverage requirements. Ul-
trasonic phased arrays can therefore be used to generate commonly used
conventional imaging methods such plane, focussed and sectoral B-Scans
[7, 18], and therefore C-Scans and D-Scans. This versatility in operation of
phased array probes makes the technology highly attractive to industry as
an alternative to conventional probe scanning as their usage could result in
reduced inspection costs, by removing the need to procure the numerous
single crystal probes required, as well as reducing the inspection scan time.

The most common array configuration used for NDE applications are linear
one-dimensional (1D) arrays which allow imaging in a single plane, how-
ever 2D matrix arrays and annular arrays exist which allow more complex
delay laws to be applied to image in multiple planes. These common array
geometries are illustrated in Fig.

The ability to focus ultrasonic waves with arrays has led to the develop-
ment of several Beamforming (BF) imaging techniques. These all operate
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Figure 1.4: Common array geometries: a) 1D linear array,
b) 2D matrix array, c) annular array.

by focusing the ultrasonic energy via delay law beam steering along a sec-
tion of the component, measuring the received backscattered energy from
each imaging focal point and visualising the amplitudes as a 2D image.

The method of focusing can be conducted electronically by the array during
data acquisition but it can equally be conducted in post-processing through
a technique called Full Matrix Capture (FMC) [8]. FMC data acquisition
collects all the different send-receive combinations between each of the in-
dividual elements within the array [9,10], as illustrated in Fig.

The FMC data represents the maximum amount of ultrasonic information
which can be collected from a given phased array, with the only assumption
being that the wavefield is linear. If the wavefield exhibits non-linearity,
such as in the case of the complex behaviour of ultrasonic waves interact-
ing with partially closed cracks [11,[12], the case of individually exciting ele-
ments through FMC is not strictly equivalent to firing on multiple elements
to recreate the same focussing. This is due to the fact that when firing multi-
ple elements at once, the elastic wave amplitude at the focal point is signif-
icantly greater than that can be generated by a single array element and in
cases such as partially closed cracks, the additional non-linear effects they
can exhibit increase due to the increased local amplitude [13]. However in
the majority of commonly encountered inspection cases, these effects can
be assumed to be negligible and FMC datasets can indeed be considered
to be the total information from the specific array system. As such, almost
any imaging algorithm can be executed upon FMC data in post-processing.
This does not only allow a large amount of flexibility in NDE data analy-
sis and interpretation, as all conventional phased array imaging techniques
could be applied to the FMC datasets, it also enabled the development of
new BF imaging algorithms which offered significant benefits over the con-
ventional methods. Several of these array BF algorithms were the Synthetic
Aperture Focusing Technique (SAFT) [14] and the Total Focusing Method
(TFM) ; these can be applied to FMC datasets. These algorithms are
highly robust and sensitive imaging tools among which the TFM algorithm,
which will be discussed in more detail within Chapter 2} is considered by
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Figure 1.5: The array element excitation procedure for Full
Matrix Capture data acquisition with a linear array.

many as the benchmark for array imaging within academia as it is able
to provide a high defect detection and sizing capability [8| [16]. Despite the
numerous improvements made with these new algorithms, they are still in-
herently limited in their resolution. This will be explained in further detail
in the next section.

1.2 Industrial Motivations

In the verification of the structural integrity of safety-critical components
in the nuclear power industry, there is a drive to detect and size increas-
ingly smaller defects during manufacture as the requirements for critical
defect sizes decrease. Above the critical defect size threshold, the compo-
nent must be repaired or retired. There are multiple factors which influence
this trend. One factor to drive the accurate detection and sizing of smaller
defects is part of an effort to extend component life by using estimates of de-
fect growth. If a smaller defect can reliably be sized during a manufacturer
inspection or in-service inspection, conventional conservative estimates of
defect growth means the component can remain in service longer before a
repair/replace threshold is met. From the perspective of current in-service
ageing Nuclear Steam Raising Plants (NSRPs) in the defence and power
sectors, accurately characterising and sizing these smaller defects enables
their lifecycles to be extended for as long as possible to maximise both the
operational and financial benefits. In addition, by justifying a larger pro-
portion of the component as defect-free of a smaller critical defect size, the
subsequent lengthened component life predictions could be used to jus-
tify increased time interval between component inspections which again
could save an enormous amount of expenditure. Another driving factor to
develop a higher fidelity inspection capability is to bolster the component
safety case which would act to provide additional confidence to industry
regulators of the continued safe operation of the NSRPs.

The challenge created by this trend in performance-based NDE require-
ments is that the spatial resolution of ultrasonic inspections cannot be easily
increased to suit the smaller defect sizes as the resolution is largely fixed by
the frequency of transducers. All conventional probe and BF array tech-
niques are naturally restricted by the diffraction limit and therefore cannot
achieve a higher resolution than half the ultrasonic wavelength [17]. In an
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ideal scenario, the inspection frequency would be set to the highest possi-
ble value to minimise the ultrasonic wavelength and to therefore maximise
the spatial resolution which can be achieved. However, the frequency can-
not be indefinitely increased as undesirable effects such as material noise
also increase with ultrasonic frequency, so a compromise must be reached
to balance resolution and minimise these unwanted effects. As the size
of defects decreases towards the diffraction limit and the resolution of the
ultrasonic inspection remains similar, the variance in response between dif-
ferent sized small planar defects reduces. Also, the response between small
planar and volumetric flaws tend to one another. It is in this defect scale
that the conventional ultrasonic NDE approaches currently employed to
size and characterise defects become ineffective.

The concept of overcoming the diffraction limit and achieving a "Super
Resolution (SR)” capability has been explored in the field of optical mi-
croscopy, first suggested by Synge in 1928 [18]] and experimentally observed
by Ash and Nicholls in 1972 [19]. The potential of SR is based on the con-
cept of evanescent waves which are able to carry subwavelength information
about the structure within their vacinity. These waves however decay expo-
nentially from their generation surface and therefore are non-propagating,
which means one cannot remotely detect them in conventional measure-
ment set-ups. Early SR microscopy methods utilised a subwavelength aper-
ture to generate evanescent waves which would interact with the imaging
target. This imaging target was located within the near field of the aperture
(one wavelength) allowing sub-wavelength information to be exchanged
before the evanescent waves completely decayed.

This concept was further developed through techniques such as Near-Field
Scanning Optical Microscopy (NSOM) to achieve resolutions on the order
of A/40 [20] 21} 22] and better. NSOM can be operated in several modes
to try and extract the subwavelength information contained within evanes-
cent waves [23]: illumination mode, collection mode and apertureless tech-
nique. These modes are illustrated in Fig. [llumination mode NSOM
works as previously described where a subwavelength aperture is located
within the near-field of the inspecting surface which allows for surface
interrogation with evanescent waves. The interaction of the evanescent
waves with the sample surface leads to a degree of mode conversion into
propagating waves (containing the subwavelength SR information) which
are able to be detected in the far-field. Collection mode NSOM is the re-
ciprocal process where a far-field source is used to interrogate the sample
surface with propagating waves, part of which are mode converted into
evanescent waves, and a near-field located receiving aperture is able to re-
ceive them. Apertureless NSOM uses both a far-field source and receiver.
This method, however, relies on a subwavelength tip being placed in the
near-field of the sample surface allowing scattered evanescent waves to be
mode converted into propagating waves which can then be measured in
the far-field. All SR optical microscopic methods therefore rely on some
part of the imaging system to be located within the near-field of the scat-
terer of interest to be able to extract the subwavelength information from
the evanescent waves.

The challenge of achieving a SR capability in ultrasonic NDE is that in the
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Figure 1.6: The schematic for the operation of NSOM. The

arrows represent the wave paths through space between

the source, receiver and surface of interest. The three main

modes of NSOM are shown; a) illumination mode, b) col-
lection mode, and c) apertureless mode.

vast majority of cases, no part of the inspection system is able to be po-
sitioned within the near-field of the scatterers of interest, completely re-
stricting the system to far-field measurements only. If the inspection sys-
tem cannot be placed within the near-field to directly measure the evanes-
cent waves, the alternative option is for the evanescent waves to be scat-
tered and mode converted to propagating waves to then be received by
the system (similar to apertureless NSOM described above). This mecha-
nism would therefore rely on multiple scattering. Conventional imaging
algorithms however are under the constraints of the Born approximation
[24) 25], which is a single scattering framework. The Born approximation
therefore does not allow the wave scattering interaction between scatterers
or self-interaction necessary for evanescent waves to be mode converted
into propagating waves in order for subwavelength information to be mea-
sured in the far-field.

Several approaches to analysing FMC data have been developed over re-
cent years and they have demonstrated a capability to achieve a resolution
beyond the diffraction limit. A group of these algorithms, called sampling
methods, are non-iterative methods to tackle the inverse scattering problem
in an attempt to approximate the profile of a scattering defect [26] 27, 28| 29].
These methods are reliant on the effects of multiple scattering [30} 31] to
unlock a resolution capability unreachable for the BF techniques, which are
valid under the Born approximation. Two such algorithms are the Factori-
sation Method (FM) and the Time Reversal Multiple Signal Classification
(TR-MUSIC) algorithm. Each works by determining whether an imaging
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Figure 1.7: The schematic for general inspection cases con-

sidered in this thesis. It considers the linear array inspection

of a thick-walled stainless steel component contained em-

bedded planar defects of size on the order of \/2 at depths

greater than 10\. These components may or may not con-

tain a weld and the defects considered can have varying ori-
entations.

pixel point corresponds to a location within the boundary of the scatterer
by comparing the scattered field to a specified criterion. The SR capability
of these algorithms has been demonstrated in NDE scenarios previously
for a limited set of simple defects [30, 32] and more recently with some
examples of their use in conjunction with limited aperture linear arrays
[33, 34, 35, 36]. It has been shown that these SR algorithms can be more
sensitive to a range of factors, such as signal noise and array configuration,
compared to conventional array imaging methods such as TFM [37]. This
means that some of the commonly encountered industry inspection geome-
tries and challenges may potentially restrict the wider application of SR.

The general inspection scenario considered within this thesis is that of thick-
walled, large diameter stainless steel pipework common to NSRPs. In this
work, these geometries were simplified to that of flat-plates due to the
slowly varying curvature of these component profiles. Planar embedded
defect sizes on the order of the diffraction limit (half the ultrasonic wave-
length) are considered of varying orientations and positions within the com-
ponents to mimic the various expected manufacturing flaws commonly en-
countered within the industry. These specific morphologies will be dis-
cussed in more detail within subsequent chapters of this thesis. A schematic
of this inspection case is illustrated in Fig.[1.7]showing a linear phased array
inspecting a flat plate geometry component, containing a variety of embed-
ded planar defect orientations.

The current approach to NDE inspections of this type is to apply a multi-
tude of specialised single and dual crystal ultrasonic probes, with varying
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incidence angle, focal depths and often ultrasonic frequency. This is to en-
sure that as close to complete component coverage is obtained and that the
maximum opportunity for defect detection and sizing is fulfilled. How-
ever, this approach can have several disadvantages including the high cost
of the probe inventory required, the often large number of scans necessary
due to the numerous probes specified and redundancy in data between the
various scans. Some of these problems are slowly being alleviated by mov-
ing towards phased array inspection techniques, where single arrays are
capable of replicating the various inspection angles and focusing specified
by the conventional probe techniques. Both the conventional probe and
phased array techniques, however, are still fundamentally limited in reso-
lution by the diffraction limit, which often is a highly optimistic capability
in itself, meaning that the very smallest of defects are still a significant chal-
lenge to NDE inspections.

The aim of this thesis is to develop ultrasonic array imaging technologies
for these inspection scenarios that meet the increasingly demanding NDE
requirements to characterise smaller embedded planar defect sizes. As a
means to achieve this, the SR array imaging algorithms are utilised and
applied in post-processing to FMC datasets collected with linear phased ar-
rays. Defect sizing and characterisation methodologies were developed for
these techniques and their imaging performance will be compared against
BF algorithms.

1.3 Outline of Thesis

In this thesis, the sizing and characterisation performance of advanced ul-
trasonic array imaging algorithms are investigated for the case of embed-
ded defects.

In Chapter [2, the forward and inverse scattering problems are explained.
The forward scattering problem consists of determining the scattered wave
field from an object, given information about its structure and the initial in-
cident wave field. This scenario is mathematically well-posed and several
analytical solutions exist for specific cases. The inverse scattering, or imag-
ing problem, aims to find the scattering object’s structure given knowledge
of the scattered and incident wave fields. This problem is mathematically
ill-posed and therefore difficult to find a solution. Several approaches ex-
ist to attempt to solve the inverse scattering problem, from which so-called
Super Resolution (SR) imaging algorithms have been developed. These SR
methods alongside classical BF techniques are discussed as well as the ori-
gin for the capability of the SR methods to break the diffraction limit of
/2.

Chapter 3| considers the practical NDE performance of the Multiple Fre-
quency Factorisation Method (MF-FM) and Multiple Frequency Time Re-
versal Multiple Signal Classification (MF-TR-MUSIC) algorithms and com-
pares them to the conventional TFM and 0° array B-Scan algorithms for the
inspection of planar embedded defects. Two-dimensional (2D) Finite Ele-
ment (FE) simulations were used to consider the effect of varying planar de-
fect width and orientation on the accuracy of SR imaging performance up to
defects as small as A\/3. Within this Chapter, a non-dimensional trend was
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observed between the SR image indication patterns and the defect width
relative to the ultrasonic wavelength. This may be used as a fast additional
tool to gauge information about embedded scatterers without undertaking
in-depth image analysis. The impact of incoherent noise on SR imaging is
also investigated as it is known that these inverse methods can be sensitive
to factors such as noise compared to classical imaging techniques.

Experimental validation of the simulation results are considered in Chap-
ters ] & fl Within Chapter [ pseudo-2D embedded planar defects are
experimentally imaged using two different frequency arrays to validate
the observed excellent simulated sizing and orientation estimation capa-
bility detailed in Chapter 3l The non-dimensional trend between the de-
fect indication pattern and defect size is also experimentally validated for
two inspection frequencies and multiple defect sizes. The experimental tri-
als are extended to consider three-dimensional (3D) embedded planar el-
liptical flaws in Chapter 5| where a new methodology to process scanned
FMC datasets with the SR algorithms is introduced. It is found that sub-
diffraction limit resolutions are achievable with the MF-TR-MUSIC algo-
rithms for the 3D planar elliptical defects and that the methods could be
applied to realistic defect morphologies.

Within Chapter 6] the impact of defect roughness on SR imaging is consid-
ered for the first time. Common defect growth mechanisms within the nu-
clear industry are known to produce defects with significant surface rough-
ness and it is understood that roughness can have a major impact on ul-
trasonic defect detection and characterisation. A 2D FE Monte Carlo study
was conducted and it considered varying defect parameters including size,
orientation and roughness parameters. It was found that the SR algorithms
were able to retain the majority of their sizing performance for sub-wavelength
defects even when typical industrially observed roughnesses were applied.
Both the MF-FM and MF-TR-MUSIC algorithms were able to outperform
the TFM for these sub-wavelength rough defect cases.

The applicability of the SR algorithms to size embedded volumetric defects
is considered in Chapter [/} Traditional, radiographic NDE techniques were
used within industry to size volumetric defects due to the inability of con-
ventional ultrasonic methods to estimate volumetric defect profiles. Ra-
diographic methods are more time consuming and expensive to apply in
practice compared to ultrasonic methods so developing a way to reduce
the requirement for them would add significant benefit to many industrial
NDE scenarios. Within this Chapter, both FE numerical studies and exper-
imental trials are conducted on side-drill hole geometries and it was found
that the MF-FM and MF-TR-MUSIC could be used to directly size these
volumetric defects. The MF-TR-MUSIC algorithm was also used to size a
realistic 3D volumetric pore within a ferritic steel test piece.

The final investigatory aspect of this thesis considers the applicability of the
SR algorithms for defect characterisation within austenitic stainless steel
welded components in Chapter (8 Austenitic stainless steels are common
manufacturing materials within the nuclear sector because of their highly
desirable material properties. However when austenitic stainless steels are
welded they can exhibit an anisotropic and coarse grained structure that
can significantly hinder the quality of ultrasonic inspections. Therefore,
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their NDE poses a significant challenge to the nuclear industry. The inspec-
tion performance of the SR and TFM algorithms were assessed when used
to detect and size embedded defects within narrow gap welded austenitic
stainless steel test pieces.

The conclusions and main contributions of this thesis are summarised in
Chapter 9]
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Chapter 2

Background Theory

2.1 Introduction

In this chapter, the theoretical background for the acoustic scattering prob-
lem is discussed as well as the mathematical framework for the imaging
algorithms explored in this thesis. Information about the scatterer is en-
coded within the measured scattered field from ultrasonic inspection and
the process of imaging attempts to decode this information to reconstruct
its profile. This Chapter will first consider the forward scattering problem
where a scatterer’s profile is used to estimate the resultant total scattered
wave field, as well as the inverse scattering problem where information about
the measured wave field is used to reconstruct the scatterer structure.

The forward scattering operation maps the properties of the scatterers within
the system to the total wave field, comprised of both the incident and scat-
tered fields. In the case of no scatterer being present, the measured total
field would exactly equal the incident field. In the case of scatterers, the
measured total field would comprise of the sum of both the incident field
and the scattered field component. The forward scattering problem is well-
posed [38], meaning that there exists a unique and stable solution for map-
ping scatterers to the total wave field [39] and in many cases, an exact an-
alytical solution exists. The inverse scattering problem, also known as the
imaging problem, attempts to map the measured total wave field back to
the scatterers. This problem is ill-posed [39] and non-linear meaning that
most solutions to the problem are only approximate and their results can
vary significantly.

The mathematical basis of the TFM method is introduced in this chapter
and its inherent resolution limit is explained. Following this the SR algo-
rithms considered in this thesis are introduced, which are linear sampling
methods aimed to solve the inverse scattering problem, and their capability to
go beyond the conventional diffraction limit is explained.

2.2 Governing Equations

In this Section, the governing equations for acoustic wave scattering are de-
scribed which form the basis of the forward scattering problem. The acous-
tic wave description can be used to describe the propagation of longitudinal
waves and this framework is used for simplicity due to the significant ad-
ditional complexity introduced by considering the full elastic problem and
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the fact that the main concepts can be demonstrated using the acoustic so-
lution [40], 41]].

To begin the description of the behaviour of acoustic waves, one must start
with the wave equation in homogeneous media [40]:

1 0%
2
¢=—=_— 21
where V2 is the Laplace operator, c is the sound speed and @ is the wave
potential, which is a function of both space, r, and time, ¢.

Eq. can be solved by assuming that the wave potential is separable into
two independent functions of space and time, ¢(r) and T'(¢), as:

B(r,t) = $(r)T(t). 2.2)

One can substitute Eq. (2.2) into Eq. (2.1) leading to the expression:

V3¢ 1 9T?

= =—7- 2.3
) 2T ot? @3)
As the Left-Hand Side (LHS) is only dependent on r, and the Right-Hand
Side (RHS) is dependent only on ¢, both sides must be equal to a constant.
For convenience, this constant is set to —k2, where k is the wavenumber
(k = 2L where f is the wave frequency). By considering the LHS of

c

Eq. (2.3), the homogeneous Helmholtz equation can be immediately found:

(V2 4+ k?)o(r) = 0. (2.4)

The simplest solution to the Helmholtz equation is that of a plane wave:
gf)(l‘) — Aei(kr—wt) + Bei(kr—&-wt)’ (25)

where w is the angular frequency (w = 27f) and A and B are complex
amplitudes associated with the outwardly (1% term on RHS) and inwardly
(2" term on RHS) propagating solutions.

As the homogeneous Helmholtz equation considers only constant material
properties, no scattering can occur and therefore this approach cannot be
used to model practical ultrasonic NDE. In realistic inspection scenarios,
materials are not mathematically ideal and often inhomogeneities are nor-
mally present. The forward scattering problem attempts to map these inho-
mogeneities to the scattered field. The inhomogeneous Helmholtz equation
can be used to describe scattering of monochromatic waves from wave-
penetrable inhomogeneities:

(V24 k2)o(r,w) = —O(r,w)o(r, w), (2.6)

where k is the wavenumber in the background homogeneous medium and
O(r,w) is called the object function and characterises the inhomogeneities
interaction with the wave field. The object function describes a scatterer
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Figure 2.1: The concept of wave scattering of an initial

wave, ¢;, by an object D with boundary 9D, resulting in

a scattered wave, ¢,. The object D has a refractive index of
n.

with support D with a wavenumber of k. O is defined within D to be [41]:
Ofr,w) = k3 [p(r)r(0) — 1] = k3 [n2(x) — 1], @7)

where ¢y is the wave speed in the background medium, p, x and n are the
inhomogeneity density, compressibility and refractive index respectively.

The total wave field can be decomposed into the incident field, ¢;, and scat-
tered field, ¢, as follows:

¢ = ¢i + s, (2.8)
and as the incident field satisfies Eq. (2.4), Eq. (2.6) can be rewritten as:

(V2 + k) s (r,w) = —O(r,w)o(r,w), (2.9)

where ¢, is the scattered wave. The concept of this wave scattering is illus-
trated in Fig.

In order to solve Eq. , Green’s function, G, is introduced [40]. It is
applied when considering inhomogeneous differential equations, such as
the inhomogeneous Helmholtz equation. Green’s function is defined as the
impulse response to such equations, meaning when operated on by any
linear differential operator, it returns the Dirac delta function, J. Green’s
function is a solution to the Helmholtz equation of the form:

(V2 + EH)G(r,19) = 6(r — 19). (2.10)

The analytical solutions to Eq. (2.10) in 2D and 3D are given by [40]:

i

Gap(r,10) = —ZHg(kr), (2.11)
eikr

Gsp(r,19) = T (2.12)

where H{} is the zeroth order Hankel function of the first kind and r =
|r — 1ro| is the distance from the source to measurement location. These both
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correspond to point sources with unit amplitude. Hankel functions are so-
lutions to 2D Bessel differential equations and are a re-writing of the wave
equation in polar coordinates. They are expressed as [42]:

HY(x) = Jo(2) + iV (2), (2.13)

Hg(x) = Ja(z) — iYa(2), (2.14)

where H! is the Hankel function of order « of the first kind, corresponding
to an outwardly propagating wave, and H2 is the Hankel function of order
a of the second kind, corresponding to an inwardly propagating wave. J,
and Y, are Bessel functions of the first and second kind of order « respec-
tively.

In practice, one cannot excite and measure the wave fields at every point
in space, but rather at a set of discrete points in the far-field of the scatterer
(i.e. phased array element locations). Eq. (2.11) can be simplified when
considering the 2D far field limit (r — oo) as it converges to the asymptotic
form [42]:

eilkr+7)

G f', rp) = — .
wo(f:10) Vv 8mkr
It should be noted that while this is an asymptotic approximation, it is
a very good approximation when used at least one wavelength from the
source.

(2.15)

Eq. is a very important relation because when realising a scattering
source can be modelled as a sum of Dirac delta functions, the solution is
also a sum of Green’s functions. This exploits the linearity of the Helmholtz
equation. This concept is expressed mathematically through the convolu-
tion of G with a source term and can equally be applied to the scatterer’s
object function returning the solution to Eq. [43]:

ou(r.) = [ GleX)OW w0l )i (2.16)
1%

where r” is a position within the inhomogeneity and V' is the inhomogeneity
volume.

Thus one can arrive at the expression for the total wave field:
¢@@:@@@—%/G@ﬁaﬂ@wﬂmw, (2.17)
1%

where ¢; is the incident wave field. This is known as the Lippmann-Schwinger
equation and states that the scattered field can be constructed from the su-
perposition of infinitely small point sources distributed across the inhomo-
geneity volume V' [44].

By ignoring the time dependence and writing G as a plane wave of the
form e?*0T0T where 1y is the plane wave propagation direction, taking the
far-field limit (r — oo) and applying the asymptotic relation in Eq. (2.15),
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Figure 2.2: An illustration of the far-field scattering prob-
lem. a) a far-field incident from an infinite distance (figure
not to scale) ¢° (1) illuminating the scatterer D with bound-
ary 0D, b) the incident wave on scatterer D generates a new
scattered wave field ¢2°(¥) measured in the far-field.

Eq. (2.17) in 2D can be reduced to:

N o R __etkor k2t ko)
B(r, korfy) = e T LT f (kot, k0r0)7,where = OEBW (2.18)
and where f(kot, ko¥p), termed the scattering amplitude, is given by:
f (ko kofo) = / O¥)p(¥,fp)e 0 (2.19)
D

where D is the 2D closed surface of the scatterer. The scattering amplitude
corresponds to the complex amplitude of a scattering wave in direction r as
a result of an incident wave in direction rg

Therefore the far-field scattered wave field, ¢3°, which is the only compo-
nent of the scattered field which can be measured in practical NDE, can be
written as:

¢ (%, ko) = —k2 / O(r) (1, 19) G oo (1, 1) dr. (2.20)
D

In a similar way, the incident near-field locally around D, ¢;(r), can be cal-
culated from the far-field incident wave, ¢$°(r'), as:

di(r) = / (1) Goo (¥, 1)dr . (2.21)
S

where the 2D integration is conducted over all angles on the unit circle S
encompassing the scatterer profile D.

Egs. (2.21) & (2.20) represent the mapping of the incident far-field to the
incident near-field local to the scatterer and the total field around the scat-
terer to the scattered far-field. In fact, the far-field incident wave can be
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mapped to the far-field scattered wave by the far-field scattering operator,
F, by [30, 45]:
O (F) = PR (). (222)

This represents the far-field scattering problem where ¢$°(r) is attempted
to be determined given knowledge of ¢°(r); this is visually illustrated in

Fig.2.2
As aresult of the linear nature of F', the far-field scattered field can be recon-
structed from a linear summation of the scattering of incident plane waves

representing the far-field incident wave field. This means that the scatter-
ing amplitude f(t,to) defined in Eq. (2.19) can be used to describe the LHS

of Eq. (2.22) resulting in [30]:

For () = [ 670, n)ir. 223)
S

The scattering amplitude f can be measured experimentally for a given
scattering problem by measuring the resultant scattered wave fields by the
transmission of plane waves in all directions, thus allowing F' to be calcu-
lated.

2.3 Scattering Operators

As discussed previously, various aspects of the scattering problem can be
mapped to each other with certain operators. This Section will expand the
concept of this mapping in more detail in relation to the inverse scattering
problem and it will describe how this can be used to form the basis of the
super-resolving Factorisation Method (FM). To begin, the far-field opera-
tor F' has been shown to map ¢;° to ¢2°. For a single scattering instance,
the scattering amplitude f is only dependent on the object function O(r).
Therefore a mapping exists between O(r) and f (¥, r):

f(¥, 1) = MO(v), (2.24)

where M is termed the complete far-field scattering operator. The inverse of
the complete far-field scattering operator, M !, also known as the imaging
operator, maps F' to the Fourier transform of the object function, O. These
mappings are shown in Fig. Calculating the form of M ™! is the inverse
scattering problem and it is often an extremely difficult problem to solve. This
is because of the non-linear nature of M ~!, meaning determining its form is
ill-posed [45]. Also in practice, it is not possible to measure the wave field
everywhere leading only a sub-set of the information of f to be known. Asa
result, is it generally impossible to determine M ~! exactly meaning exactly
calculating O(r) is also impossible.

The far-field scattering operator F'is of significant importance to the deriva-
tion of the FM imaging algorithm and is the subject of this Section. The
FM is one of the main SR array imaging techniques considered within this
thesis and its planar defect sizing and characterisation capabilities will be
assessed within subsequent Chapters. It is therefore paramount that its
derivation is fully understood prior to its practical application. To better
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a) Incident far-field I »| Scattered far-field
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Figure 2.3: a) The far-field operators, /', maps an incident

far-field wave field to a scattered far-field for a scatterer and

the inverse F'~! reverses this mapping. b) The complete far-

field scattering operator, M, maps the scatterer (represented

by O or O in the spatial frequency domain) to the complete

scattering amplitude f and therefore F'. The imaging oper-
ator M1 is used to reverse this mapping.

understand the mathematical basis for the FM, it is convenient to decom-
pose F'into three separate sub-operators [46].

The first sub-operator H, called the Herglotz operator, maps the far-field in-
cident wave field to the incident field on a section of the scatterer boundary

0D (equivalent to Eq. (2.21)) [46]:

H¢>® (%) = ¢i(r) ¥ € 0D. (2.25)
The second sub-operator S maps the interaction of the incident field on
0D to the local scattered field, assuming a continuous distribution of point

sources, g, on D:
Sepi(¥)=g(r) v €dD. (2.26)

The third and final sub-operator H* propagates this local scattered field to
the actual far-field measurements:

H*g(Y')=¢X(t) r €0D, (2.27)
where H* is the adjoint of H and can be calculated by:

¢ (1) = / g(¥)Goo(r,¥) ¥ € dD. (2.28)
oD

Using these sub-operators, the far-field scattered wave field can be written
as:
¢5° = F¢;° = H'SH¢?, (2.29)
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and it can then be easily seen that the operator F' can be factorised as:
F=H"SH. (2.30)

This factorisation forms the basis of the FM imaging algorithm which is
introduced in Section [2.8.1] The next Section discusses proposed solutions
to the inverse scattering problem using classical imaging methods as well
as recently developed SR methods, including the FM.

2.4 The Challenge of Inverse Scattering

The inverse scattering problem, also known as the imaging problem, aims
to determine the exact nature of M ! in an attempt to calculate O(r) given
knowledge of the scattering amplitude f(r',r). As discussed in Section
it is often impossible to do this exactly as one can only practically measure
a sub-set of f(r',r) due to finite sampling. Other experimental factors such
as material and sensor noise can lead to significant artefacts in the recon-
struction of O(r) because M ! is ill-posed.

Implicit iterative methods to estimate the form of the object function, @(r),
can be utilised when an explicit formulation cannot be reached by minimis-
ing:

O(r) = argming,, HM(@(r) — f(F,1)) H . (2.31)

There exist successful iterative methods using this technique [47] however
these methods are often slow to calculate due to the search space of O(r)
being large and containing multiple local minima. As a result of these dif-
ficulties, many imaging methodologies have been developed which aim to
simply the problem such as by using linear approximations of M to reach a
solution. A widely applied methodology to address these challenges is the
Born approximation, which will be discussed in detail within the following
Section.

2.5 Born Approximation

A common simplification used to linearise the scattering problem is known
as the Born approximation. The Born approximation is a single scattering
framework, i.e. where the interaction of an already scattered wave with the
object (multiple scattering) is ignored. It assumes that any inhomogeneities
present result in only weak scattering:

bs <L @i, (2.32)

thus the total change of phase of the incident field, due to sound speed
variations in the inhomogeneity, is less than 7 [25]. This is because if the
perturbed wave which passes through the inhomogeneity is phased shifted
by =, it will destructively interfere with the unperturbed wave field. The
Born approximation means Eq. can be approximated to:

6B (1) ~ k2 / Goo(2.)O()65( ), (2.33)
1%
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Figure 2.4: A schematic of the Ewald limiting circle in the
spatial frequency domain.

where ¢2>7 denotes the Born approximated scattered wave field.

Mathematically, the Born approximation can be applied when the following
validity condition is met [30]:

sup |O(r)| < C%, (2.34)

r<l

where [ is the characteristic size of the inhomogeneity and C is a constant
with different proposed values.

From Eq. it is clear that when under the Born approximation, the far-
field scattered wave field is linear in O(r) and therefore the Born approxi-
mation of M, Mpory, is also linear. This allows for the Born approximated
imaging operator, My, to be explicitly calculated non-iteratively which
is also linear and well-posed [48]]. Due to the simplistic nature of these sim-
plified operators, their explicit form can be calculated quickly allowing one

to approximate the nature of O(r).

A limitation of the Born approximation is that it exhibits an intrinsic reso-
lution limit. This can be understood by considering an incident plane wave
with direction vector ry; the scattering amplitude in Eq. (2.19) can be written
as:

F(E, 1) = / O(r)ethoror’ g=ihott’ gyl / O )e HoE=t0)r' g/ (2 35)
D D

The RHS of Eq. (2.35) is equal to the spatial Fourier transform of the object
function:

f(&.%0) = O (ko(to — 1)) (2.36)
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By varying the incident direction ry and the scattered wave direction r across
all possible angles, all values in spatial frequency k-space within the geom-
etry shown in Fig[2.4] can be measured [30]. Therefore, the Born approxi-
mation can only measure scattered waves with a wavenumber within this
Ewald limiting circle of radius 2k, which corresponds to a minimum spatial
resolution of % Under this approximation, no information about features
from a scattering object can be accounted for within the far-field scattered
wave field and leads to the classical diffraction limit [30].

2.6 Total Focusing Method

The Total Focusing Method (TFM) is a type of BF algorithm and one of the
most widely researched ultrasonic array algorithms aimed at determining
the location of point scatterers [8} [15]. In this thesis, TFM will been applied
to FMC datasets in post-processing by simulating the focusing of the beam
at predetermined nodes within a grid placed within the region of interest,
as shown in Fig. This is achieved by considering the times of flight
from the transmitting transducer element to the grid point and back to the
receiving element, and then calculating the image intensity. Referring to
Fig. the times of flight from transducer i to the grid point P, T;p, and
from transducer j to P, Tp;, are expressed as:

Tip = Y= x)QC—}— =) (2.37)
1y = AL LU 2.38)

where ¢ is the wave speed. From this, the intensity of the TFM image,
Itpam(P), for every grid point P(z,y) produced by an array of N elements
is given by [49]:

N

Itpm(P) = Z H(Si;)(Tip + Tpj)
N = (2.39)
=) H(Sij)% < (xi — )2+ y2 4/ (x; —x)2+y2> :
ij=1

where S;; is the collected time-domain FMC signal in matrix form where
transducer i is the transmitter and transducer j is the receiver, H is the
analytic time-domain signal of the FMC data and y;,; = 0.

The analytic time-domain signal, H, is a complex-valued signal with no
negative frequency components. The analytic signal is reached by applying
the Hilbert transform to the FMC data, S;;, as follows [50]:

H(t) = S(t) + iS"™(t), (2.40)

where S”(t) is the Hilbert transform of S(t). The concept of the analytic
signal can be thought of as measure of the total energy of the particles be-
ing displaced within the transducer when interacting with the ultrasound.
This is illustrated in Fig.[2.6) by considering the particles as simple masses



2.6. Total Focusing Method 51
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Figure 2.5: The configuration of the TFM algorithm.

on a spring which have been set into motion by the ultrasonic wave. The
transducer itself only measures the displacement of the particles and there-
fore only information related to their elastic potential energy is obtained.
This means that where the displacement is measured zero, or equivalently
when the amplitude of the measured A-Scan is zero, no information about
the energy of the wave is obtained. This means that if only the information
in S(t) is used, the TFM algorithm would output an imaging amplitude of
zero at these points which we know to be incorrect. By applying the prin-
ciple of energy conservation, however, the total energy of the system must
be conserved. At the points when the displacement is zero (and therefore
the elastic potential energy is zero), the particles are actually travelling at
their highest velocity. This means that all of their energy is in the form of
kinetic energy, with the kinetic energy always being /2 out of phase with
the potential energy as shown in Fig.[2.6p). The Hilbert transform of S(t),
S™(t), can be thought of as a measure of the kinetic energy of the particles
and one must use information from both S(t) and S"(t) to measure the total
energy of the system. This is done by calculating the instantaneous amplitude
of the analytic signal defined as [50]:

(8)2 + (Sh)2. (2.41)

An example of a simulated FMC A-Scan featuring a defect response is shown
in Fig. The real time-domain signal recorded by the array is seen to be
7/2 out of phase with its Hilbert transformed signal. The instantaneous
amplitude as mentioned can be thought of as the total energy of the sys-
tem and from Fig. 2.7]it can be seen to act as an "envelope’ function of the
recorded array A-Scan.

The importance of using the analytic signal within Eq. (2.39) as opposed
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Figure 2.6: a) The energy of the oscillating particles in the

transducer being forced by the ultrasonic waves can be de-

scribed by a simple oscillating mass on a spring. b) The
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Figure 2.7: An example of a simulated FMC A-Scan featur-

ing a defect response. The real time-domain signal recorded
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signal is shown in orange and the instantaneous amplitude
of the analytic signal is shown in yellow.
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Figure 2.8: Examples of TEM images of a point scatterer
using simulated FMC data from a 2 MHz 64-element array
when a) the analytic signal is used as part of the algorithm,
and b) when only the unprocessed time-domain signal ob-
tained by the array is used. It can be seen that image b)
exhibits a periodic variation in amplitude of /2 which is
not indicative of the nature of the imaged point scatterer.

to the unprocessed array A-Scan data is shown in Fig. Both TFM im-
ages presented are of a point scatterer located at (0, -50) mm, with Fig.[2.8p)
generated using the full analytic signal, H (t), and Fig.2.8b) only using the
unprocessed array A-Scan data S(t). Fig.[2.8a) provides the uniform ampli-
tude profile expected from such a defect whereas Fig. [2.8b) exhibits a varia-
tion in amplitude with periodicity A\/2. This image profile is not indicative
of the true nature of the imaged point scatterer but is a manifestation of only
considering part of the information contained within the signal data (the os-
cillating amplitude of the real measured A-Scans). It is therefore paramount
that the analytic signal is used with the TFM algorithm such that accurate
defect characterisation can be conducted without unwanted artefacts being
present within the images.

Another formulation of the TFM but in the frequency domain begins by
replacing the incident field in Eq. (2.33) by its equivalent Green'’s function:

Ba(t, ) = / G, V)0, w)G(Y, o) dr. (2.42)
1%

By considering a point scatterer, Eq. (2.42) can be simplified to:
¢s(r,w) = G(r,v')qG(Y, 1o), (2.43)

where ¢ is the scattering potential at the point scatterer location r'. By re-
arranging in terms of ¢ and considering the multiple pairs of transmitters

o

&

&

&

4

&

o
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and receivers, /(P) can be expressed as:

Bs(1, w) .
Iren (P / / exp( z/.cyrf—roy)(exp(zkyr_rfy))drdro
(2.44)

= Z Z (ZSU )exp [ike(Tip + Tpj)) .

w i,5=1

where the term exp(ik|t — r’|) is known as the steering function. The steer-
ing function is similar to Green’s function but only considers phase shifts.
The steering function will be discussed in later Sections during the deriva-
tions of the SR algorithms.

TFM has been shown to achieve a better resolution than other array imag-
ing methods such as focussed B-scans [8] and the imaging area of TFM can
be much larger than other scanning methodologies as it utilises FMC data
which is not limited to a single beam direction.

2.7 Multiple Scattering

In Section 2.2} the far-field scattering amplitude was derived in Eq. (2.19).
The Born approximation described in Section can be applied to this
equation which replaces the total field by a plane wave incident field given
by Eq. (2.35). This equation, as described previously, is simply the Fourier
transform of the object function at the spatial frequency ko(ty — ), O (ko (¥ —

r)).
To return back to full generality to include both the Born approximation

and not losing the scattered wave ¢, the full far-field scattering amplitude
can be written as:

kot kaio) = Olko(i — i0)) + [ OW)oul)e ™ v, (249

This equation is the Born approximated scattering amplitude but now with
an additional integral term, corresponding to multiple scattering events.
The Born approximation view of scattering as well as the generalised mul-
tiple scattering view are visually represented in Fig. The significance
of the integral term in Eq. become more apparent if the equation is
reformulated following the derivation by Simonetti [30]. The transition am-
plitude is now introduced, K, defined as [51]:

K (o, kotg) = / O )p(r)e % 2 (2.46)

where « is an arbitrary constant and u is an arbitrary unit vector. It is clear
that when au = kor, K (kot, koto) = f(kot, korp). By introducing the eigen-
function expansion of Green’s function [52]:

1 oo eXpiozﬁ-(r—r’)

Get)=—— [ &2
(tr) =23 ™

(2.47)
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a) b)

source receiver source receiver

=
multiple
scattering

Figure 2.9: A simplified scattering scenario comprising of
two scatterers. a) Paths of the incident and scattered waves
under the Born approximation; only single scattering is per-
mitted and there is no interaction between the scatterers. b)
Paths of the incident and scattered fields considering mul-
tiple scattering; interaction between the scattered fields and
scatterers occurs which is a key mechanism for retrieving
far-field sub-wavelength information.

where ¢ is an infinitesimally small value included to remove the singulari-
ties when k3 = o?, and after some manipulation, Eq. (2.46) can be written
as:

+oo .
~ ~ ~ ~ A k% O(kof‘ - aﬁ)K(aﬁ, kol‘A()) 2
K(kol', k’ol‘o) = (’)(k‘o(r - 1'0)) + % / ]{8 — o2 T e d a, (248)
or equivalently Eq. (2.45) can be written as:
B[ Otk — i) (i o)
~ AN A ~ ~ 0 o — au au, Kofg) o
f(k‘or, ]{201‘0) = O(kﬁo(r — I‘o)) + 8? k‘g o2 4 e d“a. (2.49)

This is Eq. but now entirely described within the k-space domain.
As can be seen it contains two components; the Born approximated view, O,
and an integral term. The Born approximate term considers spatial frequen-
cies constrained by the Ewald limiting circle as described in Section[2.5] The
integral term however considers spatial frequencies over the entire k-space,
including spatial frequencies greater than 2k, corresponding to physical
separations less than 4. Thus these larger spatial frequencies do indeed
affect the far-field scattering amplitude so the potential exists for the Born
approximated resolution limit to be overcome [53] and for super resolution

to be achieved.

2.8 Super Resolution Algorithms

Within this Section the derivations for the Super Resolution (SR) array imag-
ing algorithms utilised within this thesis will be outlined, namely the Fac-
torisation Method (FM) and the TR-MUSIC algorithms. Both of these tech-
niques rely upon higher spatial frequency information being accounted for
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within the far-field scattered wave field, physically captured by the effects
of multiple scattering.

2.8.1 Factorisation Method

The FM is a well-established SR algorithm which is actually based on the
Linear Sampling Method (LSM) developed by Colton and Kirsch [54] and
it is therefore convenient to first derive the LSM. LSM is a monochromatic
sampling method that was the first non-iterative inverse imaging algorithm
developed to reconstruct the boundary of a scatterer, D, that required no
prior knowledge of the geometry or properties of the scatterer [54,55]. Both
the LSM and FM operate by computing a spatially varying imaging func-
tion based on the far-field operator F'. This imaging function tends to infin-
ity on the boundary of the scatterer and zero elsewhere meaning an image
of the scatterer profile can be plotted.

The LSM and the FM both use the concept of the far-field operator F' [46]
which maps a far-field incident wave field to the resultant far-field scattered
wave field. The LSM uses the assumption that the scattered wave field
is only generated from the scatterer’s boundary D and not outside of it,
meaning:

F¢o(x) = g:(x, 2), (2.50)

where z is a sampling point in space and g, is known as the steering func-
tion. g, has the form: o
g:(t, 2) = e~ o (2.51)

and it is essentially the far-field Green’s function for a point source located
at the sampling position z. One can attempt to directly calculate the inverse
of F in order to determine |¢7°(r)|, which tends to infinity when not on the
scatterer D, therefore can be used to plot an image of D using 1/ ¢ (¢)|*.
An alternative method is to apply Tikhonov-Morozov regularisation to the
linear equation produced under the LSM to determine the structure of D

[56,57]. However, this approach will not be considered further.

The LSM was modified by Kirsch [58] to develop the FM which considered
the following equation:

(F*F)T () = g.(t, 2), (2.52)

where F*F is the time-reversal operator T" introduced by Prada, 1996 [59].
T is defined by the decomposition of F' using Singular Value Decomposi-
tion (SVD) to determine the following singular system [60]:

Ffj = KjiVj, (253)

F*Vj = ,u]fj, (254)

where j indexes the singular system ¢;, v; and ;. The normal equations
for the above systems are:

F*F&; = 13¢5, (2.55)

FF*v; = ,u?uj, (2.56)
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where the 7" matrix is defined by,

T = F*F. (2.57)

Following the derivation by Kirsch [61], it can be shown that for lossless
media, where O(r) is real, Eq. only has a solution when the sampling
point z lies exactly on D. This can be evaluated by considering the fact
that /' is normal in this case and by utilising Picard’s theorem, Eq. is
solvable if and only if [30]:

Z’ | | (g2 |2 < o0, (2.58)

where p,, and v, are eigenvalues and eigenfunctions of F' respectively and
(|) refers to the Dirac brak-ket notation [62]. In the FM, the steering func-
tion is used to probe the grid within the region of interest and if a point z
lies within D, then the value of Eq. is bounded, otherwise it is un-
bounded (i.e. oo). Thus the reciprocal of Eq. is taken to give the FM
pseudospectrum, Irys(z), as [30]:

—1
. |>0 ifzonD

if z not part of D.

If no noise is present, Eq. (2.59) reconstructs D with unlimited resolution
however with noise present, SR images are still possible to produce [30].

2.8.2 TR-MUSIC

As well as the LSM and FM, there exist several other methodologies to
solve the imaging problem. One such technique is the time-reversal method
which has been demonstrated to achieve very high resolutions [63, 59].
Time-reversal methods in general are based on the reciprocity of the wave
equation in most circumstances, i.e. the solution to the wave equation is
time-invariant and therefore both ¢(t) and ¢(—t) are solutions. This concept
is shown by Eq. which contains both outwardly and inwardly prop-
agating waves. The time-reversal method can therefore be used to take
waves in their ‘final state’, after being scattered by an object and received by
an array, and reverse their propagation and focus them back to the scatter-
ing object. These techniques can allow for the detection of point scatterers
within a medium or can be used to approximate the profile of extended
scatterers.

The time-reversal method, however, can only be applied when the scatter-
ers being imaged are said to be well-resolved [60]. In well-resolved cases,
the number of scatterers, M, is less than the number of elements in the in-
specting phased array N and the singular system of (e;,v;,0 > 0) can be
mapped in a one-to-one manner to the M scatterers. It can be derived that
the singular vectors v; with non-zero singular values o; > 0 are given by:

gT(Xj)

AR LA 2.60
POl (2:60)

v =
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where j = 1,2,..., M and the singular values are related to the scatterer
strengths via [60]:

a; = kg|mll19- (X))l (X)1 (2.61)
The time reversal method can only be used in such well-resolved cases.

There exist several modified versions of the time reversal method to try
to overcome its inherent shortcomings, particularly its limitation in its ap-
plicability to only well-resolved targets. By employing a MUItiple-Slgnal-
Classification (MUSIC) type algorithm, which can be more suited in dealing
with non-well-resolved targets as well as extended targets, in conjunction
with time reversal, a more robust SR algorithm is formed, often termed
Time Reversal MUItiple-SIgnal-Classification (TR-MUSIC) [64, 65].

For a medium with M scatterers, which is less than the number of transduc-
ers IV, the time reversal matrix in Eq. has M eigenvectors with non-
zero eigenvalues with (IV-M) eigenvectors with zero eigenvalues [64]. The
(N-M) eigenvectors with zero eigenvalues are often termed to be part of
the noise subspace. Due to the orthogonality of these eigenvectors with the
Green’s steering vectors, g,, an image pseudospectrum for the TR-MUSIC
method can be formulated, I7r— v 51c, and is given by [64]:

1
Irr-music(z) = —x (2.62)

5
2 j=nri1 [(g2lv5)|

For both well-resolved and non-well resolved scatterers, this algorithm pro-
duces distinct peaks at the scatterer locations. This is because the denom-
inator represents the wavefield at a point z due to an incident field due to
vj, vanishes whenever z corresponds to a scatterer location.

The forms of the pseudospectrums of the FM and TR-MUSIC algorithms are
very similar and for the case of imaging point scatterers, it has been shown
that the FM and TR-MUSIC algorithm are actually equivalent [46, 66].

2.8.3 Practical Implementation of the SR Algorithms

In this thesis, the FM and TR-MUSIC algorithms were applied in the frequency-
domain to the array FMC datasets whereas the TFM algorithm was applied
to the time-domain FMC datasets.

Throughout this thesis, ultrasonic linear array inspections were both nu-
merically modelled and experimentally conducted to acquire the FMC datasets.
For a given linear array with N number of elements, an IV x N sized ma-
trix of A-Scans corresponding to the FMC dataset were collected. The Fast
Fourier Transform (FFT) of each A-Scan in the time-domain FMC datasets
at the central frequency of the array, w, was carried out [58] and the com-
plex value of the FFT result at the frequency corresponding to w was used
to populate F'(w), which is also often called the multistatic response matrix.

From the F'(w) matrix, SVD was conducted to generate the required set of
singular eigenvalues, p;, and their corresponding eigenvectors, v;, where
i =1,2,..., N. In this thesis where the FM has been utilised, all eigenvectors
generated from the SVD of the F'(w) matrix were considered whereas in the
application of the TR-MUSIC algorithm, the eigenvectors were separated
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into two separate subspaces; the signal subspace and the noise subspace. In
an idealised noise free scenario, there would exist a set of non-zero eigen-
values whose corresponding eigenvectors belong to the signal subspace and
the remaining eigenvectors would belong to the noise subspace. In practice,
there exists a finite level of noise in the inspection system so a non-zero
threshold value must be used to determine the point of separation between
these two subspaces and the separation point varies depending on the par-
ticular inspection case. The typical threshold values used in this thesis were
between 30-50 dB less than the maximum eigenvalue calculated, based on
observing a step function-like separation in amplitude between the signal
and noise subspace eigenvalues. Although there have been some cases pre-
sented within the literature of also separating eigenvalues in the application
of the FM [35], the majority utilise the full eigenvalue range thus the results
presented in this thesis aimed to investigate the most common implemen-
tation of these algorithms.

Post-SVD of the F'(w) matrix, the steering vector, g., to propagate the eigen-
vectors to different positions, z, in the imaging grid was taken as:

9:(z2) = [Go(R1,2), Go(R2, 2), ..., Goo (RN, Z)], (2.63)

where Ry corresponds to the IV array element locations and G correspond
to the Green’s function of the propagation medium.

As strictly only the far-field scattered wave field should be processed by the
SR imaging algorithms, an additional step was applied to the time-domain
FMC datasets prior to determining F'(w). This was achieved by windowing
the time traces with a Hann window at the appropriate temporal location
corresponding to the expected scattered signal for the wave-mode of inter-
est. For simulated cases considered in this thesis, knowing where to imple-
ment the window was trivial. In experimental inspection cases where the
exact defect location is not strictly known, it is suggested that TFM imag-
ing is applied to gauge the approximate defect location before subsequently
using this information to conduct the windowing prior to applying the SR
methods. This step helps to avoid major reflection features from compo-
nent/model geometric boundaries, mode converted reflections and probe
ringing being processed by the SR algorithms as they would lead to the
corruption of F'(w) and inclusion of artefacts of the subsequent images. An
illustration of this process is shown in Fig. In this thesis, only direct
contact phased array imaging was considered and therefore longitudinal
waves were used as the inspection mode.

By utilising only a single frequency w in the SR format described previously,
the resultant algorithms are highly sensitive to signal noise and information
encoded in other frequencies is discarded. There is therefore potential for
improved reconstructions by incorporating frequencies from across the ul-
trasonic pulse-width into the algorithm. As a result, broadband implemen-
tations of the SR algorithms were used for the entirety of this thesis. The
monochromatic SR algorithms given by Egs. & were modified
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Figure 2.10: An illustration of time-domain windowing of
FMC data to isolate the defect response. a) An example of
a raw FMC A-Scan corresponding to the pulse-echo signal
from the centre element of a 64-element 2 MHz array, fea-
turing initial pulse ringing, the defect signal and geometric
reflections. b) The TFM image generated using raw FMC
data which includes low amplitude artefacts at the trans-
ducer locations (Y=70 mm), the defect indication in the cen-
tre of the image as well as a backwall response. c) An ex-
ample of time-domain windowing applied to the A-Scan in
a) to isolate the defect response. d) The TFM image of the
windowed FMC data containing only the defect indication.
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to utilise ' matrix data over a range of frequencies. The resultant Multi-
ple Frequency Factorisation Method (MF-FM) and Multiple Frequency TR-
MUSIC (MF-TR-MUSIC) algorithms were implemented [65]:

1
L o 7 2.64
) S o @ .

1
Inr—ru(r) = . 2.65

S S S5 e N [T P O (209
In addition, by using a range of frequencies, the imaging performance be-
came less reliant on accurately selecting a single specific frequency value
corresponding to the centre frequency of the ultrasonic signal, which al-
lowed easier automation of applying the SR methods to the FMC datasets.
Due to the finite pulse lengths used in practical NDE, there is an inherent
spread in frequency of the ultrasonic waves and it has been found that even
slight variations in centre frequency can have a significant impact on the re-
sultant SR image. This is shown in Fig.[2.1T|where there are major variations
between the different FM images, whereas when the MF-FM was applied,
a more accurate image for sizing is generated. It was also found that the
multiple frequency SR algorithms demonstrated higher robustness to fac-
tors such as noise and defect roughness, and therefore they were chosen to
be used.

In this thesis, the frequency selection range used to populate F'(w) dur-
ing the implementation for the SR algorithms was set to be approximately
the full width at half maximum of the bandwidth profile of the ultrasonic
toneburst. For the commonly utilised 2 MHz waveforms applied this the-
sis, this corresponded to a half-spread of 0.4 MHz about the 2 MHz centre
frequency. A total of nine equally spaced frequency values were sampled
across this frequency range when implementing the MF-FM and MF-TR-
MUSIC methods, with an odd number ensuring the centre frequency was
considered. All SR images and results discussed subsequently in this thesis
refer to the application of the MF-FM and MF-TR-MUSIC algorithms.

The steps detailed above which discuss the practical implementation of
the MF-FM, MF-TR-MUSIC and TFM imaging algorithms upon ultrasonic
phased array FMC datasets are visually illustrated in Fig.

Throughout this thesis, the defect sizing performance of the SR and TFM
linear array algorithms are assessed for various inspection scenarios. To
make these comparisons, several performance metrics were used. These
are the algorithm’s estimation of planar defect width (2D and 3D defects),
defect length (3D defects only), defect orientation angle (2D and 3D defects)
and through-wall height (TWH) (2D and 3D defects). Imaging Signal-To-
Noise Ratio (SNR) was also considered.

The following conventions have been used to define the z-, y- and z-axes
within this thesis. The z-axis is defined to be the direction along the lin-
ear array considered within an inspection case. The y-axis is defined to be
the direction directly under the array into the component being inspected.
The z-axis is defined to be in the direction perpendicular to the  — y plane.
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Figure 2.11: The impact of using different centre frequen-
cies on single frequency FM imaging where a 5-cycle 2 MHz
toneburst was used to inspect a 6 mm embedded planar de-
fect, shown in white. The images produced used single a
centre frequency of a) 1.8 MHz, b) 2.0 MHz, c) 2.2 MHz. d)
is a MF-FM image centred on 2 MHz where nine frequencies
were evenly sampled between 1.6 MHz — 2.4 MHz. These
images were produced from the simulated FMC inspection
of a planar embedded defect with a 64-element located at
a distance of 42 mm, centrally positioned above the defect.
The set-up is illustrated in Fig.

These conventions are illustrated in Fig. Defect width and length cor-
respond to the minor and major dimensions of the defect, and orientation
describes the rotation of the defect plane relative to the component coor-
dinate system. In the examples included in the following Chapters, the
majority of defects considered are representative of longitudinal weld de-
fects (major defect axis aligned with the welding direction). Defect width
therefore lies in the through thickness plane, or zy-plane, direct TWH aligns

-20

-20

25
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Figure 2.12: Flowchart detailing the implementation of the
TFM, ME-FM and MF-TR-MUSIC algorithms on ultrasonic
array FMC datasets. Detailed description of the implemen-

tation steps are found within the main text.

with the y-axis, and defect length aligns with the z-axis.
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Figure 2.13: The conventions used to define the 2-, - and
z-axes and defect parameters in this thesis. a) 3D view of a
linear array (blue, orientated in the £-axis) inspection of an
embedded planar defect (green), with the image generated
in the z — y plane (orange). b)  — y plane projection of a)
where defect width and TWH are defined. c) y — z plane
projection of a) where defect length is defined.
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Chapter 3

SR Imaging of Simulated

Embedded Smooth Planar
Defects

3.1 Introduction

In the assessment of the structural integrity of safety-critical components
in the nuclear power industry, there is a drive to detect and size increas-
ingly smaller defects particularly during manufacture. This is partly due
to progressively more stringent inspection procedure requirements of criti-
cal defect sizes in an attempt to not only bolster the component safety case
but also with the aim of extending component life. If a smaller defect can
reliably be sized during a manufacturer inspection or in-service inspection,
conventional conservative estimates of defect growth means the component
can remain in service longer before a repair/replace threshold is met. With
the ageing nature of current NSRPs in the defense and power sectors, there
is a strong drive to accurately characterise and size these small defects. SR
phased array imaging methods have been recently developed which may
unlock the capability to size sub-wavelength defects and overcome some of
the inspection challenges facing industry today.

This Chapter discusses the use of two-dimensional (2D) Finite Element (FE)
modelling techniques to simulate the linear ultrasonic array inspection of
embedded smooth planar defects within isotropic stainless steel compo-
nents, a common material used within the nuclear sector. Simulated FMC
datasets were collected from defects of varying parameters such as size and
orientation, as well as varying inspection parameters such as the inspection
frequency, size of the array and levels of incoherent noise in the obtained
signals.

Understanding the capabilities of these SR methods, namely the MF-FM
and MF-TR-MUSIC algorithms, in these simple inspection cases (i.e. fully
embedded, smooth, 2D approximation) allows for a baseline understand-
ing of the behaviour of these algorithms to be established before more com-
plex modelling and experimental investigations can be conducted. As will
be seen, the sizing capabilities of the SR algorithms against varying em-
bedded planar defect width and orientation has been quantitatively deter-
mined for the first time. The impact of random noise on these defect mor-
phologies has also been established. In addition, a new non-dimensional
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Figure 3.1: FE inspection setup for the array imaging of 2D
embedded planar defects. The origin position of the models
is located at the centre of the defect.

trend between the indication pattern of the SR algorithms and planar defect
size was observed which suggests that sizing estimates may be achievable
by simply observing the image patterns generated.

3.2 Modelling Approach

To model an array inspection of 2D planar defects, full FE simulations were
run using the GPU-based solver Pogo [67], which allowed significantly
faster simulation run times compared to conventional CPU-based FE solvers.

The inspection schematic used for the FE models is shown in Fig. In all
the cases, a steel block was simulated with dimensions of 100 mm x 50 mm,
a Young’s modulus of 200 GPa, Poisson’s ratio of 0.3, density of 7750 kgm 3
and a longitudinal wave velocity of 5894 ms—!. Asa simplification, material
attenuation was not considered.

The ultrasonic array was modelled using a series of pure longitudinal wave
point sources at the array element positions, which were separated by half
the ultrasonic longitudinal wave wavelength corresponding to the centre
frequency. For example at 2 MHz in stainless steel, (A\/2) corresponds to
1.5 mm. This separation is typical of ultrasonic arrays. A 5-cycle Hann win-
dowed toneburst was used to generate the ultrasonic pulse at the required
centre frequency. On the reception of the ultrasonic signal, only the com-
ponent of displacement normal to the array length was recorded. To model
the longitudinal wave point sources, the closest four nodes within the FE
mesh located about the excitation positions, corresponding to the phased
array element centre points, were excited uniformly radially away from
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those locations. This ensured that symmetric radially emanating longitu-
dinal waves were generated, with a shear-wave component close to zero.

The directivity of the point sources used in the FE models, ¥ g (6), can be
considered as the product of the transmission directivity function, ¥%.(9),
and the reception directivity function, V£ (6):

Urp(0) = Vip(0)VER(0) = UER(0) = cos(0), (3.1)

where UL = 1 as it is uni-directional due to its point source nature. A real
array element’s directivity can be analytically modelled in the far-field as
the directivity of a strip source of finite width on a surface of a semi-infinite
solid, ¥y,_p(#), using the outputs from Miller and Pursey [68] and Wooh
and Shi [69]:

a sin(@)) ((cn/cs)? — 2sin?(0)) cos()

Uys—p(0) = sinc < 3 Fy(sin(0)) )

(3.2)
where a is the array element width, ¢y, is the bulk longitudinal wave veloc-
ity, cg is the bulk shear wave velocity, and Fj is defined by:

Fo(r) = (272 - (ZDQ)Q —4r(r2 - 1)3 <72 - (Z;f) : . (33)

The directivity profiles of ¥ and ¥,/_p are compared in Fig. using
representative input values of A\ = 3 mm, ¢ = 1.2 mm, ¢;, = 5894 ms—!
and cg = 3150 ms~!. It can be seen that ¥y p slightly overestimates the di-
rectivity profile compared to ¥,;_p(6) with a maximum deviation of 8.6%
at £45.8°. The maximum angular offset of the defects in the FE simula-
tions from the end of the 2 MHz 64-element arrays considered was +48.8°
corresponding to an overestimation in wave field amplitude of 8.5%. The
highly simplistic modelling approach utilised in this thesis of exciting only
single point sources to represent the array elements was considered to be a
reasonable approximation for a realistic linear array based on the similarity
between the directivity profiles. Experimental validation conducted in later
Chapters will be used to validate this approach.

Different excitation approaches were used for the transmission and recep-
tion of the ultrasound in the models in an attempt to more accurately rep-
resent the operation of realistic phased arrays whilst retaining some of ide-
alised behaviour. The benefit of using pure longitudinal wave point sources
during excitation means that a negligible amount of shear waves are gener-
ated within the model; acting to simply analysis by reducing the number of
mode converted signals with the simulated datasets. The downside of this
source model is that they are not realistic in terms of their directivity. By
only loading FE nodes in the direction perpendicular to the array length,
a much more realistic directivity is achieved as shown in Fig. however
the downside is that both longitudinal and shear waves are generated. By
combining these approaches by exciting pure longitudinal waves and en-
forcing directivity on reception, models with high wave mode purity can
be obtained whilst edging towards a more realistic scenario in terms of di-
rectivity. This approach is of course no longer reciprocal, hence why the full
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Figure 3.2: Comparison between the directivity function
of the FE longitudinal wave point sources employed in this
thesis, Vrp, and an analytical far-field directivity pattern
for a 2D array element, ¥j;_p. Values of A = 3 mm,
a = 1.2mm, ¢;, = 5894 ms~! and ¢g = 3150 ms~! were
used to calculate ¥,;_p. These directivity functions have
been normalised. In the RHS figure, the red line corre-
sponds to angles of £48.8° which is the maximum angular
difference between the position of the end array elements
and the centrally located defects at a depth of 42 mm.

FMC datasets have been simulated instead of depending on reciprocity to
generate FMC data from half-matrix capture approaches. It is expected that
the non-reciprocal nature of the simulation will have minimal effect on the
imaging algorithms applied.

The steel block region in the FE models was surrounded by the regions of
Absorbing Layers with Increased Damping (ALIDs) [70, 71]. These layers
were used to absorb unwanted reflections from model boundaries to help
ensure that only the defect scattered signal was recorded by the array and
subsequently processed by the imaging algorithms. This represented the
idealised scenario of a noise-free inspection with no unwanted reflections
from component geometry or defect mode conversions.

The FE element size, d, was set to 50 xm which corresponds to (A/d) = 60.
It was set to this value to best conform to the defect surfaces, particularly
for the rough defects considered in later Chapters, so as to capture as much
of the complex scattering as possible. Previous work has shown this level
of refinement to be sufficient for these types of surfaces [72,73]. The ALIDs
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were set to be 180 FE elements thick (3)\). The FE meshes consisted of tri-
angular elements and were structured everywhere, except in the local re-
gion of the defect where they were set to be unstructured to allow for op-
timal conformity to the defect profile. Triangular elements were selected
for optimal defect conformity. The built-in mesher within the FE modelling
package Abaqus FEA [74] was used to construct the meshes, with the CPE3
element type.

A case with no defect was modelled for each array configuration to cap-
ture any small unwanted reflection from the ALIDs, and this recorded FMC
dataset was subtracted from all subsequent defect simulations using the
same array configuration.

The defects were centred symmetrically under the array to maximize the
viewing angle on the defects to enhance the SR imaging capability, at a
depth of 42 mm (14\) from the array. The simulated work presented in this
thesis considered idealised cases where the ultrasonic array viewing angle
has been maximized for a particular inspection scenario and the imaging
algorithms were applied to the noise-free FE simulation data. It should be
noted that both viewing angle and noise can have significant effects on the
performance of SR imaging.

The impact of viewing angle on imaging has been previously studied by
Hutt [37]. The concept of viewing angle is illustrated in Fig. Hutt con-
sidered the imaging capability of the TFM and FM algorithms and demon-
strated how as the aperture of a circular array decreased (equivalent to the
definition of viewing angle used in this thesis), the accuracy of defect profile
reconstruction through imaging worsened. The performance of the TFM
algorithm was observed to decrease more rapidly with a reducing viewing
angle than the FM. This was because as the aperture decreases, the num-
ber of large singular eigenvalues decreased implying that the significance
of the smaller singular values becomes more prominent. As the TFM algo-
rithm is reliant on the information carried by the largest eigenvalues [37]],
the imaging reconstructions from them degrade rapidly as the aperture de-
creases. The FM utilised all eigenvalues and therefore is less impacted by a
reduction in viewing angle. It is noted that even though a larger linear ar-
ray may have a geometrically larger viewing angle, the effect of increasing
the number of elements indefinitely has an increasingly smaller effect on
the received information from the scatterer due to the inherent directivity
of the elements which do not equally emit ultrasound energy in all angular
directions (predominantly focussed down from the array).

To simulate defect opening, the profile of flat smooth defects were opened
apart symmetrically by displacing the top and bottom surfaces by a half-
cycle sinusoidal function. The maximum opening was twice the FE element
size (100 um) at the centre of the defect and no opening at the defect tips.
This process to generate the 2D open smooth cracks is shown graphically
in Fig. Open defects were used instead of defects with no thickness to
increase the realism of the modelling. It is noted that there was no signif-
icant difference in ultrasonic response and images between the gaped and
un-gaped planar defects, which is expected due to negligible profile change
relative to the ultrasonic wavelength.
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Figure 3.3: An illustration of the difference in viewing an-

gle achieved by two different sized linear arrays, with the

wider 64-element array achieving a larger viewing angle
(084) than the 32-element array (03,).
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Figure 3.4: Visualisation of the process to generate 2D
smooth embedded defects. First a smooth flat defect pro-
file is calculated (a). The crack is then opened by a small
amount, varying along its width, by displacing the top sur-
face upwards by the half-cycle sinusoidal profile function
shown in the solid red line at the top of (a) and similarly
moving the bottom surface down by the dashed red at the
bottom of (a). The resulting open 2D smooth defect is
shown in (b).
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3.3 Imaging Sizing Methodology

When conventionally inspecting planar embedded defects with a single
crystal pulse-echo probe in a specular or near-specular incidence configura-
tion, a Pattern 2 type response would be expected to be obtained as defined
by the British NDE standard BS EN ISO 16827 [75]). For this type of defect
response, when the ultrasonic beam is moved over the defect the received
signal rises smoothly to a plateau and it is maintained with minor variations
across the planar defect face. This happens until the beam moves off the de-
fect, where the signal falls smoothly down to background noise level. For
this type of response, the 6 dB drop method would be used to estimate the
defect size. The 6 dB drop method is employed by moving the ultrasonic
probe across the defect and the width of the measured amplitude profile is
related to the flaw size. In this case, the width between the indication cen-
tre (maximum amplitude) and to where the signal level drops to half of this
peak amplitude (-6 dB) is estimated to be half the size of the defect [76] 75].
The method works well for well-defined flaws whose size is larger than the
beam width and that are at normal or near-normal incidence.

When using TEM, a 6 dB box-fitting algorithm was applied to the images
to provide an estimate of the size and orientation of the defect. This sizing
algorithm fits a parallelogram box to the TFM images with the constraint
that the box must contain all image pixels within a -6 dB range of the max-
imum indication pixel value. The algorithm finds the optimal orientation
of the box such that all the pixels above -6 dB are included whilst mini-
mizing the number of pixels which are below this threshold. The defect
width was attributed to the width of the pair of parallelogram sides ori-
entated in the direction closest to the known defect orientation. The slant
angle of this same pair of sides was the measured defect inclination. An
illustration of the application of the 6 dB box-fitting algorithm is shown in
Fig.[3.5p). When using TFM and other conventional ultrasonic techniques
to image embedded planar defects which have a misorientation angle far
from the normal, tip diffraction signals are often used for sizing. This is
done by locating the central positions of the tip indications within the im-
age, and assuming the defect is a straight line between these points. This
line is used to estimate the defect width and orientation. An illustration of
the application of tip sizing is shown in Fig.[3.5p).

When using the SR algorithms to characterise defect indications, it is impor-
tant to understand the imaging patterns they produce for embedded flaws.
Both algorithms essentially work by determining the likelihood that a point
scatterer exists at the imaging grid points, based on the scattered field in-
formation. When imaging small planar defects, strong indications are often
produced from the tips of the defects as the diffraction effects from these
locations correspond most closely to that of point scatterers. It is from these
tip locations that the defect width and orientation can be estimated. This
sizing methodology is often not possible with TFM images of small defects
and amplitude based methods must be applied. For volumetric defects,
such as large pores and side drilled holes, similar indications are produced
from the SR algorithms as when applied to planar defects. However, as the
defect size approaches zero and becomes more point-like, only single in-
dications are produced by the algorithms and no direct sizing information



72 Chapter 3. SR Imaging of Simulated Embedded Smooth Planar Defects

6 dB Box-Fitting Example

B LT I E T L e -1

0.016

Eoo15
>

0.014

0.013 Defect Width ?

0.012 -6
0.057 0.058 0.059 0.06 0.061 0.062 0.063

X (m)
b)

i Indication Tip Sizing Example

0.017

0.016

o W S TR
0.013

-5
0.012

0.011 5
0.056 0.057 0.058 0.059 0.06 0.061 0.062 0.063 0.064

X (m)

Figure 3.5: a) An example of the application of the 6 dB

box-fitting algorithm to a TFM image of a planar defect.

From the parallelogram defined by the algorithm, the defect

width as well as the defect inclination, 6, is able to be deter-

mined. b) An example of tip sizing where the defect width

and inclination are defined by the straight line between the
two tip maxima.

can be gained. In these cases, one could infer that the defect size is smaller
than the smallest defect size that can be reliably characterised.

3.4 SR Imaging Performance for Varying Defect Size

This Section investigates the sizing capability of the advanced array imag-
ing algorithms when inspecting smooth, planar defects of varying width.
2D FE simulations were performed, using the set-up described in Section[3.2]
to obtain modelled FMC datasets upon which the TFM and SR algorithms
were applied. The defects were orientated parallel to the array and were
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Table 3.1: The 2D smooth planar defect sizes modelled with

FE.
Defect Size (mm) | Defect Size ())

1 0.33
1.5 0.5

3 1

4 1.33

5 1.66

6 2

10 3.33

centrally located underneath it to maximise the viewing angle to ensure
maximum performance could be achieved.

Two array configurations were considered: a 2 MHz 64-element array and a
2 MHz 32-element array. Each array was identical apart from the difference
in number of elements, resulting in arrays different in length by a factor of
two. This resulted in the 32-element array having a reduced viewing an-
gle on the defect as well as a reduction in the total information collected
and analysed for imaging. The reduced viewing angle should theoretically
result in a poorer reconstruction of the defect through imaging and a poten-
tial drop in sizing performance. The variance in performance is quantified
below.

A total of seven different sized smooth planar defects were simulated, with

their widths listed in Table The images generated by the MF-FM, MF-

TR-MUSIC and TEM algorithms when imaging these defects with the 2 MHz
64 element array configuration are shown in Fig.

In addition, the array data was used to generate a 0° B-Scan image. This
is the array equivalent to a 0° pulse-echo B-Scan where conventionally, a
monolithic transducer with a fixed aperture is scanned along the compo-
nent and an image is generated from the pulse-echo data. The array B-Scan
is similar to the conventional transducer B-Scan but a group of adjacent
elements, known as the aperture, are fired in a pulse-echo configuration to
mimic a fixed aperture transducer. This array aperture is then electronically
rastered along the array with a scan increment equal to the array element
pitch. A schematic for 0° B-Scan array imaging is shown in Fig. In
these simulations the element pitch, and therefore the B-Scan increment,
was 1.5 mm which resulted in an inherent lateral resolution of 0.75 mm
within the images. Array B-Scan images were generated alongside the other
algorithms for the different sized defects and are also shown in Fig. For
each B-Scan imaging case, the aperture size was optimised to output the
most accurate defect size so that the best possible array B-Scan performance
can be compared.

For each algorithm, the image pixel size was set to 50 m.
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Figure 3.6: MF-FM, MF-TR-MUSIC, TFM and array B-Scan
images from the 2D FE simulated inspection of (1, 1.5, 3, 6
and 10) mm 0° smooth planar embedded defects. The ac-
tive aperture size for the B-Scan images was 16.5 mm for
defects smaller than 6 mm and 15 mm otherwise. All im-
ages are plotted in a decibel scale, with all TFM and B-Scan
images plotted between 0 and -6 dB. The set-up shown in
Fig.[3.T]was used, featuring a 64-element 2 MHz array cen-
tred above the defects at a distance of 42 mm.
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Figure 3.7: Illustration of how a 0° B-Scan is generated by

a contact linear ultrasound array. A group of elements are

fired in a pulse-echo configuration, known as the aperture,

and this aperture is electronically scanned across the array
to generate a B-Scan image.

As discussed in Section the SR images produce indications from the
tips of the defects. When imaging the planar flaws at or below the diffrac-
tion limit (1.5 mm) in Fig. the only indications generated by the SR
algorithms are located at tips of the defects. As discussed previously, an
assumption of the SR algorithms is that they are based on the imaging of
idealised point scatterers which act to generate pure diffractive scattered
wavefields. As the tips of the planar defects most closely resemble point
scatterers, combined with the small planar surface naturally leading to a
minimal specular scattered component, it is expected that the only indica-
tions generated by the SR algorithms are from the tips of the flaws.

However, as can be seen in Fig. [3.6 when imaging defects larger than the
diffraction limit, multiple indications are generated across the planar face
of the defects as well from the defect tip positions. Despite the assump-
tion of the background theory of the SR algorithms being based on point
scatterers, it has been shown that these methods can be used to reconstruct
the profile of extended defects well [37], as opposed to the discontinuous,
clustered indication patterns shown in Fig. In the cases where good
reconstruction of extended defects has been shown in previous studies, it
is noted that either full or near-full angular coverage has been obtained, as
demonstrated by Hutt (2012) who simulated the 2D inspection of an
embedded kite-shaped flaw with a circular array. It was shown that an ac-
curate, continuous representation of the flaw profile was obtained when the
viewing angle of the circular array was 120° or greater. This is expected as
an assumption of the SR algorithms is that full angular coverage of defects
is obtained. When the viewing angle was dropped to 80°, although the gen-
eral size of the defect was clear within the image, the reconstructed defect
profile started to become discontinuous and similar in nature to Fig.
The model utilised within [37] also employed uni-directional point source
transducer elements which would lead to unrealistic idealised sensitivities.
The model used within this thesis was that of a linear array with realis-
tic element directivity functions meaning that although viewing angles of
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Figure 3.8: Defect sizing results from the 2D FE simulated
2 MHz 64-element array inspection using the MF-FM, MEF-
TR-MUSIC, TFM and array B-Scan algorithms.

98° and 59° are achieved with the 64-element and 32-element 2 MHz array
configurations, the sensitivities of the elements worsened the further they
were located away from the flaw. This leads to effective viewing angles of
the linear arrays being lower than their absolute value. It is therefore ex-
pected that the ability of the SR algorithms to reconstruct the profile of the
extended flaws considered within this Section are diminished and that only
parts of the defect profiles can be reconstructed in this challenging limited
view inspection.

Despite these complex indication patterns generated by the SR algorithms,
they are still able to consistently generate image indications from the tips
of the defects and therefore these were used to width size them. The 6 dB
drop sizing method was used to size the TFM and B-Scan images. The
width sizing results from the algorithms for the 2 MHz 64-element and 32-
element configurations are plotted in Fig. (3.8 and Fig. [3.9|respectively. The
results are also listed in Table 3.2land Table[3.3]

Considering the results from the 2 MHz 64-element array configuration, it
can be seen that for all defects below 10 mm (3.33 )), the MF-FM, MF-TR-
MUSIC and TFM significantly outperform the array 0° B-Scan. The B-Scan
method returns a minimum size of the defects of 6 mm, indicating that in
this configuration, the technique is beam width limited to this value and
is therefore incapable of accurately sizing smaller defects. For the defects
3 mm (1 \) wide and above, the TFM and SR algorithms were very similar
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Figure 3.9: Defect sizing results from the 2D FE simulated
2 MHz 32-element array inspection using the MF-FM, MF-
TR-MUSIC, TFM and array B-Scan algorithms.

Table 3.2: Sizing performance of the algorithms for the
2 MHz 64-element array configuration.

Defect Size MF-FM MEF-TR-MUSIC TFM B-Scan

(mm) (mm) (mm) (mm) (mm)

1 1.29 £+ 0.04 1.35 £ 0.04 1.60 £+ 0.04 6+1

15 1.51 + 0.04 1.51 + 0.04 1.70 + 0.04 6+t1

3 3.06 £0.04 2.92 +£0.04 3.00 £ 0.04 6+t1

4 3.87 +0.04 435+ 0.04 3.95+0.04 6+t1

5 495+ 0.04 4.70 + 0.04 495+ 0.04 7+1

6 6.30 £ 0.04 5.95 £+ 0.04 6.00 £ 0.04 7+1

10 10.05 + 0.04 10.20 + 0.04 10.60 +£0.04 | 10£1

with all estimating the defect size accurately to less than 10% error. The

TFM algorithm was the most accurate within this range, with a maximum
sizing error of 6%.

It is below a defect size of 3 mm where the performance of the TFM and
SR algorithms diverge. The TFM algorithm becomes beam width limited
and it struggles to accurately size defects at or below the diffraction limit
(A/2). The performance of the algorithm is still significantly better than the
B-Scan equivalent with only an overestimating sizing error of 13% and 60%
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Table 3.3: Sizing performance of the algorithms for the

2 MHz 32-element array configuration.

Defect Size MF-FM MF-TR-MUSIC TFM B-Scan
(mm) (mm) (mm) (mm) (mm)
1 1.17 + 0.04 1.42 + 0.04 2.58 +£0.04 6+t1
1.5 1.57 +£0.04 1.57 +£0.04 2.63 + 0.04 6+1
3 2.83 +0.04 3.03 +0.04 3.28 +0.04 7+1
4 4.147 + 0.04 3.99 +£0.04 4.08 +£0.04 7+1
5 4.80 £0.04 5.00 + 0.04 5.10 + 0.04 7+1
6 5.70 £0.04 5.55 + 0.04 6.15 + 0.04 7+1
10 9.70 + 0.04 10.02 4+ 0.04 10.104+0.04 | 10£1

for the 1.5 mm and 1 mm defect cases respectively. Both of the SR methods
are able to outperform TFM at these defect scales, being able to accurately
size defects at the diffraction limit (1.5 mm) and return more accurate sizing
results for the (\/3) size defects (=~ 30% overestimation error).

Comparing the 64-element configuration results to the 32-element config-
uration results, the B-Scan results are almost identical. This is expected as
the number of elements used within each aperture between the 64-element
and 32-element was the same and as the defects were centred under the
array, the aperture was able to be adequately rastered across it. The TFM
algorithm for defects above 3 mm also produced similar results to the 64-
element configuration; however there was a significant performance reduc-
tion for smaller defects. This was due to the beam width size increasing
for the smaller array size as expected due to a reduced ability of the ar-
ray to generate a smaller focal spot. The SR algorithms performance re-
mained very similar across both array configuration set-ups indicating that
for defects of this orientation, a 32-element array size was sufficient to col-
lect FMC data sufficient to generate accurate SR images.

A key feature that is apparent within the SR images shown in Fig. 3.6]is that
as the defect size being imaged increases, the number of indications pro-
duced by the algorithms also increases. To determine whether this trend is
present at other inspection frequencies, several other array configurations
were simulated at different frequencies featuring a range of defect sizes
scaled to the ultrasonic wavelength. As well as the 2 MHz 64-element array
that was already modelled, a 1 MHz 64-element array and a 4 MHz 64-
element array was modelled. For each array, the element pitch was main-
tained at A\/2. The number of indications generated by the different array
configurations for varying defect size is shown in Fig. As can be seen
from the graph, there is a general linear trend between the planar defect
size measured in wavelengths and the number of indications produced by
the SR algorithms.

It is observed that generally, the number of indications is equal to the num-
ber of nodes present within a waveform of length specified by the defect
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Figure 3.10: SR indication trend using a simulated 1 MHz,
2 MHz and 4 MHz 64-element ultrasonic arrays.

size measured in wavelengths. For example, a half wavelength sized defect
is expected to have two indications, a wavelength sized defect is expected
to have three indications and two wavelength sized defect is expected to
have five indications. It is currently not known the mechanism which leads
to the multiple indication patterns generated by the SR algorithms however
this empirical trend may potentially be used as guidance for defect sizing
using the SR imaging techniques.

It is noted that although the number of array elements is held constant as
the inspection frequency is varied, the viewing angle of each array is differ-
ent due to the element pitch being fixed at half the ultrasonic wavelength.
The fixed pitch resulted in array sizes of 192 mm, 96 mm and 48 mm for the
1 MHz, 2 MHz and 4 MHz configurations respectively. This may account
for some of the slight variation between the different inspection frequen-
cies. The trends presented here are only for a single range value of 42 mm
from the arrays to the defect depth position. It is expected that it will not
hold for all range values, with a worsening imaging performance occur-
ring as the range continues to increase (as the apparent array viewing angle
decreases) and it is anticipated that the SR algorithms would begin to un-
derestimate the defect size (fewer indications for a given defect).

3.5 The Effect of Defect Misorientation on SR Imag-
ing Performance

Another defect parameter which can have a significant impact on defect
characterisation is that of defect misorientation. This is because it is widely
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recognised that the presence of defect misorientation reduces the amplitude
of a specularly reflected ultrasonic signal in comparison to the reflected sig-
nal that would have otherwise returned from the defect if it had be aligned
perpendicular to the incident beam. The greater the defect misorientation
angle, the greater the reduction of the signal amplitude. For highly mis-
orientated defects, it is often not possible to apply amplitude based siz-
ing techniques and sizing becomes reliant on defect tip detection. For sub-
wavelength sized defects, the resolution restrictions of conventional ultra-
sonic NDE techniques means it is not always possible to obtain accurate
sizing of these misorientated defects.

2D FE simulations were run to simulate the 2 MHz array inspection of
1.5 mm defects of varying tilt. The same model set-up as described in Sec-
tionB.2l was used.

The 1.5 mm (\/2) defect case was selected as this represents a challenging
defect inspection and one which may potentially benefit from the SR array
algorithms. The tilt of the defects was varied from 0°, defined to be parallel
to the array (maximum specular response), to 90° which was perpendicular
to the array, in 10° increments.

The SR sizing methodology described in Section [3.3| was employed in all
cases. The 6 dB drop sizing method was used for the TFM algorithm when
clear tip responses could not be resolved.

The simulations were run in both 64-element and 32-element array config-
uration to investigate any performance differentials between the set-ups. A
selection of the array images for the 2 MHz 64-element configuration are

shown in Fig.

As well as FE simulations to model the array inspection of the defects, 2D
Time-Of-Flight Diffraction (TOFD) simulations were run for the equivalent
defects using CIVA [77]. The CIVA models consisted of two 5 MHz 60°
longitudinal wave probes separated by 145 mm. This separation value was
selected such that the included angle between the beams incident on the de-
fect was close to 120°, as recommended by the ISO TOFD inspection stan-
dard [78] to maximise the diffracted compression waves from the defect
tips [79]. The TOFD probes were scanned across the 2D defect in the sim-
ulation and the set-up parameters and Through-Wall Height (TWH) sizing
procedures were in line with the ISO TOFD inspection standard [78]. The
TOFD sizing method is only able to be used to estimate the TWH of a de-
fect, not its true width and tilt. In practical NDE inspections, TWH is often
the most important defect parameter in terms of sizing due to the extremely
high influence it has on the structural integrity of NSRP components. CIVA
uses the Geometrical Theory of Diffraction (GTD) [80] when modelling de-
fect edges in the TOFD configuration and the approximation is generally
valid when considering off-specular incident angles and in-direct forward
transmission paths.

The defect sizing results, orientation estimation results and TWH sizing
results for the 2 MHz 64-element array configuration are shown in Fig.

Fig. and Fig.
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Figure 3.11: Defect images produced from the 2D FE simu-
lated 2 MHz 64-element array inspection of 1.5 mm planar
defects of various orientations. The MF-FM, MF-TR-MUSIC
and TEM algorithms were used. All images are plotted in
a decibel scale, with all TFM images plotted between 0 and
-6 dB. The set-up shown in Fig.[3.1|was used, with the array
centred above the defects at a distance of 42 mm.

Considering the sizing results shown in Fig. it can be seen that the
TFM provides a reasonably accurate sizing result for the 0° and 10° cases
where it overestimates the defect size by around 13%. The performance
progressively worsens gradually to around 33% overestimation at 50° in-
clination. The performance then sharply drops as the inclination increases
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Figure 3.12: Defect sizing results from the 2D FE simulated
2 MHz 64-element array inspection of 1.5 mm planar defects
of various orientations.
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Figure 3.13: Defect orientation estimation results from the
2D FE simulated 2 MHz 64-element array inspection of
1.5 mm planar defects of various orientations.
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Figure 3.14: Defect TWH estimation results from the 2D
FE simulated 2 MHz 64-element array inspection of 1.5 mm
planar defects of various orientations.

to 70° with a maximum sizing error of around 120%. This is due to the ap-
plicability of the 6 dB drop sizing method becoming increasingly invalid as
the specularly reflected component of the scattered ultrasound decreases as
misorientation increases. For the 80° and 90° cases, tip indications could be
resolved with TFM which accounts for some performance being regained
however it still consistently overestimates the defect size by over 70%.

From Fig. and Fig. it is clear that the TFM algorithm also fails to
accurately estimate the defect TWH across the entire inclination range and
only at high inclination angles can it accurately estimate the defect misori-
entation. The lack of performance of TFM for this sub-wavelength case is
expected due to inspection being carried out at the diffraction limit.

From Fig. it can be seen that the SR algorithms achieve a much better
performance than TFM in terms of sizing and maintain accuracy across the
entire defect inclination range. This is due to the techniques being able to
generate defect tip indications for all misorientation angles, as shown in
Fig. Fig. and Fig. also show that both the MF-FM and MF-
TR-MUSIC algorithms can effectively estimate the defect orientation and
therefore the defect TWH.

Also from Fig. it can be seen that the simulated TOFD results are ex-
tremely accurate at and above 20°. For defects in the range 0°-10°, the use
of TOFD becomes challenging due to the difficulty in resolving between in-
dividual peak signals from the separate tips. Although TOFD provided the
most accurate TWH sizing results, the clear disadvantage of the method is
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Figure 3.15: Defect sizing results from the 2D FE simulated
2 MHz 32-element array inspection of 1.5 mm planar defects
of various orientations

a lack of information of the defect width and orientation, which the array
algorithms could provide. Also in practice, several separate TOFD scans
would be needed to effectively analyse different depth ranges in a compo-
nent, whereas a single FMC array scan has the potential to generate a more
informative description of embedded planar defects regardless of depth.

It is worth noting that at the higher defect inclinations, indications located
at the sides of the defect appear, particularly within the TFM images. These
have been attributed to Rayleigh surface waves that are generated on the
defect when incident with the ultrasonic beam. These surface waves travel
along the defect and then are mode converted to diffracted compression
waves at the defect tips at slightly later times, thus producing indications
away from the defect location.

The defect width sizing results, orientation estimation results and TWH
sizing results for the 2 MHz 32-element array configuration are shown in

Fig. Fig. and Fig. respectively.

The 32-element TEM sizing results show similar trends to the 64-element
case, however the results at lower inclination angles (< 60°) show signif-
icantly poorer sizing accuracy as they overestimate the defect width by
around 70%. This is in agreement with the results presented in Section
The 32-element TFM results for defect orientation estimation and TWH siz-
ing are also similar to the 64-element case.

For the defects at or less than 80° inclination, the 32-element SR algorithms
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Figure 3.16: Defect orientation estimation results from the
2D FE simulated 2 MHz 32-element array inspection of
1.5 mm planar defects of various orientations.
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Figure 3.17: Defect TWH estimation results from the 2D
FE simulated 2 MHz 32-element array inspection of 1.5 mm
planar defects of various orientations.
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Figure 3.18: MEF-FM and MF-TR-MUSIC images of a
1.5 mm 90° planar 2D defect when inspected by a 2 MHz
32-element array.

largely produce results similar to the 64-element case with a slight perfor-
mance reduction of around 10%. The biggest difference in performance be-
tween the array configurations comes when imaging the fully inclined 90°
tilted defects. In this case, as shown in Fig. the SR algorithms fail to
reconstruct the true profile of the defect and produce images representative
to a 0° equivalent flaw. This results in an extremely poor estimation of the
defect orientation and TWH, as illustrated by the sharp drop off in accuracy

in Fig. and Fig.

3.6 The Effect of Incoherent Noise on SR Imaging Per-
formance

In the FE simulated results considered in Sections|3.4/and the FMC data
obtained were almost perfectly 'clean’ signals with no unwanted reflections
from model boundaries leaving only the initial pulse and defect scattered
signals in the A-Scans. This is an idealised scenario as in practical inspec-

tions, there are a variety of sources of signal noise which act to reduce the
Signal-To-Noise (SNR) of the collected data.

There are two broad classes of signal noise: incoherent noise and coherent
noise [81]. Incoherent noise is a type of random noise which is uncorrelated
over time and thus can be averaged out to reduce its effect. Coherent noise
is correlated over time and thus cannot be averaged out over time, therefore
posing a major problem for some inspections. An example of coherent noise
is material grain noise caused by sub-structures within the component lead-
ing to local scattering and path deviation. Components with austenitic
stainless steel welds can often exhibit spatially-varying anisotropic, large
grained structures and can therefore lead to significant amounts of coher-
ent noise within the collected ultrasonic data. The SR algorithms in partic-
ular have been shown to degrade in imaging performance when significant
levels of signal noise are present [34, 37].

-20
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Fan et al. [34] investigated the impact of noise on the TFM and TR-MUSIC
algorithm through both simulation and experimentation. The simulation
studies, which added varying levels of random Gaussian White Noise (GWN)
to the noise-free simulation data, found that when the SNR was greater
than 20 dB, the TR-MUSIC algorithm outperformed TFM when imaging
two separated point reflectors in terms of resolution and 6 dB image area
size. When the SNR was less than 5 dB however, the TR-MUSIC algorithm
was particularly poor as the resolution capability dropped sharply, as did
the 6 dB image area size (which featured large elongated indications) and
the abundance of unwanted imaging artefacts. SNR was defined as:

A ea
SNR = 201log, < = i ) , (3.4)
Noise

where A, is the amplitude of the maximum defect scattered signal within
the FMC dataset and A pnise is the Root-Mean-Squared (RMS) amplitude of
the random GWN added.

The experimental findings reported in [34] compared the imaging perfor-
mance of TFM and the TR-MUSIC algorithms when inspecting two closely
separated 0.5 mm Side Drilled Holes (SDHs) in steel and copper samples.
The low material noise steel samples were imaged effectively by both algo-
rithms however in the copper sample, which exhibited significantly more
material noise, the TFM algorithm showed far better noise robustness than
the TR-MUSIC method.

Hutt [37] investigated the impact of random GWN to the simulated circular
array imaging of an arbitrary kite-shaped reflector on the TFM and FM al-
gorithms. GWN was also added to noise-free simulated data in this study to
investigate the impact of incoherent noise on imaging performance. It was
found that the FM was far more sensitive to noise than the TFM method.
The TFM algorithm mainly uses the information carried by the largest sin-
gular eigenvalues that are not significantly affected by noise, which partly
explains its robustness to noise. The FM attempts to use the information
from all the eigenvalues, including ones with small singular values that are
significantly impacted by noise. This leads to the higher sensitivity of the
FM algorithms to noise.

In this Section, the effect of incoherent noise on array imaging is investi-
gated by adding GWN into the noise-free FMC simulated data generated
in Section GWN was added to the datasets to achieve four different
levels of SNR: 40 dB, 20 dB, 10 dB and 1 dB. The same definition of SNR
as described in Eq. was used. The noise-free FMC data collected via
a 2 MHz 64-element array for the 1.5 mm, 3 mm and 6 mm planar smooth
defects from Section[3.4|was used to add the varying levels of GWN. Exam-
ple A-Scans from the 3 mm defect cases with varying SNRs are shown in
Fig. Fig. also demonstrates the time windowing that was applied
when generating the SR images.

As well as the visible change in SNR in the A-Scans, Fig. also shows the
variation in eigenvalue amplitude (as generated post-SVD of the FMC data)
as the SNR increases. As expected, the number of significant eigenvalues,
corresponding to the signal subspace as discussed in Section[2.8.2} decreases
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Figure 3.19: Example A-Scans from the simulated FMC
data from the 2 MHz 64-element array inspection of an em-
bedded 3 mm smooth planar defect with varying levels of
added GWN. The time-windowing that was applied prior
to SR imaging is shown. The eigenvalue amplitude for each
corresponding FMC data set is plotted adjacent to the A-

Scans.

as the noise increases. This results in requiring a lower eigenvalue cut-off

when conducting TR-MUSIC imaging.

The images produced by the MF-FM, MF-TR-MUSIC, TFM and array B-

Scan algorithms are shown in Fig. Fig.[3.2T)and Fig. when varying
levels of GWN was applied to the simulated noise-free FMC datasets from

the 1.5 mm, 3 mm and 6 mm defects.

The sizing performance of all the algorithms against increasing SNR for the
different defect sizes are shown in Fig. Fig. and Fig.

First considering the B-Scan images and results, it can be seen that as the
SNR decreases there are increasing levels of imaging noise in comparison
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Figure 3.20: MEF-FM, MF-TR-MUSIC, TFM and array B-
Scan images generated from the simulated 2 MHz 64-
element array inspection of an embedded planar 1.5 mm de-
fect, where varying levels of GWN were added to achieve
different SNRs. All images are plotted in a decibel scale,
with all TFM and B-Scan images plotted between 0 and -
6 dB and all MF-FM and MF-TR-MUSIC images plotted be-
tween 0 and -10 dB. The set-up shown in Fig.[.1jwas used,
with array centred above the defects at a distance of 42 mm.

to the noise-free image. The sizing performance generally remains stable
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Figure 3.21: MF-FM, MF-TR-MUSIC, TEM and array B-
Scan images generated from the simulated 2 MHz 64-
element array inspection of an embedded planar 3 mm de-
fect, where varying levels of GWN were added to achieve
different SNRs. All images are plotted in a decibel scale,
with all TEM and B-Scan images plotted between 0 and -
6 dB and all MF-FM and MF-TR-MUSIC images plotted be-
tween 0 and -10 dB. The set-up shown in Fig.[3.1|was used,
with array centred above the defects at a distance of 42 mm.

however, it is only when the SNR reduces below 10 dB that a relative perfor-
mance drop is observed. The drop in performance is seen as a step change
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Figure 3.22: MF-FM, MF-TR-MUSIC, TEM and array B-
Scan images generated from the simulated 2 MHz 64-
element array inspection of an embedded planar 6 mm de-
fect, where varying levels of GWN were added to achieve
different SNRs. All images are plotted in a decibel scale,
with all TFM and B-Scan images plotted between 0 and -
6 dB. The set-up shown in Fig. 3.1 was used, with array
centred above the defects at a distance of 42 mm.

in an estimation of the defect size, which is equal to the electronic scanning
increment (1.5 mm). This is the inherent resolution of the array B-Scanning
technique.
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Figure 3.23: The sizing performance of the array imaging
algorithms when inspecting a 1.5 mm embedded planar de-
fect with decreasing SNR.
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Figure 3.24: The sizing performance of the array imaging
algorithms when inspecting a 3 mm embedded planar de-
fect with decreasing SNR.

A similar visual degradation of the TFM images is observed as SNR de-
creases. However it is observed that the sizing performance is generally
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Figure 3.25: The sizing performance of the array imaging
algorithms when inspecting a 6 mm embedded planar de-
fect with decreasing SNR.

stable across the entire SNR range investigated, demonstrating excellent ro-
bustness to incoherent noise. This performance is expected due to TFM es-
sentially averaging the time-domain signals as part of the summation pro-
cess in the algorithm (see Eq. ), leading to a reduction in the effects of
incoherent noise.

Observing the SR images presented in Fig. Fig. and Fig. the

SR methods were able to generate representative images for the defects for
almost all GWN levels thus sizing was achievable. The only case where
sizing was not possible was using the MF-TR-MUSIC algorithm to size the
1.5 mm defect at a SNR of 1 dB. In this instance, only a single indication
was produced and no tip responses could be resolved.

One prominent trend across both SR algorithms when imaging the 3 mm
and 6 mm defects was that as the SNR decreased, the number of indications
produced by the algorithms also decreased. This is apparent in Fig.
where at 10 dB SNR, the MF-FM went from generating three indications to
only two indications. At 1 dB SNR, both SR algorithms also only produced
two indications. In Fig. at 20 dB SNR both of algorithms went from
generating five indications at higher SNRs to only four indications. At1dB
in the same figure, the number of indications dropped once again to three
indications which were noticeably distorted. This reduction in the number
of indications is accompanied by a decrease in sizing performance, specif-
ically an underestimation in defect size. As was described in Section
there is a roughly linear trend between the number of SR indications and
defect size. Thus if the increase in noise results in a reduction in image indi-
cations, it is expected that it would provide an underestimating estimation
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of the defect size. These effects however only begin to have a significant
impact on the sizing performance at or below around 10 dB SNR, which is
general classified as a substantial amount of signal noise in current ultra-
sonic NDE.

Another change that was observed in the SR images as noise increased was
that the indications became progressively elongated in the direction per-
pendicular to the defect width. This is evident in all figures and is consis-
tent with observations made by Fan et al. (2014) [34]. There seemed to be far
less impact that incoherent noise had when imaging the 1.5 mm defects as
it was only at the highest noise level of 1 dB SNR that the defect tips could
not be resolved by the MF-TR-MUSIC. This imaging stability is reflected in
the sizing performance in Fig. where the SR algorithms were consis-
tently more accurate than TFM across the entire noise range. It is worth
noting that the TFM algorithm itself was generally quite accurate in only
overestimating the defect width by around 0.2 mm (~15% error). For the
larger defect sizing results in Fig. and Fig. the TFM remained con-
sistently accurate across the entire SNR range, outperforming all the other
algorithms. The SR algorithms progressively undersized the defects as the
SNR decreased. The drop in sizing accuracy coincided when the number of
indications reduced.

To quantify the imaging robustness to noise, the imaging SNR of the TFM
and array B-Scan algorithms, SNRr 7y, and SNRgscqn, were estimated from
Fig. Fig. and Fig. The methodology consists of measuring
imaging equivalents to A,,4isc and Apeqx as described in Eq. . The value
of Apsise was estimated by considering a region of the image before the
defect indication and calculating the RMS of the imaging amplitude values
within that region. For the images generated using a 2 MHz array, a 7.5 mm
wide square box region was used. For the 1 MHz array images generated
in later Chapters, a 10 mm wide square box region was used. An example
of the imaging noise sampling box is shown in Fig. as the red box in
all images. The value of Ay, was taken to be the maximum amplitude
value from the defect indication. The values of A,isc and Apeqi, Were then
inputted into Eq. to estimate the imaging SNR for each separate image.
When scanned FMC data was considered for defect characterisation in later
Sections, the scan step which featured the highest value defect indication
amplitude was used to estimate A,,pisc and Apeqr-

The imaging SNR of the TFM and B-Scan algorithms compared against the
SNR of the GWN added to the noise-free FE FMC data is shown in Table[3.4]
It can be seen that both of the algorithms achieve an SNR far greater than the
SNR value of GWN that was added to the FE datasets. TFM demonstrated
a higher level of robustness to incoherent noise compared to the array B-
Scan algorithm, with the relative difference in SNR increasing as the defect
size decreased. This is explained due to the inherent averaging of the time-
domain data which occurs during the TFM imaging process.

It is worth noting that an assumption that has been made is that the imple-
mented noise is only incoherent in time. When considering realistic arrays,
spatial coherence is also important as, for example, electrical noise may not
be independent between different array element channels so it may have a
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Figure 3.26: The imaging SNR methodology for the case

of GWN added to noise-free FE FMC data such that the A-

Scan SNR was 1 dB. Each image plotted in an absolute am-
plitude scale.

more complex impact on imaging. These results also only considered inco-
herent noise and not coherent noise. The effect of coherent noise can only
easily be considered through experimental testing in components known
to exhibit significant material noise. In addition, this work only consid-
ered optimal defect positioning (directly centred under the array) and in
the ideal orientation (parallel to the array), so the effects of noise are likely
be more severe for more challenging inspection set-ups.

3.7 Conclusions

The findings reported within this Section demonstrate an initial feasibility
study into the potential applicability of advanced array algorithms to ultra-
sonic NDE.

2D FE modelling techniques were used to simulate the array inspection of
smooth embedded planar defects within stainless steel. From the simulated
FMC datasets calculated, images using the array 0° B-Scan, TFM, MF-FM
and MF-TR-MUSIC algorithms were generated to study their suitability for
NDE defect characterisation.

«10°12
35
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1071
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Table 3.4: The imaging SNR of the TFM and array B-Scan al-
gorithms when varying levels of GWN were implemented.

Defect Width (mm) | SNRgw N | SNRrry | SNRBsean
1.5 40 67.4 57.4
1.5 20 48.4 36.3
1.5 10 38.5 26.7
1.5 1 29.8 18.7

3 40 63.5 56.8
3 20 43.7 36.5
3 10 33.9 27.7
3 1 25.3 18.3
6 40 57.8 56.1
6 20 38.0 36.2
6 10 28.5 26.3
6 1 20.7 18.0

In Section 3.4} it was found that the MF-FM, ME-TR-MUSIC and TFM al-
gorithms were able to accurately size planar defects below the diffraction
limit (A\/2), and they consistently outperformed the array B-Scan imaging
method. It was also found that for defects at or below the diffraction limit,
the performance of the TFM algorithm expectedly plateaued as it became
limited by beam width constraints. The SR algorithms however were able
to overcome this barrier and more accurately size sub-wavelength defects
than the other methods demonstrating their super resolution capabilities. A
key finding within this Section was an observed non-dimensional trend be-
tween the number of image indications generated for embedded planar de-
fects with the SR algorithms and the defect size measured in wavelengths.
This may have the potential to act as visual sizing guidance to aid defect
analysis.

In Section it was found that the SR algorithms were able to effectively
image sub-wavelength defects at a range of misorientations and accurately
estimate the defect width and TWH. At large angles of misorientation, the
32-element array configuration was found to drop-off in performance more
in comparison to the 64-element array results. The TFM was found to be
ineffective to characterise the defects, as expected due to the defect size
being at the diffraction limit.

In Section the effect of incoherent noise on array imaging was investi-
gated. The TFM algorithm showed excellent robustness in its sizing per-
formance for all levels of GWN applied as well as in image quality demon-
strated by the high values of SNR7 s measured. The SR algorithms also
showed robustness to incoherent noise for SNRs above 10 dB. When sizing
the 3 mm (A\) and 6 mm (2)\) sized defects below 20 dB SNR, there was ob-
served to be a reduction in the F' matrix eigenvalues which corresponded



3.7. Conclusions 97

to the signal subspace. This led to the algorithms producing images corre-
sponding to those which would be expected of smaller defects in a noise-
free scenario resulting in defect under-sizing at high levels of noise. When
imaging the 1.5 mm defects (\/2), significant robustness was demonstrated
to 10 dB SNR for the SR algorithms. The results in Section 3.6/ suggest that
when significant levels of incoherent noise is present within array data, this
may need to be accounted and corrected for when applying the SR algo-
rithms to size embedded planar defects.
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Chapter 4

Experimental SR Imaging of 2D

Embedded Smooth Planar
Defects

4.1 Introduction

This Chapter aims to experimentally validate the 2D FE simulated array
imaging results presented within Chapter 8|by considering representative
experimental embedded planar defects using Wire Eroded (WE) test pieces,
which are described in more detail in the next Section. The SR algorithms’
performance in terms of sizing and orientation estimation was considered
as well as verifying the novel non-dimensional trend between defect size
and the SR image indication pattern observed through simulation. The lat-
ter will be carried out using both a 2 MHz and 1 MHz array on a range of
defect sizes, which would also provide information on the effect of reduced
sampling of the far-field scattered wavefield. This simplified experimen-
tal set-up allowed for an assessment of the upper limit of SR imaging per-
formance to be established before other factors such as finite defect length
would act to hinder its NDE capability.

4.2 Experimental Set-Up

To experimentally validate the 2D FE studies conducted previously, WE test
pieces were manufactured that contained defects that extended across the
entire test piece width meaning the defects were a good practical approxi-
mation to the 2D FE models. These WE test pieces featured planar defects
1.5 mm, 3 mm and 6 mm wide with each defect size at 0°, 10° and 20° of tilt.
A schematic of the test pieces is shown in Fig.|4.1|and the defect parameters
are listed in Table The defect tolerances listed in Table [4.2] were pro-
vided by the test piece manufacturer. The test pieces were manufactured
from 304 stainless steel.

Two ultrasonic phased arrays were used in direct contact with the test pieces
to collect FMC data. These were a 2 MHz 64-element linear phased array
(IMASONIC, 96 mm active aperture size) and a 1 MHz 32-element linear
phased array (IMASONIC, 96 mm active aperture size). The full array prop-
erties are detailed within Table A data collection sampling frequency
of 100 MHz was used for both the 2 MHz and 1 MHz array configurations
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Table 4.1: Properties of the IMASONIC arrays used through
the experimental trials within this thesis.
Frequency | Number of | Element Pitch | Active Aperture | Element Width
(MHz) Elements (mm) (mm) (mm)
2 64 1.5 95.75 15
1 32 2.95 93.9 22

Table 4.2: Planar defect parameters within the wire eroded
test pieces. Manufacturing tolerances are also provided.

Defect Width | Inclination Angle
(mm) )
1.5+£02 0.00 £ 0.25
1.5+0.2 10.00 + 0.25
1.5+£02 20.00 £+ 0.25
3.0+02 0.00 £ 0.25
3.0+0.2 10.00 £ 0.25
3.0£0.2 20.00 £0.25
6.0 £0.2 0.00 £ 0.25
6.0 +0.2 10.00 £ 0.25
6.0+£0.2 20.00 £0.25

using a MicroPulse FMC. The arrays were placed directly above each defect
to maximise the array viewing angle, as conducted in Chapter |3, with the
arrays central to the test piece width to minimise edge effects of the block
faces. Although an extra parameter of 3D beam width has been introduced,
this experiment represents the closest approximation to the 2D FE simula-
tions conducted previously.

4.3 Wire Eroded Test Piece Array Imaging Results

The array 0° B-Scan, TFM, MF-FM and MF-TR-MUSIC algorithms were ap-
plied to the collected FMC from the WE test pieces. A pixel size of 50 um
was used for all images in this Section.

First considering the results from the 2 MHz 64-element array, the images
produced from the corresponding FMC datasets are shown in Fig. Fig.
and Fig. From these images, it is clear that the same indication profiles
are produced as the simulated images presented in Section The SR al-
gorithms again generated a series of discrete indications along the defect
width, with the number of indications related to the defect size in accor-
dance with Fig. The TFM and array B-Scan algorithms produced ex-
tended indications corresponding to the specular reflections from the pla-
nar defect faces.
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Figure 4.1: a) 3D illustration of the experimental set-up for
array FMC data collection on the WE test pieces, showing
the series of pseudo-2D WE slots within the test block with
the array positioned on the test piece centreline (dashed
red), directly centred above WE defects. b) The cross-
sectional view (z —y axes) of the experimental set-up, where
the WE defect widths (X) ranged from 1.5 mm - 6 mm and
the inclinations (#) ranged from 0°-20°. c) The plan-view of
the set-up (z — z axes) showing the positions of the array
above the defects where a single FMC dataset was collected
for each location. Figure not to scale.

For the 1.5 mm (\/2) defects, two indications are generated by the SR al-
gorithms, for the 3 mm () defects three indications are generated and for

50
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Figure 4.2: Array algorithm images for the 1.5 mm wire
eroded defects using a 2 MHz 64-element probe. All im-
ages were normalised to the maximum pixel value within
each image and are plotted in the decibel scale. All MF-FM
and MF-TR-MUSIC are plotted between 0 and -10 dB. All
TFM and B-Scan images are plotted between 0 and -6 dB. A
15 mm active aperture was used to generate the B-Scan im-
ages. The set-up shown in Fig. [f.1|was used, with the array
centred above the defects at a distance of 40 mm.

the 6 mm (2)) defects five indications are generated. The trend observed
here between number of image indications and defect width in wavelength
matches the trend established in the simulation studies. It is also observed
that the number of indications from the SR algorithms remains consistent
even as the defects are tilted from 0° to 20°. It is observed that for the 6 mm
20° WE defects, the central indications on the SR images have started to
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Figure 4.3: Array algorithm images for the 3 mm wire
eroded defects using a 2 MHz 64-element probe. All im-
ages were normalised to the maximum pixel value within
each image and are plotted in the decibel scale. All MF-FM
and MF-TR-MUSIC are plotted between 0 and -10 dB, ex-
cept the MF-TR-MUSIC 10° image is between 0 and -12 dB.
All TFM and B-Scan images are plotted between 0 and -
6 dB. A 15 mm active aperture was used to generate the
B-Scan images. The set-up shown in Fig. . Twas used, with
the array centred above the defects at a distance of 40 mm.

become slightly distorted. However importantly, the positions of the de-
fect tip indications were located at the expected positions which enabled
accurate sizing to be carried out.

From the images, the same SR sizing methodologies used in Section
were applied to algorithms to estimate the defect size and tilt angle. The
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Figure 4.4: Array algorithm images for the 6 mm wire
eroded defects using a 2 MHz 64-element probe. All im-
ages were normalised to the maximum pixel value within
each image and are plotted in the decibel scale. All MF-
FM and MF-TR-MUSIC are plotted between 0 and -10 dB,
except the ME-FM 0° image is between 0 and -15 dB. All
TFM and B-Scan images are plotted between 0 and -6 dB. A
15 mm active aperture was used to generate the B-Scan im-
ages. The set-up shown in Fig.[4.1|was used, with the array
centred above the defects at a distance of 40 mm.

6 dB drop sizing method was applied to the TFM and B-Scan images un-
less clear tip responses could be distinguished for the higher defect tilts, in
which case the tip responses were used to size the defects. Tips were used
to size the 3 mm 20° and the 6 mm 20° B-Scan images.

The characterisation results from all the algorithms are listed in Table
The errors for the sizing for the SR and TFM algorithms are based on the
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Table 4.3: 2 MHz 64-element array imaging algorithm sizing
results for wire erosion test pieces.
Actual MF-FM MF-TR-MUSIC TFM B-Scan
Parameters
Size  Tilt Size Tilt Size Tilt Size Tilt Size Tilt
(mm) (%) (mm) ©) (mm) ©) (mm) ©) (mm) @)
1.5 0 | 1.36 £0.05 2+£2 1.51 £ 0.05 4+£2 1.81 £ 0.05 0+2 74+£15 0+2
1.5 10 | 1.42£0.05 6+2 1.52 £ 0.05 8+2 1.84 £ 0.05 8+2 74+15 0£2
1.5 20 | 1.51+0.05 15+2 1.53 +0.05 172 2.06 £ 0.05 18+2 74+£15 1+2
3 0 |3.01+£0.05 8+1 3.03 £0.05 0+1 3.18 £0.05 0+1 6.1+15 0+1
3 10 | 2.87 £0.05 15+1 2.96 £ 0.05 14+1 3.23 £0.05 10+1 74+15 2+1
3 20 | 3.424+0.05 36 £1 3.27 £0.05 28+1 3.40 £ 0.05 21+£1 32+15 20£1
6 0 |597+£005 43+05 |580+£005 19+£05 |615+£005 05+05 |76+15 00x05
6 10 | 6.02£0.05 135+£05 | 598+0.05 140+05|619+£005 98+05 |9.0+15 64+05
6 20 | 6.09+£005 2434+£05|599+£0.05 268=+£05|633+£005 199405 |62+£15 158=+£0.5

imaging pixel size of 50 ym and using standard error propagation. The
error for the B-Scan images are based on the inherent image resolution of
1.5 mm in the z-axis direction related to the electronic scan increment.

First considering the 1.5 mm characterisation results using the 2 MHz 64-
element array listed in Table the TFM and SR algorithms significantly
outperform the array B-Scan algorithm. The B-Scan results demonstrate a
similar beam width limited performance as found in Section severely
overestimating the defect size by around 400% and providing no estima-
tion of the defect tilt. The TFM algorithm achieved far more accurate char-
acterisation results. The width sizing results were very similar to the sim-
ulated results, with the method overestimating the defect size by around
25%. TFM was also able to effectively estimate the defect tilt which would
allow TWH sizing to be undertaken. Both of the SR algorithms were able
to achieve almost perfectly accurate width sizing for all defect orientations
and they were also able to estimate the defect tilts with reasonable accuracy,
again facilitating TWH sizing. Considering both the width sizing and ori-
entation estimation accuracy, the MF-TR-MUSIC algorithm generally per-
formed slight better than the MF-FM. Both SR algorithms performed better
than the conventional array algorithms.

Considering the 3 mm characterisation results using the 2 MHz 64-element
array listed in Table similar performance is observed from the algo-
rithms. The B-Scan algorithm again significantly oversized the defects for
the 0° and 10° case. However for the 20° case, the defect tips could be
resolved and therefore accurate length and orientation estimations were
achieved. The TFM algorithm again produced accurate sizing results as
well as being able to effectively estimate the defect tilt which would al-
low TWH sizing to be undertaken. The sizing performance progressively
worsened as tilt increased due to the applicability of amplitude-based siz-
ing becoming increasingly invalid as the defect moved away from the spec-
ular orientation. The SR algorithms were able to achieve accurate sizing
for all defect orientations as well as to provide good estimations of the de-
fect tilts. Considering both the sizing and orientation estimation accuracy,
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Table 4.4: The imaging SNR of the TFM and array B-Scan
algorithms from the 2 MHz experimental images generated

from the WE defects.

Defect Width (mm) | SNRgwn | SNR7rrayr | SNRBscan
1.5 0 46.4 38.0
1.5 10 442 37.2
1.5 20 44.2 33.5

3 0 53.4 43.3
3 10 48.5 39.8
3 20 52.1 30.4
6 0 51.7 50.7
6 10 59.9 42.3
6 20 49.7 324

the MF-TR-MUSIC algorithm again performed better than the MF-FM. The
performance of both SR algorithms was once again superior to those of the
conventional array algorithms.

Considering the 6 mm characterisation results using the 2 MHz 64-element
array listed in Table[4.3} the same trends are generally observed once again.
The B-Scan algorithm oversized the defect length significantly for the 0°
and 10° cases but was able to accurately characterise the 6 mm 20° defect,
due to tip indications being resolvable. TFM achieved accurate sizing and
tilt estimation, with the maximum width sizing error of around 5%. Both SR
algorithms performed equally accurately in terms of producing successful
width and tilt estimations.

Using the methodology described in Section the imaging SNR of the
TFM and array B-Scan algorithms were estimated from the 2 MHz 64-element
array images and are listed in Table A representative example exper-
imental SNR case for the WE test pieces (1.5 mm 0° defect) is shown in
Fig. The imaging SNR of both of the algorithms considered in Table [4.4]
are high, which is expected from the easily inspectable material from which
the test pieces were manufactured from. As shown in Section the TFM
algorithm was able to achieve a higher image SNR compared to the array
B-Scan algorithm.

Now considering the results from the 1 MHz 32-element array, the images

produced are shown in Fig. |4.6] Fig. [4.7 and Fig. 4.8/ for the 1.5 mm (\/4),
3 mm (A/2) and 6 mm (\) WE defects respectively.

The characterisation results from all the algorithms are listed in Table
The errors for the sizing for the SR and TFM algorithms are based on the
imaging pixel size of 50 ym and using standard error propagation. The
error for the B-Scan images are based on the inherent image resolution of
3 mm related to the electronic scan increment.
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Figure 4.5: The imaging SNR methodology for the 1.5 mm

0° WE defect using a 2 MHz 64-element array. Each image

plotted in an absolute amplitude scale. The set-up shown in

Fig.|4.1)was used, with the array centred above the defects
at a distance of 40 mm.

From the images shown in Fig.[4.6]for the 1.5 mm (\/4) WE defect using the
1 MHz array, it can be seen that both SR algorithms are only able to gener-
ate a single indication for the defect and are not able to resolve the defect
tips. This means that the SR sizing approach described in Section 3.3|cannot
be applied here and this is reflected in Table 4.5/ where both SR algorithms
are unable to estimate the defect size direction. The only sizing information
that could be inferred from the case of a single indication being generated is
that the defect size must be smaller than the diffraction limit (A\/2 = 3 mm)
which has been shown to produce two indications. TFM seems to produce
similar indications for all tilt angles for the 1.5 mm defects, however there is
a slight visual change in the inclination of the image indications suggesting
that some tilt estimation may be achievable. From Table the TFM algo-
rithms are shown to overestimate the defect size by over 100% as it returns
values just above the diffraction limit (3 mm) which is the maximum the-
oretical resolution limit of the algorithm. The results also show that some
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Figure 4.6: Array algorithm images for the 1.5 mm wire
eroded defects using a 1 MHz 32-element probe. All im-
ages were normalised to the maximum pixel value within
each image and are plotted in the decibel scale. All im-
ages are plotted between 0 dB and -6 dB, except for the 10°
and 20° MF-FM and MF-TR-MUSIC images which were be-
tween 0 dB and -10 dB. A 15 mm active aperture was used
to generate the B-Scan images. The set-up shown in Fig.
was used, with the array centred above the defects at a dis-
tance of 40 mm.
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Figure 4.7: Array algorithm images for the 3 mm wire
eroded defects using a 1 MHz 32-element probe. All im-
ages were normalised to the maximum pixel value within
each image and are plotted in the decibel scale. All images
are plotted between 0 dB and -6 dB, except for the 20° MF-
FM image which was between 0 dB and -8 dB. A 15 mm ac-
tive aperture was used to generate the B-Scan images. The
set-up shown in Fig. 4.1 was used, with the array centred
above the defects at a distance of 40 mm.

estimation of the defect tilt can be extracted, although the tilt estimates are
significantly underestimated. The B-Scan array algorithm severally overes-
timates the defect size (by 500%) and cannot estimate the defect tilt, indi-
cating that the method is considerably beam width limited.

From the 3 mm (\/2) defect images shown in Fig. the SR algorithms are
now able to generate indications from the tips of the defects which enabled
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Figure 4.8: Array algorithm images for the 6 mm wire
eroded defects using a 1 MHz 32-element probe. All im-
ages were normalised to the maximum pixel value within
each image and are plotted in the decibel scale. All TFM and
B-Scan images are plotted between 0 and -6 dB. A 15 mm ac-
tive aperture was used to generate the B-Scan images. The
set-up shown in Fig. 4.1| was used, with the array centred
above the defects at a distance of 40 mm.

accurate sizing estimations to be carried out. The characterisation results in
Table [4.5] show a similar trend to Table 4.3 where the SR methods are able
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Table 4.5: 1 MHz 32-element array imaging algorithm sizing
results for wire erosion test pieces.
Actual MF-FM MEF-TR-MUSIC TFM B-Scan
Parameters
Size  Tilt Size Tilt Size Tilt Size Tilt Size Tilt
(mm) (°) (mm) ©) (mm) ©) (mm) ©) (mm) ©)
1.5 0 - - - - 3.15+0.05 0+2 9+3 0+2
1.5 10 - - - - 3.21 +0.05 442 9+3 0+2
1.5 20 - - - - 3.24 +0.05 9+2 9+3 0£2
3 0 2.51+0.05 5+1 295+ 0.05 2+1 3.65 +0.05 0+1 9+3 0+1
3 10 | 2.96 +0.05 12+1 2.83 + 0.05 13+1 3.69 +£0.05 21 +1 943 0+1
3 20 | 2.954+0.05 15+1 3.09 +0.05 23+1 3.91 +£0.05 21+1 9+3 0+1
6 0 |578+0.05 25+05 |567+005 10+05 |6.08+005 05+05 |12+3 0.0+05
6 10 | 598 +0.05 324+05|569+0.05 21.2+05 | 6.03+0.05 95+05 943 02+05
6 20 | 6.524+0.056 386+05 | 657+0.06 37.7+05 | 620+0.06 179+05 | 12+3 14+05

to most accurately estimate the defect size and inclination angle compared
to TFM and the B-Scan algorithms. In the majority of 1 MHz cases, the MF-
TR-MUSIC was the most accurate method. TFM overestimated the defect
size by around 25% but is able to accurately estimate the defect inclination.
As with the 1.5 mm defects, the B-Scan algorithm severely overestimates
the defect size and cannot estimate the defect tilt. This is expected due to
the method being beam width limited in this configuration.

For the 6 mm () defect results in Table TFM is seen to produce the most
accurate characterisation results in terms of both length sizing and orienta-
tion estimation. The SR algorithms, although not hugely inaccurate, cannot
match this performance. This drop-off in performance relative to Table
(for the A sized case at 2 MHz) is likely due to the reduction in information
contained within the FMC data. Although both arrays achieve the same
viewing angle, the 1 MHz array has half the elements of the 2 MHz array
and therefore contains 3072 fewer A-Scans from which the defect profile is
reconstructed. The B-Scan again performs the worst out of all the consid-
ered algorithms.

A key trend that is observed when considering the images from both the
2 MHz and 1 MHz SR array images are the consistency in the number of
indications produced for a given defect size measured in terms of wave-
length. All SR images from the \/2 sized defects returned two indications
and all the X sized defects returned three indications. These results repre-
sent experimental validation of the SR imaging trend shown in Fig.

4.4 Conclusions

In this Chapter, experimental validation of the simulated results in Chap-
ter |3 was conducted on pseudo-2D wire eroded test pieces containing pla-
nar defects of varying size and orientation. It was found that the SR algo-
rithms could accurately size the WE defects up to sizes of half the ultrasonic
wavelength as well as effectively estimate the tilt angle, albeit only up to
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the maximum defect inclination of 20°. The TFM algorithms were not able
to match their performance at this length scale but it produced accurate
characterisation results for the A and 2\ sized defects. The array 0° B-Scan
algorithm was found to be the least accurate array imaging algorithm used
as it considerably overestimated the defect widths.

Importantly, the non-dimensional SR imaging trend for planar defects ob-
served in the simulated results in Section [3.4 was experimentally validated
over the WE defect size range considered, adding confidence that this trend
could be used in estimating planar defect size using only knowledge of the
ultrasonic wavelength. This trend was also valid for defect orientations up
to the maximum tilt of 20° considered.

It is noted however that these results, as in for Section are for a single
range value of around 40 mm between the array and defects. It is expected
that it will not hold for all range values, with a worsening imaging perfor-
mance occurring as the range continues to increase (as the apparent array
viewing angle decreases). Also the results in this Section utilised arrays of
different frequencies but with a consistent active aperture size of 96 mm.
It is anticipated that active aperture size, and therefore viewing angle, is
a key parameter for SR imaging and therefore deviations from this trend
may occur as the active aperture size begins to differ significantly. Further
investigation into the complex relationship between active aperture size,
defect range and viewing angle is required to fully understand the imaging
behaviour beyond the parameter space considered.
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Chapter 5

Experimental SR Imaging of 3D

Embedded Smooth Planar
Defects

5.1 Introduction

In this Chapter, the experimental studies conducted in Chapter | were ex-
tended to consider three-dimensional (3D) embedded planar defects, which
are more representative of commonly encountered NDE inspection flaws
than the pseudo-2D wire eroded defects considered previously. This was
done by using test pieces containing Spark Eroded (SE) inclined ellipses
and applying an FMC scanning array technique.

As will be discussed, using all FMC datasets collected from the full scan
paths in conjunction with the SR algorithms generates images far more dif-
ficult to interpret than those produced by conventional imaging methods.
This is because the SR algorithms are capable of generating images featur-
ing high amplitude erroneous indications from datasets which do not even
include significant defect responses within the time trace data. This would
inevitably lead to confusion during data interpretation. To tackle this prob-
lem, an imaging methodology was established to process the scanned FMC
datasets acquired on the 3D targets in order to effectively apply the SR
algorithms for defect sizing characterisation. This method utilised infor-
mation gained from the TEM algorithm to allow appropriate time-domain
windowing of signals prior to SR imaging to enable accurate defect width
sizing. This step is vital if the method is to be used in practical NDE sce-
narios where prior knowledge of the temporal location of defects is not
available.

Using this method, the sizing performance of the SR algorithms were as-
sessed for the 3D flaws and compared to the simplified 2D cases previously
considered in this thesis. This validation is a crucial step to determine their
applicability for realistic defect morphologies present within practical NDE
inspections.

5.2 Experimental Set-Up

The SE test pieces were manufactured containing 3D elliptical planar tar-
gets from 304 stainless steel. These SE test pieces featured different sized
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Figure 5.1: a) 3D illustration of the experimental set-up for
FMC array scanning of the spark eroded ellipse test pieces,
showing the series of elliptical notches within the test blocks
and the series of scan lines (dashed red). One scan line was
used for each notch, with the linear array centred on each
notch. b) The cross-sectional view (x — y axes) of the exper-
imental set-up, where the notch defect widths (X) ranged
from 1 mm - 3 mm and their inclinations (f) ranged from
0°- 20°. c) The plan-view of the set-up (x — z axes), where
the defect lengths (Z) varied between 1 mm - 3 mm.

defects at various inclination angles. A schematic of the SE test pieces is
shown in Fig. .1 and the defect parameters are listed in Table The
defect tolerances listed in Table 5.1 were provided by the test piece manu-

facturer.
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Figure 5.2: An illustration of the experimental set-up used
when collecting scanned FMC datasets from a test piece.
The ultrasonic array (light blue) is manipulated across the
test piece surface with the XY scanner, which can move the
probe in either the primary scan axis or the secondary scan
axis. Both the primary and secondary scan axes are perpen-
dicular to each other. The XY scanner is controlled with a
separate motor control unit and the ultrasonic array is con-
trolled via a MicroPulse FMC signal generator. Both the mo-
tor control unit and the MicroPulse FMC are interfaced with
a stand-alone computer which controls all the equipment.

A 2 MHz 64-element linear phased array (IMASONIC, 96 mm active aper-
ture) was used in direct contact to collect FMC data from the test pieces. The
full array properties are detailed within Table[4.1] A sampling frequency of
25 MHz was used for data collection. The array was placed directly above
each defect to maximise the array viewing angle, as conducted in Chapter[d]

The defects were then scanned across the test piece surface along the block
width, with the primary aim of sizing the defect width which was parallel
to the array (2-axis). The secondary aim was to size the defect length, which
is defined in the 2-axis and parallel to the scan direction. From this, a series
of FMC datasets were obtained from which the array imaging algorithms
were applied. A 1 mm scan increment was used, which was the limitation
of the XY scanner and manipulator file available. An illustration of the
experimental set-up used to acquire FMC scan data is shown in Fig.

5.3 SR Image Generation from FMC Scan Data

Unlike the FMC datasets acquired in Chapters[3| &[4} this study represented
the first time the SR algorithms were applied to a series of FMC datasets
from 3D defect profiles as opposed to single shot FMC data from 2D defects.

Unlike conventional imaging algorithms, the SR algorithms behave very
differently when presented with various imaging scenarios. For example,
indications generated from large defects (in comparison to the wavelength)
are non-intuitive and do not resemble the generally smooth varying indica-
tions generated by either the TFM or B-Scan methods. Examples of this can
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Table 5.1: The elliptical defects parameters located within

the spark eroded test pieces. Manufacturing tolerances are

also provided. Defect width is defined in the Z-axis and
defect length is defined in the Z-axis, as shown in Fig.

Defect Width | Defect Length | Inclination Angle
(mm) (mm) )
1.0+£0.1 3.0+0.1 0+2
1.0+0.1 3.0+0.1 10+2
1.0+0.1 3.0£0.1 20+2
3.0+0.1 1.0+£0.1 0+2
3.0+0.1 1.0+£0.1 10+2
3.0£0.1 1.0+0.1 20+2

be seen in previous chapters, such as in Fig. 4.4 where although the defects
are known to be smooth and planar in nature, multiple indications are gen-
erated by the SR algorithms. This is unlike the expected uniform specular
responses produced by the TFM and array B-Scan algorithms.

Another difference in imaging behaviour occurs when scanning over a com-
ponent which contains defects as well as large regions of defect-free mate-
rial. From an imaging method such as TFM, scanning a specularly-orientated
planar target, one would expect the resultant scan image to consist of a high
indication response from the defect with the surrounding material having
a much lower image response (due to it being defect free). A typical C-Scan
from such a conventional imaging case is shown in Fig.[5.3p). TFM C-Scans,
such as the image presented in Fig.[5.3p), were constructed by stacking sev-
eral x — y TEM images together along the z-axis to create a 3D volume of
data. Then for every z — z coordinate, the maximum image amplitude value
along the y-axis is used to plot a * — z C-Scan image. The image was then
subsequently normalised to the maximum C-Scan amplitude and plotted
in a decibel scale.

For the equivalent SR imaging case, this does not occur. When the array
is scanned directly over the target, the familiar defect indication images
are produced as have been previously shown within this thesis. However,
when scanning over a defect free region the image does not consist of low
amplitude responses but is in fact the opposite. Moreover, the image re-
sponses from the defect free-region can match the amplitude of the image
responses from when a defect is present. This leads to the SR algorithms
generating C-Scans for such a case shown in Fig.[5.3p).

SR algorithm C-Scans were generated in a similar way to the TFM C-Scans
by stacking several  — y SR images together along the z-axis. However,
each separate  — y SR image is normalised to the maximum image value
present within that image and the whole image is then converted to a deci-
bel scale. The reason each image was self-normalised was due to the highly
varying maximum amplitude value obtained from the various scans, where
often a defect free region may output a higher maximum image amplitude
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than responses corresponding to the known defect. The final SR C-Scan im-
age was then constructed by again finding the maximum image value along
the y-axis for every x — z coordinate. A suggested reason why such high
image responses occur for defect-free regions of the scan is related to the
theoretical background of the SR methods. They essentially determine the
likelihood that point scatterers are positioned at the imaging locations so
when imaging a defect, strong indications are produced at those locations.
However for a defect-free region, the A-Scans collected are relatively con-
sistent in amplitude across time, albeit almost zero amplitude, and the SR
algorithms interpret this as defects being present everywhere. Therefore,
images are produced with high near-uniform amplitudes.

To tackle this problem, a two-stage imaging methodology was designed
which utilised the information provided from TFM to inform the SR imag-
ing in an effort to generate representative defect reconstructions suitable for
sizing. The methodology does this by using the TEM algorithm, which is
known to be very effective at identifying defect locations, to highlight areas
of significant defect signal intensity upon which the SR algorithms would
be able to reliably image the flaw. In a sense, the method acts as a sup-
plementary tool alongside TFM to complement its robust defect detection
capability with the potentially higher sizing resolution of the SR algorithms.
The methodology is illustrated in Fig. The approach is as follows:

1. Generate TFM images from the FMC data obtained from each scan
line described in Fig. [5.1a). From the images, determine a rough esti-
mate of the (z, y, z) position of the defect as well as measure its 6 dB
length (extent in the z-axis as shown in Fig.[5.1k)) in the scan direction.
The position of the defect allows for appropriate time windowing of
the data to be carried out so only the reflected signal from the defect
is processed (as stated in Section 2.8.3). The 6 dB length of a defect
estimated using this method is shown in the C-Scan image shown
in Fig. 5.3p), where the z-axis extent of the defect is denoted by the
dashed red lines.

2. Using this estimate of the z-axis extent of the defect length, the FMC
scan data is truncated such that only FMC data from within that z-
axis remains. This means only data which contain a significant defect
signal will be imaged by the SR algorithms and thus generate effec-
tive images for defect width sizing in the  — y plane, as shown in
Fig.p.1b)). An example of a full, untruncated SR C-Scan image using
the full scan line is shown in Fig. [5.3b) and the subsequently gener-
ated truncated SR C-Scan shown in Fig.[5.3k).

3. Using these truncated scan datasets, the SR algorithms are used to
generate a series of B-Scans (z — y plane images) at each of the scan
increments within the z-axis range defined in step 1. These individual
B-Scan images are then summed along the scan direction to generate
a single SR image corresponding to only the z-axis region local to the
defect. An example of a summed SR B-Scan is shown in Fig.[5.3d).

It is emphasized that the SR images are summed as opposed to selecting
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maximum values. This is due to the small variations which can occur be-
tween separate B-Scan x — y plane images from the different scan incre-
ments. Summing results in the most prominent and consistent image fea-
tures to have the greatest impact to allow for a stable defect characterisa-
tion performance. This method means that only defect sizing can only be
achieved in the B-Scan dimensions (z — y plane) and due to the complex-
ity of the SR images, it is not recommended that they are used to size the
defects along the scan direction (z-axis).

5.4 Spark Eroded Test Piece Array Imaging Results

The array 0° B-Scan, TFM, MF-FM and MF-TR-MUSIC algorithms were
applied to the collected FMC scan data from the SE test pieces using the
methodology presented in Section The images produced are shown in

Fig. and Fig.

The images shown in Fig.|5.4|and Fig. 5.5/ are generally consistent with all
previous images for 2D defects shown within this thesis. The SR algorithms
generated images with two indications corresponding to the defect tips in
most cases, which aligned with the expected empirical number of indica-
tions for defects of this size shown in Fig. However when imaging the
1 mm (A\/3) width dimension of the (1x3) mm SE defects, the MF-FM was
unable to resolve the defect tips and only single indications were produced,
as shown in Fig. This is similar to the experimental images shown in
Fig. 4.6l where both SR methods were unable to resolve defect tips for the
(A/4) sized WE flaws. This meant that sizing using tip responses was not
possible. The reason amplitude-based sizing was not conducted instead,
as was carried out with the TFM and array B-Scan algorithms, was due to
the fact that the amplitude of the SR images do not necessarily correspond
to direct physical acoustic responses in the same way that the amplitude
responses from beamforming algorithms do (see description of 6 dB drop
sizing method in Section [3.3). It is therefore suggested that further studies
are required to be carried out in order to determine if empirical amplitude-
based sizing can be accurately and reliably conducted using the SR tech-
niques for embedded planar defects, similar to the studies by Zhang et al.
(2018) [36] for surface-breaking defects. Based on the trend presented in
Fig. one could infer that because only a single indication was pro-
duced by the MF-FM algorithm the defect width must be smaller than \/2,
placing an upper limit on this parameter. Both the TFM and array B-Scan
algorithms produced single small indications, as is expected for these sub-
wavelength sized SE flaws.

The characterisation results from the MF-FM, MF-TR-MUSIC, TFM and ar-
ray 0° B-Scan images for the SE defects in Fig.[5.4]and Fig. 5.5 are listed in

Table[5.2] Table5.3] Table 5.4 and Table[5.5|respectively.

Despite the MF-FM algorithm not being able to resolve the tips of the (1x3) mm
SE flaws, the MF-TR-MUSIC algorithm using the scanned FMC dataset
methodology presented in Section [5.3| was able to achieve accurate width
sizing of the 1 mm (\/3) dimension of the defects. Reasonable estimations
of the defect orientation was also possible with the MF-TR-MUSIC tech-
nique, except for the 0° case which overestimated the tilt by more than 25°
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Figure 5.3: Imaging methodology to generate a SR B-Scan
(r — y) image of an embedded planar defect. The first step
is to apply the TFM algorithm to the FMC scan data and
estimate the (z, y, z) position of the defect. The z-extent of
the defect from the C-Scan is estimated (a). The z-extent is
used to truncate the SR data (b) to produce a reduced set
of data which contains significant defect indications (c). (d)
SR B-Scan (z — y) images are generated for each scan incre-
ment FMC dataset and the resultant images are summed to
produce a single defect image which is used for character-
isation. The set-up shown in Fig. [5.1) was used, featuring
a 64-element 2 MHz array scanned centrally above the de-
fects at a distance of 40 mm. All images are plotted on a
decibel scale.

as shown in Fig. These results experimentally demonstrate the super
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Figure 5.4: Array algorithm images for the (1x3) mm spark
eroded elliptical defects using a 2 MHz 64-element array.
All images were self-normalised to their peak amplitude
value and are plotted in the decibel scale. All TFM and
B-Scan images are plotted between 0 and -6 dB. A 15 mm
active aperture was used to generate the 0° and 10° B-Scan
images and a 16.5 mm active aperture was used to gener-
ate the 20° B-Scan images. The set-up shown in Fig.[5.Tjwas
used, featuring a 64-element 2 MHz array scanned centrally
above the defects at a distance of 40 mm.
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Figure 5.5: Array algorithm images for the (3x1) mm spark
eroded elliptical defects using a 2 MHz 64-element array.
All images were self-normalised to their peak amplitude
value and are plotted in the decibel scale. All TFM and
B-Scan images are plotted between 0 and -6 dB. A 15 mm
active aperture was used to generate all the B-Scan im-
ages. The set-up shown in Fig. was used, featuring a
64-element 2 MHz array scanned centrally above the defects
at a distance of 40 mm.
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Table 5.2: The 2 MHz 64-element array MF-FM sizing re-
sults for the spark eroded test pieces. No sizing results are
presented for the defects with 1 mm widths due to the al-
gorithm only generating single indications meaning tip in-
dication based sizing could not be conducted.

Actual Defect Parameters

MEF-FM Sizing Results

Width (mm) | Length (mm) | Tilt (°) | Width (mm) | Tilt (°)
1 3 0 - -
1 10 - -
1 3 20 - -
3 1 0 1.73 £ 0.05 10+2
3 1 10 1.68 £ 0.05 18 £2
3 1 20 2.16 £0.05 44 +£1

Table 5.3: The 2 MHz 64-element array ME-TR-MUSIC siz-
ing results for the spark eroded test pieces.

Actual Defect Parameters

ME-TR-MUSIC Sizing Results

Width (mm) | Length (mm) | Tilt (°) | Width (mm) Tilt (°)
1 3 0 0.90 £ 0.05 26 +3
1 10 1.35 + 0.05 134+2
1 3 20 1.04 £ 0.05 11+£2
3 1 0 1.73 £0.05 10+£2
3 1 10 1.65 + 0.05 1442
3 1 20 2.28 £0.05 48 +1

Table 5.4: The 2 MHz 64-element array TFM sizing results
for the spark eroded test pieces.

Actual Defect Parameters

TFM Sizing Results

Width (mm) | Length (mm) | Tilt (°) | Width (mm) | Length (mm) | Tilt (°)
1 3 0 243+ 0.05 7+1 0+1
1 10 297 +£0.05 8+1 8§+1
1 3 20 295+ 0.05 7£1 2+1
3 1 0 2.30 £0.05 7+1 0+1
3 1 10 2.20 £ 0.05 7+1 3+1
3 1 20 2.58 £0.05 8+1 9+1

resolution capability of the method by being able to accurately size signif-
icantly sub-wavelength sized 3D defects with realistic morphologies. The
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Table 5.5: The 2 MHz 64-element array B-Scan sizing results
for the spark eroded test pieces.

Actual Defect Parameters Array B-Scan Sizing Results
Width (mm) | Length (mm) | Tilt (°) | Width (mm) | Length (mm) | Tilt (°)
1 3 0 75+£15 7+1 0+1
1 10 6.0£15 8§+1 0+1
1 3 20 6.1+15 7+1 5+1
3 1 0 75+£15 7+1 0+1
3 1 10 6+15 6+1 0+1
3 1 20 75+15 8+1 9+1

TFM algorithm expectedly overestimated the 1 mm defect width by pro-
ducing estimations close to 3 mm. TFM was significantly more accurate
however than the B-Scan algorithm which overestimated the size by over
500% for each inclination case. In terms of length sizing of the 3 mm (})
dimension of the (1x3) mm SE flaws, the TFM and B-Scan produced identi-
cal results of at least 7 mm thus demonstrating poor resolution in the array
scanning direction. As explained in Section reliable sizing in the array
scanning direction could not be achieved with the SR methods.

When width sizing the 3 mm () dimension of the (3x1) mm defect images
shown in Fig. both SR and TFM algorithms undersized the defects for
all orientation angles by around 30% as shown in Tables Due to the
defect having a small extent in the array scanning direction (1 mm) with
a high rate of change of width profile, there is a strong likelihood that the
1 mm scan increment used was insufficient to ensure the array was exactly
aligned with the major axis of the elliptical defects in order to accurately
measure it. The fact that the TFM algorithm, which tends not to under-
size planar flaws larger than the diffraction limit, also underestimated the
width along with the SR methods suggesting that this scenario might have
occurred. A different equipment set-up that would allow a finer scan in-
crement to be implemented would be required to confirm this postulation.
When length sizing the 3 mm (\/3) dimension of (3x1) mm SE flaws, the
TFM and B-Scan again produced similar oversizing results consistent with
the (1x3) mm case.

Using the methodology described in Section the imaging SNR values
of the TFM and array B-Scan algorithms were estimated from the 2 MHz
64-element array images and are listed in Table A representative ex-
ample experimental SNR case for the SE test pieces ((1x3) mm 0° defect) is
shown in Fig. The imaging SNR of both of the algorithms considered
in Table 5.6 are high, which is expected from the low scattering material
from which the test pieces were manufactured. However as shown previ-
ously in Chapter 4] the TFM algorithm achieved a far higher imaging SNR
compared to the array B-Scan algorithm by roughly a factor of two. The
imaging SNR values for the SE defects were also expectedly lower than for
the WE defects presented in Table |4.4 as the area of the scattering surfaces
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Table 5.6: The imaging SNR of the TFM and array B-Scan
algorithms from the 2 MHz experimental images generated
from the SE defects.
Defect Size (mm) | Tilt Angle (°) | SNRrryr | SNRBscan

1x3 0 35.6 16.3
1x3 10 34.8 17.5
1x3 20 37.5 17.1
3x1 0 31.0 17.9
3x1 10 33.3 18.5
3x1 20 31.3 12.7
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(1x3) mm 0° SE case. Each image plotted in an absolute am-

plitude scale. The set-up shown in Fig.[5.T|was used, featur-

ing a 64-element 2 MHz array scanned centrally above the
defects at a distance of 40 mm.

of the 3D SE flaws were far smaller than the pseudo-2D WE defects.
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5.5 Conclusions

In this Chapter, the experimental performance of the array algorithms were
extended beyond the 2D cases considered in Chapter[das 3D elliptical spark
eroded defects of varying size and orientation were imaged. A methodol-
ogy was presented which allowed SR imaging to be conducted from ar-
ray FMC scan data. This methodology however was only used for en-
hanced defect sizing for flaws that were already detected by another imag-
ing method, in this case the TFM algorithm. Due to the complex indication
patterns generated by the SR algorithms, they could only be used to confi-
dently size the defects in the = — y plane, i.e. width sizing only.

It was found that by applying this imaging methodology, the MF-TR-MUSIC
algorithm in particular allowed for excellent defect sizing for defects well
below the diffraction limit; in this study down to A/3. This level of per-
formance could not be achieved by either the MF-FM, TEM or the array 0°
B-Scan algorithms. For the \/3 sized defects, the MF-FM method only pro-
duced a single indication which meant the tip sizing methodology could
not be applied and only an upper limit of the defect width of \/2 could be
inferred. The TEM and array B-Scan algorithms became beam width lim-
ited at this size regime as expected and they could not be used to effectively
size the defects.

This validation of the applicability of the SR methods for sizing 3D defects
with realistic morphologies is a crucial step towards any practical imple-
mentation of the algorithms within industrial NDE inspections.
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Chapter 6

SR Imaging of Simulated
Embedded Rough Planar

Defects

6.1 Introduction

One prominent challenge present within the nuclear industry is the inspec-
tion of rough defects. Due to the often extreme conditions components are
exposed to within this sector, defect growth mechanisms such as thermal fa-
tigue cracking [82] and stress corrosion cracking can occur which are known
to produce defects with significant surface roughness [83, 84].

Ultrasonically, the extent of defect roughness can have a major impact on
the scattered field emitted from them [85] 86], often hindering their detec-
tion and characterisation which can lead to a large degree of conservatism
to be placed on their inspection. This inevitably is costly to industry.

Although there is a demand within industry in general to size smaller de-
fects which may exist within the sub-wavelength regime, an issue which
could potentially be addressed by the SR algorithms, these methods must
first demonstrate a significant performance enhancement compared to his-
torically preferred techniques whilst displaying robustness to various ex-
perimental factors. Defect roughness is one such factor which must be con-
sidered before these advanced algorithms can be deployed.

In this Chapter, 2D FE modelling was used to simulate the array inspection
of embedded rough planar defects and to investigate the impact of vary-
ing roughness parameters on array imaging performance. The same 2D FE
modelling approach that was used in Section [3.2| was applied within this
Chapter.

The results presented within this Chapter represent the peer-reviewed pub-
lished findings by the author J. B. Elliott et al. (2019) [87].

6.2 Background Theory of Defect Roughness

A statistical framework to model rough cracks, which is commonly adopted
in literature [88], is that of a Gaussian distribution of the geometric features
of the rough surface; this approach was also utilised in this study. Planar
2D rough defects can be modelled simply as follows.
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If the crack size is aligned along the z-axis, and the height in the y-axis, the
variation of crack height, h, defined as the deviation from a flat reference
surface is given by:

y = h(x). (6.1)

The ensemble average, (), of the height function of the crack is assumed to
be [89]:
(h) = 0. (6.2)

The probability that the surface height exists between the values h and h +
dh, where dh > 0, can be written as p(h)dh, where p(h) is the probability
density function. Applying Gaussian statistics, p(h) can be written as [89]:

12
p(h) = (j;rexp(%ig), (6.3)

where ¢ is defined as the surface Root-Mean-Squared (RMS) height:

o=+/(h) = Nleh? (6.4)

1=1""

The correlation function, C(R), describes the lateral variation of the surface
height by relating the height of two points along z separated by a distance
R. Tt can be defined as [88]:

C(R) = (h(x)h((y:;’ + R) = exp(}?), (6.5)

where )\ is called the surface correlation length and is defined as the dis-
tance over which C(R) decays by 1.

Rough defect profiles were generated by using a moving average approach
with the above Gaussian statistics, in line with previous studies [72,90]. To
simulate defect opening, an additional step was implemented which was
to open apart two identical rough surfaces by symmetrically displacing the
top and bottom surfaces by a half-cycle sinusoidal function. The maximum
opening was twice the FE element size (0.1 mm) at the centre of the defect
and no opening at the defect tips. This process to generate the 2D open
rough cracks is shown graphically in Fig. Open defects were used in-
stead of defects with no thickness as they would more closely represent
defects encountered in the nuclear sector.

Smooth defects were also created as reference imaging examples. In these
cases, the defects were opened in the same way as described above but with
no roughness imposed, as shown by Fig.

6.3 Rough Defect Inspection Cases

A series of rough defect cases with different parameters were used in this
study and are listed in Table The values of ¢ and Ay were chosen in
line with typical experimentally measured values from thermal fatigue and
stress corrosion cracks from components within the nuclear industry [83,
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Figure 6.1: Visualisation of the process to generate the 2D
rough embedded defects. First a smooth defect profile is
calculated (a), then roughness is applied to this profile fol-
lowing Gaussian statistics (b). The crack is then opened
by a small amount, varying along its length, by displacing
the top surface upwards by the half-cycle sinusoidal profile
function shown in the solid red line at the top of (b) and
similarly moving the bottom surface down by the dashed
red at the bottom of (b). The resulting open 2D rough defect
is shown in (c).

Table 6.1: The rough defect cases investigated in this study,
each with their corresponding parameters. A 0° inclination
angle was defined to be parallel to the ultrasonic array.

Defect Size | Inclination Angle | o Ao
(mm) ) (pm) | (pm)
1.5 0 10 150
1.5 45 10 150
1.5 0 100 | 150
1.5 45 100 | 150
3 0 10 150
3 45 10 150
3 0 100 | 150
3 45 100 | 150

84]. Although the defect growth mechanism and component material can
lead to large variations in the resultant defect parameters, it was reported
that thermal fatigue cracking produced defects with ¢ ~ 10 — 20 ym and
Ao ~ 100 — 200 pm in ferritic low alloy steels and o ~ 70 — 100 pm and A\ ~
100 — 200 pm in stainless steels [83, 84]. Stress corrosion cracking defects
were shown to exhibit roughly the same parameters. These types of defects
were considered to be the most relevant to the potential application of array
inspections utilising SR algorithms, hence rough defects with Ao = 150 um
and o = 10 pm, 100 pm were considered.

For each defect width, roughness and orientation combination listed in Ta-
ble 100 different FE realisations were used when assessing the imaging
algorithms’ performances. To justify the total number of realisations, the
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Table 6.2: The characterisation results for all smooth defect
equivalent cases when applying all algorithms.

Actual MF-FM ME-TR-MUSIC TFM

Width Width Angle | Width Angle | Width Angle | Width Angle

(mm) (V) (®) (mm)  (°) (mm) (%) (mm) (%)

1.5 0.5 0 1.51 1.91 1.51 1.91 1.7 0
1.5 0.5 45 1.46 40.84 | 147 38.07 1.95 0.001
3 1 0 3.12 0.92 292 0.99 3 0
3 1 45 3.70 46.13 | 4.37 54.87 2.35 43.29

statistical variation of the measured width for each rough defect parame-
ter set was calculated and the results showed good convergence with only
slight variations remaining for some of the higher roughness cases. This
provided a basis to legitimise any results derived from the Monte Carlo
study. This number of realisations to achieve adequate convergence is also
consistent with the results presented by Pettit et al. [72]. Defect widths of
1.5 mm (%) and 3 mm () were considered to focus the investigation on
small defects at or below the ultrasonic wavelength. Defect inclinations of
0° and 45° were selected to compare the performance differential between
an optimal defect orientation (0°) to a non-optimal case.

In addition, a smooth defect case was run for each combination of defect
width and inclination angle shown in Table |6.1] to establish a benchmark
for the different algorithms.

6.4 Results and Discussions

For each of the rough defect realisations and smooth defect cases, the TFM,
MEF-FM and MF-TR-MUSIC algorithms were applied to the simulated FMC
datasets and the sizing methodologies described in Sec. were imple-
mented to estimate the defect width and orientation from the images. The
pixel size in all image reconstructions was set to 50 ym.

6.4.1 Smooth Defects

It is important to assess the performance of the SR algorithms on smooth
defects initially before adding further complexities to the inspection, such
as defect roughness, in order to establish their baseline capabilities. The
images produced for these smooth defect cases are shown in Fig. 6.2 and
the associated characterisation results are detailed in Table

First considering the 1.5 mm (3) smooth defect results in Table|6.2} it can be
seen that the MF-FM and MF-TR-MUSIC algorithms produce far more ac-
curate results than TFM for both inclination values. There is a 1-2% error in
the width sizing of the SR algorithms for both orientations, compared to the
13-30% overestimation of TFM. In terms of estimating the defect inclination,
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MF-FM Images MF-TR-MUSIC Images TFM Images

(b)

Figure 6.2: Images from the MF-FM, MF-TR-MUSIC and
TEFM algorithms for the smooth defect cases. Images a), b)
and c) correspond to 1.5 mm 0° defects; d), e), and f) cor-
respond to 1.5 mm 45° defects; g), h) and i) correspond to
3 mm 0° defects; j), k) and 1) correspond to 3 mm 45° defects.
All the images are plotted on a decibel scale normalised to
the maximum image amplitude from the defect response.
Images (a)-(f) are 4 mm x 4 mm in size, images (g)-(l) are
6 mm x 6 mm in size. The set-up shown in Fig. was
used, featuring a 64-element 2 MHz array centred above the
defects at a distance of 42 mm.

TFM produces the same estimation of 0° for both defect orientations indi-
cating that the technique is not viable to measure this parameter for defects
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on this scale. This is visible in the images in Fig. c) and (f) where the
limited resolution of TFM results in a single blurred indication and gives
no measure of orientation. The SR algorithms are not limited in this way
and they estimate the defect angles successfully to within 2° and 7° in the
0° and 45° cases respectively. This in turn allows good estimation of defect
through-wall heights (TWHs); this is the projection of the defect size in the
component thickness direction and hence depends on angle.

Considering the 3 mm (\) 0° smooth defect imaging results in Table
TFM now performs with excellent accuracy as it is no longer diffraction lim-
ited. The SR algorithms still perform well with around a 4% error in sizing
and less than 1° error in inclination estimation. In the 3 mm 45° case how-
ever, there is a significant drop-off in performance for all the algorithms.
TFM is able to resolve the tip diffraction signals, however it undersizes the
width by around 20% despite accurately estimating the inclination. Both of
the SR algorithms oversize the defect significantly, with the MF-FM overes-
timating the width by 23% and the MF-TR-MUSIC algorithm by 46%. This
is visible in the images in Fig.[6.2(j) and (k) where the defect tip indications
can be seen to deviate from the actual tip location considerably.

These results along with the findings from the previous Chapters demon-
strate that the SR algorithms could provide an accurate sizing capability for
sub-wavelength smooth defects. The SR algorithms additionally showed
good defect orientation estimation performance for both 0° and 45° cases,
unlike TFM which could not estimate this parameter effectively. This is a
significant result as it demonstrates that through-wall sizing is achievable
using the SR algorithms on (3) sized smooth inclined planar defects. The
TWH of defects is a vital parameter that must be estimated accurately in
most inspections as it often can be the largest influence on the structural
integrity of components. The lack of performance of TFM was attributed
to the defect width being at the diffraction limit and it was shown that the
SR algorithms could potentially bridge this performance gap on this size
scale. For larger wavelength sized defects, the results showed there was no
significant benefit of applying the SR algorithms over conventional TFM
as generally TFM produced accurate characterisation results comparable or
slightly better than the SR methods. This was expected as these defects
were comfortably within the theoretical resolution limit of the method.

6.4.2 Rough defects

To begin the analysis beyond the smooth cases, the 1.5 mm (3) 0° rough
defect imaging results were considered. Representative images from the
imaging algorithms produced for the 1.5 mm defects, with each of the ori-
entation and roughness combinations, are shown in Fig. In total, 100
separate FE realisations were run for each defect parameter combination
shown in Fig. from which the statistical mean and standard deviation
of the defect width and inclination angle were calculated to determine the
performance of each algorithm. The standard deviation was used as the
statistical error for the obtained results.

Fig.[6.4] compares the sizing and orientation estimation results of all the al-
gorithms to the true values for the 1.5 mm 0° 10 ym and 100 gm rough
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MF-FM Images MF-TR-MUSIC Images TFM Images
(b)
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Figure 6.3: Representative images from the MF-FM, MF-TR-
MUSIC and TEM algorithms for 1.5 mm rough defects. Im-
ages a), b) and c) correspond to o = 10 ym 0° rough de-
fects; d), e), and f) correspond to ¢ = 100 yum 0° rough
defects; g), h) and i) correspond to o = 10 pm 45° rough
defects; j), k) and 1) correspond to ¢ = 100 ym 45° rough
defects. All the images are plotted on a decibel scale nor-
malised to the maximum image amplitude from the defect
response. The set-up shown in Fig. was used, featur-
ing a 64-element 2 MHz array centred above the defects at
a distance of 42 mm.

defect cases. It can be seen that in the 10 um cases, both of the SR algo-
rithms estimate the defect width more accurately than TFM. Both of the SR
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Figure 6.4: The mean estimated defect width and inclina-

tion angle values calculated from the 100 realisations for the

1.5 mm 0° 10 ym (left plot) and 1.5 mm 0° 100 pm (right

plot) rough defects. The error bars correspond to the stan-
dard deviation of the width and angle results.

algorithms’ mean width estimations are within one standard deviation of
the true value of 1.5 mm, with MF-FM producing a result of (1.474-0.04) mm
and the MF-TR-MUSIC estimating the width to be (1.490+0.015) mm. TFM
overestimates the defect width, (1.701+0.004) mm, due to the blurring caused
by the resolution limit. In terms of estimating the defect inclination, MF-
TR-MUSIC is accurate with a small standard deviation. MF-FM has a slight
negative bias in its inclination estimation and the mean value is just over
one standard deviation from the true value of 0°. The value it estimates is
still close to the true value and is accurate enough to have negligible influ-
ence on correctly estimating the through-wall height of the defect. TFM is
accurate in its estimation of the 0° inclination, however, as has been shown
from the smooth cases, this is a misleading result as it cannot estimate this
parameter for small defects. Comparing these results to the smooth defect
results, it is clear that the effect of low roughness was negligible on the
imaging capability of the algorithms.

Now comparing the 10 um results to the 100 um results in Fig. the
most apparent difference is the increased standard deviation in the SR algo-
rithms’ inclination estimations, with both methods having a standard devi-
ation of 20° compared to less than 5° previously. This was attributed to how
the positions of the 100 ym rough tip ends generally exhibited significant
vertical variation compared to the 10 ym cases. This is shown in Fig.
where in the images (a) and (b), the rough crack tips lie in approximately
the same depth plane and therefore so do the SR indications. However in
plots (d) and (e), the rough crack tips do not lie in the same depth plane and
thus neither do the SR indications, inevitably outputting non-zero inclina-
tion estimations. TFM in this case again misleadingly produced inclination
estimations close to the correct value of 0°, a result of its inability to estimate
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Figure 6.5: The mean estimated defect width and inclina-

tion angle values calculated from the 100 realisations for the

1.5 mm 45° 10 pm (left plot) and 1.5 mm 45° 100 um (right

plot) rough defects. The error bars correspond to the stan-
dard deviation of the width and angle results.

this parameter for the % sized defects. Importantly, the SR algorithms still
produced more accurate width estimations compared to TFM despite the
increased roughness. The estimations produced were (1.5240.045) mm for
ME-TR-MUSIC and (1.43+0.05) mm for MF-FM, which are more accurate
than the (1.7840.035) mm for TEM.

The averaged characterisation results for the 1.5 mm 45° rough defects are
shown in Fig. As can be seen in the low 10 ym roughness results, both
of the SR result algorithms outperform TFM in estimating the defect width
and inclination. MF-FM estimated these parameters to be (1.46+0.04) mm

and (39+2)°, ME-TR-MUSIC estimated them to be (1.44+0.02) mm and (38+1)°

and TFM estimated them to be (1.964+0.02) mm and (1+£1.5)°. TFM again
shows its limited performance when imaging sub-wavelength defects as it
provides poor estimations for defect width as well as not being able to esti-
mate the defect inclination at all. For the 1.5 mm 45° 100 m roughness re-
sults, the same trends as for the low roughness cases are observed. Despite
reduced performance with the higher roughness, both SR algorithms were
significantly more accurate than TFM in estimating the defect parameters,
with around 25% better width sizing accuracy and 50% better orientation
estimation. MF-FM estimated the defect parameters to be (1.54+0.05) mm
and (33+5)°, MF-TR-MUSIC estimated them to be (1.64+0.1) mm and (40+5)°
and TFM estimated them to be (1.924+0.15) mm and (13+10)°.

Representative images from the imaging algorithms for the 3 mm () de-
fects with each of the orientation and roughness combinations are shown
in Fig. The same analysis as for the 1.5 mm rough defect results were
applied and the averaged characterisation parameters from the algorithms
are plotted in Fig.|6.7|and Fig. corresponding to the 0° and 45° inclined

21
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MF-FM Images MF-TR-MUSIC Images TFM Images
AME) (b)
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0
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Figure 6.6: Representative images from the MF-FM, MF-TR-
MUSIC and TFM algorithms for 3 mm rough defects. Im-
ages a), b) and c) correspond to ¢ = 10 pum 0° rough defects;
d), e), and f) correspond to ¢ = 100 pm 0° rough defects; g),
h) and i) correspond to o = 10 um 45° rough defects; j), k),
1) correspond to ¢ = 100 pm 45° rough defects. All the im-
ages are plotted on a decibel scale normalised to the maxi-
mum image amplitude from the defect response. The set-up
shown in Fig.[3.1 was used, featuring a 64-element 2 MHz
array centred above the defects at a distance of 42 mm.

cases respectively. From the 3 mm 0° averaged results shown in Fig.[6.7] it
can be seen that in both roughness cases, despite the SR algorithms being
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Figure 6.7: The mean estimated defect width and inclina-
tion angle values calculated from the 100 realisations for the
3 mm 0° 10 um (left plot) and 3 mm 0° 100 pm (right plot)
rough defects. The error bars correspond to the standard
deviation of the width and angle results.

able to estimate the defect width and inclination relatively accurately, they
are not as accurate as TFM which is now operating well within its resolu-
tion capability. This performance differential is most apparent in the 10 ym
case where TFM is extremely accurate in terms of estimating the defect size
and inclination.

Considering the 3 mm 45° results presented in Fig. it is observed that
there is a contrast in the performance of the SR algorithms between the
different roughness cases. In the low roughness 10 um case, the averaged
results are similar to the smooth defect results presented in Table with
both SR algorithms overestimating the defect parameters significantly and
TFM producing comparatively more accurate results. The difference comes
when considering the higher roughness 100 ym case where the sizing ac-
curacy of both SR algorithms increases dramatically to within 10% error,
which makes them slightly better than TFM. This increase in performance
can be visually seen by comparing the images shown in Fig.[6.6(g) and (h)
to the images in Fig.[6.6[j) and (k), where in the rougher 100 zm defect cases,
the SR algorithms produce tip indications much closer to the actual defect
tip locations than in the 10 ;m defect cases.

The quantitative characterisation results discussed above are summarised
in Table[6.3] Table[6.4and Table[6.5

The rough defect imaging results have shown there is potential for the SR
algorithms to size sub-wavelength planar defects accurately even when the
flaws exhibit roughness parameters representative of in-service flaws in the
nuclear sector. For the 4 sized rough defects, the SR algorithms demon-
strated significantly better sizing capability than TFM for roughness values

3.1
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Figure 6.8: The mean estimated defect width and inclina-
tion angle values calculated from the 100 realisations for the
3 mm 45° 10 um (left plot) and 3 mm 45° 100 ym (right plot)
rough defects. The error bars correspond to the standard

deviation of the width and ang]le results.

Table 6.3: The average characterisation results for all rough
defect classes when applying the MF-FM algorithm. Std
means standard deviation.

Actual Measured (MF-FM)

Size Angle o  Width WidthStd Angle Angle Std
(mm)  (°)  (pm) (mm)  (mm) () ©)
1.5 0 10 1.47 0.08 -3.9 5
1.5 45 10 1.46 0.08 39.3 4
1.5 0 100 | 1.43 0.1 1 20
1.5 45 100 | 1.54 0.1 33.3 10
3 0 10 297 0.2 6.5 6
3 45 10 421 0.4 54.3 5
3 0 100 | 2.8 0.3 2 10
3 45 100 | 3.06 0.5 29 10

3.4

up to 100 pum, with averaged results similar to the smooth defect equiva-
lent cases. The standard deviation error associated with the sizing results
for the SR algorithms in these cases were very similar to those obtained
from conventional TFM meaning the performance of the various methods
can be directly compared to each other. The SR algorithms also maintained
capability to estimate defect orientation which it demonstrated for smooth
defects meaning their TWH sizing performance is also robust to the levels

of roughness considered in the study.

3.6
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Table 6.4: The average characterisation results for all rough
defect classes when applying the MF-TR-MUSIC algorithm.
Std means standard deviation.

Actual Measured (MF-TR-MUSIC)
Size  Angle o Width Width Std Angle Angle Std
(mm) (°) (pm) (mm)  (mm) ) )
1.5 0 10 1.49 0.03 0.8 2
1.5 45 10 1.44 0.04 37.8 2
1.5 0 100 | 1.52 0.09 -4 20
1.5 45 100 | 1.64 0.2 40 10
3 0 10 2.95 0.03 1.2 2
3 45 10 4.34 0.3 56.1 4
3 0 100 | 3.05 0.1 4 10
3 45 100 | 3.28 0.5 25 10

Table 6.5: The average characterisation results for all rough
defect classes when applying the TEM algorithm. Std
means standard deviation.

Actual Measured (TFM)

Size Angle o  Width WidthStd Angle Angle Std
(mm)  (®)  (pm) (mm)  (mm) ©) ©)
15 0 10 1701 0.007 0.0002  0.0003
1.5 45 10 1.96 0.04 1.2 3
15 0 100 | 1.78 0.07 0.1 1
1.5 45 100 | 1.92 0.3 13 20
3 0 10 3.00 0.00 0.0003 0.0004
3 45 10 2.36 0.04 4285 0.8
3 0 100 | 3.05 0.1 2.1 6
3 45 100 | 2.51 0.7 35 10

For the wavelength sized rough defects, similar trends to the smooth defect
equivalent cases were observed where TFM produced the more accurate
and precise sizing and orientation estimation results. The one exception to
this trend was for the 3 mm 45° 100 ym averaged results which showed that
the SR sizing performance increased dramatically from the smooth case and
it outperformed TFM. It is unclear the exact origin of this result; it is sug-
gested that it could be due to the increased scattered signal being received
by the array because of the increase in magnitude of the diffuse scattered
field component for the rougher inclined defects. This would usually hin-
der conventional TFM as it could obscure the much weaker tip diffraction
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signals but it seemed to enhance the SR imaging performance. This may
be because the increase in defect roughness would inevitably increase the
overall amplitude of the scattered wavefield received by the array, but par-
ticularly the multiple scattered component of the wavefield. This would
enhance the information contained within the lower valued eigenfunctions
containing the higher spatial frequency information which the SR algo-
rithms are reliant on, unlike TFM, leading to an increase in their ability
to accurately reconstruct the defect profile.

Considering the potential practical deployment of the SR methods, it is rec-
ommended that it is used in conjunction with conventional methods for
several reasons. Firstly, it is a requirement of the SR algorithms to process
only the defect scattered signal so collected ultrasonic data must be appro-
priately windowed based on a priori knowledge of approximately where
the defect is located in the component. This basic prior knowledge is sug-
gested to be attained using simple conventional techniques or with TFM.
Secondly, the SR images predominantly show strong indications from the
planar defect tip locations and not a consistent surface response. This may
lead to confusion in classifying the defect type from the images, i.e. whether
the indications shown in Fig. were caused by two close-by point re-
flectors or a single planar flaw. Further work must be conducted to try to
overcome this limitation. Nevertheless, the SR algorithms have still demon-
strated a superior sizing capability compared to TFM thus even when con-
sidering the worst case defect characterisation result where a small volu-
metric defect is classified as a small planar crack, a less pessimistic size
would be obtained via the SR methods.

Due to the strict regulatory restrictions imposed upon the UK nuclear sec-
tor, advanced array imaging algorithms such as the SR methods and even
TFM are not widely used as of yet. The nuclear industry currently prefers to
use conventional single and dual crystal probes and scanning imaging tech-
niques such as Time-Of-Flight Diffraction and simple B-scan plots. These
methods, although tried and tested for many years, are intrinsically lim-
ited in several aspects. For new methods to be deployed in addition to
the current methods or to replace them, they must be stringently validated
to show reliability and robustness to in-service inspection conditions. By
considering the impact of defect roughness, the results presented in this
Chapter mark a step forward for validating the performance of the FM and
TR-MUSIC algorithms on realistic defects.

6.5 Conclusions

In this Chapter, the MF-FM and ME-TR-MUSIC imaging algorithms were
compared against the TFM method in the ultrasonic array inspection of 2D
embedded rough planar defects. A Monte Carlo finite element simulation
study was conducted for varying defect parameters including sizes, orien-
tation and roughness parameters comparable to that of in-service defects
from the nuclear sector generated by thermal fatigue and stress corrosion
cracking mechanisms.
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The results presented show that for sub-wavelength (A\/2) defects, both of
the SR algorithms were able to size and estimate defect orientation accu-
rately for the smooth case, low roughness cases of o = 10 pm and for de-
fects with up to o = 100 ym. The most accurate SR imaging performance
was achieved for the A\/2 sized defects in either the 0° or 45° tilt orientation.
This was in contrast to the poor performance of TFM in these cases which
consistently oversized these defects and could not be used to estimate the
defect orientation, making through-wall sizing with this method impossi-
ble.

The work in this Chapter is a step towards the application of these imaging
methods in the nuclear industry and demonstrates the potential of these
algorithms to deal with some of the prominent inspection challenges facing
the sector today.
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Chapter 7

SR Imaging of Embedded
Volumetric Defects

7.1 Introduction

So far in this thesis, only embedded planar crack-like flaws have been con-
sidered. This chapter will now consider another common defect type en-
countered within industry which are embedded volumetric defects. Many
different types of volumetric defects exist. These include gas pores and
porosity, which can be initiated through manufacturing techniques such as
welding, as well as foreign material inclusions, which can be common in
certain types of castings and can also be initiated through welding where
welding tip material can inadvertently enter the melt pool. Although vol-
umetric defects are generally less critical to the structural integrity of com-
ponents compared to cracks, they are regularly inspected for within the nu-
clear industry and the majority of inspection techniques place constraints
on the maximum size of volumetric defects present.

The major difference between volumetric defects and crack-like flaws are in
their morphology, with volumetric features generally being more spherical
compared to flat planar cracks. Due to the geometrical nature of volumetric
defects, they scatter sound in a very different way to planar defects. Spher-
ical volumetric defects tend to scatter sound in a range of directions when
incident with an ultrasonic beam, especially small volumetric defects such
as pores which predominantly generate diffracted waves in all directions.
This is unlike typical planar defects which scatter most wave energy in the
specular direction from their planar faces, with lower amplitude diffrac-
tion responses occurring at the defect tips. As the size of a planar defect
decreases, the tip diffraction responses become a more dominating effect.

To size planar defects, the specular reflection is used for amplitude based
sizing or tip diffraction responses are used as described in Section[3.3| How-
ever, for volumetric defects there are fewer established ways to directly size
them using ultrasound, with the common approach to associate the ampli-
tude response from them to an equivalent known reflector such as a Side
Drilled Hole (SDH) within a calibration test piece. A method to provide
an upper limit on a defect size (planar or volumetric) when using conven-
tional ultrasonic probe imaging is when a Pattern 1 type A-Scan response
is observed [75]. This pattern corresponds to when a defect is smaller than
the ultrasonic beam width and amplitude based sizing cannot be accurately
applied. However, it can be inferred that the defect being inspected must
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be less than or equal in extent than the beam width, which allows an upper
size limit to be applied. This approach can be used for any defect morphol-
ogy where the defect size is smaller than the beam width.

The only way to truly accurately determine the size of volumetric flaws
in current NDE inspections is through radiographic methods. Although
they are generally capable of achieving accurate volumetric defect sizing,
except for the challenging inspection cases of small flaws in thick-sectioned
components, it is a costly and time consuming technique that poses a ra-
diation exposure risk to inspectors which must be considered and planned
for. Ultrasonic methods are generally fast and cheap in comparison with no
requirement to handle radioactive sources and therefore would be an ideal
NDE mode for volumetric defect sizing.

It is noted that methodologies exist within the literature to infer the param-
eters of volumetric defects from their measured scattering response [91}92].
Within these referenced studies, the measured scattering matrix from a de-
fect with unknown parameters are essentially compared to a database of
scattering matrices from different defects with known parameters and a
comparison metric is used to estimate the defect’s geometric properties.
This is done with the aid of Principal Component Analysis (PCA) to re-
duce the dimensionality of the data within the scattering matrices to allow
only the significant defect feature components to be extracted and com-
pared to the pre-existing database. It is noted that these techniques are
currently only considered within academia and not yet applied within in-
dustry. There are no other methods to the author’s knowledge to size vol-
umetric defects through direct imaging alone with conventional ultrasonic
NDE equipment.

Tant et al. (2017) [35] used the MF-FM to estimate the size of SDHs us-
ing both simulated and experimental FMC data. In the simulated case, a
2.5 mm diameter SDH was modelled and the MF-FM algorithm was used
to accurately estimate the diameter to be 2.8 mm. In the experimental case,
a 3 mm diameter SDH was sized to within an error of 0.1 mm. It is noted
that in both of these cases, a 6 dB amplitude drop sizing technique was ap-
plied to the SR algorithm which is different from the approach applied in
this thesis.

In this Chapter, 2D FE modelling was used to simulate the array inspection
of smooth embedded volumetric defects to investigate the nature of the
imaging responses generated by the SR algorithms. It is suggested that the
SR algorithms may have the potential to directly size volumetric defects
from their images. The practical equivalent of the 2D defects simulated
within this Section are Side Drilled Holes (SDHs). Although SDH profiles
do not relate to a type of defect found within real NDE inspections, they are
common within ultrasonic NDE test pieces as calibration targets and act as
a simplified case for 3D equivalent defects such as pores.

Experimental validation of the 2D volumetric flaw FE results using test
pieces containing SDHs was conducted as well as extending the scope to
consider a fully 3D volumetric pore defect.
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7.2 Simulated SDH Array Imaging

The same 2D FE modelling approach that was used in Section [3.2) was ap-
plied within this study to simulate the 2 MHz 64-element array inspection
of embedded SDHs of varying diameter. As in all previous Chapters of this
thesis, the defects were centrally located beneath the array to maximise the
viewing angle achieved.

The SDH diameters considered in this Section were 0.75 mm (A/4), 1 mm
(A/3), 1.5 mm (A/2), 3 mm (\) and 4 mm (1.25)). The MF-FM, MF-TR-
MUSIC, TEM and array 0° B-Scan imaging algorithm were applied to the
simulated FMC datasets collected from these defects and the resultant im-
ages are shown in Fig.

The TFM and B-Scan images shown in Fig. |7.1| represent the expected re-
sponses from SDHs. From the sub-wavelength SDHs, images are produced
which correspond to the beam width of the respective imaging method.
For larger defects, the strongest responses are produced from the region
of the SDH closest to the array which is not representative of the full de-
fect profile and amplitude-based sizing would severely underestimate the
diameter. The SR algorithms however produce far different images. Both
SR methods produce images which were very similar to the images from
planar defects as shown in previous Chapters. Indications were generated
close to the edges of the flaws and the total number of indications from the
main response pattern were related to the defect size (diameter), showing
the same behaviour as reported in Section This means the same sizing
methodology described in Section [3.3| can be applied to the SR images of
SDHs.

The sizing results from the MF-FM and MF-TR-MUSIC algorithms are shown
in Fig. From these results, it can be seen that for the wavelength sized
SDHs or smaller (<3 mm), both SR algorithms produce accurate sizing re-
sults. The results suggest that the SR sizing performance seems to plateau
for defects smaller than the diffraction limit (\/2) and indicate that above
this size, the SR algorithms tend to underestimate the defect size and the
magnitude of this underestimation increases as defect size increases. For
example at 1.5 mm, the percentage sizing error of the algorithms is around
-13%, at 3 mm it is around -17% and at 6 mm it is roughly -30%.

Within the SR images for the 6 mm diameter SDH in Fig. indications
are produced near the bottom of the defect as well as the higher amplitude
main indication group. It is recommended that further work is conducted
to investigate if for large SDH diameters, these additional indications could
be used to produce a more accurate estimation of the SDH diameter. It is
noted that these indications however are around 20-30 dB lower than the
peak amplitude responses which means that they may not be as prominent
within experimental inspections due to the inevitably lower SNR present
within experimental data relative to clean FE data. It is also noted that
real volumetric defects may not exhibit a spherical morphology but could
have irregular geometries. This would inevitably influence their ultrasonic
detectability, for example changing the defect reflection directivity to align
with specific beam angle orientations similar to planar flaws which may
either enhance or hinder imaging.
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Figure 7.1: The MF-FM, MF-TR-MUSIC, TEM and array B-
Scan images from FE simulated SDHs of varying diameters.
All the images are plotted on a decibel scale normalised to
their own maximum image amplitude from the defect re-
sponse. The set-up shown in Fig.[3.]| was used, featuring a
64-element 2 MHz array centred above the defects at a dis-

tance of 42 mm.

Although the SR algorithms could potentially be used to size the volumet-
ric defects, it is evident from the images produced in Fig. that the al-
gorithms are not suitable to distinguish between planar and volumetric
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Figure 7.2: The SR algorithm diameter sizing results from
the 2D FE simulated SDHs.

reflectors. This is because the algorithms produce broadly the same indi-
cation patterns for both planar and volumetric defects for the inspection
configurations considered in this thesis. It is therefore recommended that
additional conventional techniques are used to help classify the defect mor-
phology as either volumetric or planar if possible, before applying SR siz-
ing. If this is not possible, the worst case planar defect profile should be
assumed for a conservative approach.

7.3 Experimental Validation

To validate the findings from Section array imaging of experimental
calibration blocks containing SDHs was conducted and to extend the find-
ings, a test piece containing an embedded pore was inspected. In all cases, a
2 MHz 64-element linear phased array (IMASONIC, 96 mm active aperture)
was used in direct contact to collect FMC data from the test pieces. The full
array properties are detailed within Table The array was placed cen-
trally above each defect to maximise the array viewing angle. A summary
of the defects and test pieces used within this Section are listed in Table

When inspecting the SDHs, a single FMC dataset was acquired due to the
defects having a significant extent out of the imaging plane of the array (as
conducted in Chapter [#). A sampling frequency of 50 MHz was used for
data collection.
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Figure 7.3: The MF-FM, MF-TR-MUSIC and TFM algorithm
images produced from experimentally collected FMC data
from SDHs of different diameters using a 2 MHz 64-element
linear phased array. All the images are plotted on a decibel
scale normalised to the maximum image amplitude from

the defect response. The array in each case was centred di-
rectly above the defects at the distances listed in Table

Table 7.1: Summary of the experimental volumetric defects
imaged with the array algorithms.

Defect Type | Diameter

Depth From Inspecting Surface | Material

(mm) (mm)
SDH 1.5 30 304 Steel
SDH 35 304 Steel
SDH 20 304L Steel
Pore 30 S275 Steel

The SDH defects listed in Table [7.1] were imaged with the MF-FM, MF-TR-
MUSIC and TFM algorithms and the resultant plots shown in Fig. The
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Figure 7.4: Experimental SDH sizing results using the SR
algorithms.

indications produced are very similar to those reported in Section [7.2} with
several distinct indications present across the defect profile which are in line
with the patterns from planar defects. These indication patterns also agree
with the trend established in Fig. providing additional experimental
validation of this observation for both planar and volumetric defects. From
the SR images in Fig.[7.3] the diameters of the SDHs were estimated and the
sizing results are plotted in Fig. It can be seen that for all SDH diame-
ters, the SR algorithms are able to accurately estimate the defect diameter.
These experimental results show excellent agreement with the true defect
diameters and demonstrate that the SR algorithms can be used to accurately
size 2D volumetric flaws.

So far, only 2D SDHs have been considered when investigating SR imag-
ing performance for volumetric defects. The most common volumetric de-
fects that occur in actual components correspond to fully 3D pores, porosity
and inclusions. To investigate the array performance for 3D volumetric de-
fects, experimental FMC scan data was collected on a ferritic steel test piece
(listed in Table containing a single 2 mm diameter pore. A 2 MHz 64-
element linear array (IMASONIC, 96 mm active aperture) was used and the
TFM and SR algorithms were applied in post-processing using the method-
ology outlined in Section A 25 MHz sampling frequency and a 1 mm
scan increment were utilised. This scan step was the minimum increment
the XY scanner and manipulator file could accurately implement. An illus-
tration of the experimental set-up used to acquire FMC scan data is shown

in Fig.
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Figure 7.5: The TFM and MF-TR-MUSIC images produced
from experimentally collected FMC data from a 2 mm di-
ameter pore. All the images are plotted on a decibel scale
normalised to the maximum image amplitude from the de-
fect response. The 2 MHz 64-element array in each case was
centred directly above the defects at the distances listed in

Table

Table 7.2: Experimental sizing results for 2 mm diameter
pore within ferritic steel component.

Imaging Algorithm | Indication Length | Indication Width
(mm) (mm)
TFM 8+1 1.7+0.1
MEF-TR-MUSIC - 14+0.1

Fig. shows the TFM and MF-TR-MUSIC images that were generated
from this pore and the sizing results are listed in Table The MF-FM im-
age was not shown due to only a single indication being produced, such as
the MF-FM images shown in Fig. which could not be used for defect
sizing. This is another example of the MF-FM having difficulty in generat-
ing images useable for direct defect characterisation in a practical NDE in-
spection scenario. Adding an eigenvalue truncation step to the algorithm,
as occurs in the TR-MUSIC algorithm and as implemented by Tant et al.
(2017) [35], may enhance the viability of the method by removing some of
the impact of experimental noise.

From Table it can be seen that the MF-TR-MUSIC algorithm estimates
the quoted defect size fairly accurately, with it underestimating the diame-
ter by 30%. As discussed in Section[5.4} due to the defect having a small ex-
tent in the scan direction (2 mm) with a high rate of change of width profile,
there is a likelihood that the scan increment was insufficient to ensure the
array was exactly aligned with the maximum pore width plane. Although
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the TFM algorithm produces a 6 dB amplitude drop size of 1.7 mm, which
is within 15% accuracy, it is likely simply sizing the beam width rather than
the true defect size as the amplitude-based sizing methodology is invalid
when applied to spherical volumetric defects. In terms of defect detection,
the TFM algorithm achieved an imaging SNR of 14.6 dB in the experimental
pore inspection. The TFM image also featured indications directly below
the high amplitude pore indication, which is likely related to back-filled
weld material used in the manufacture process of the test piece to generate
embedded defects.

7.4 Conclusions

It has been demonstrated through 2D FE simulations and experimental test-
ing that the SR algorithms can be used to estimate the diameter of SDHs via
direct imaging with a linear ultrasonic array.

It was observed that from the FE simulation data, the SR sizing results were
most accurate when considering diameters equal to or smaller than the ul-
trasonic wavelength and that the sizing performance worsened as the diam-
eter increased. The sizing results also appeared to plateau in the minimum
sizeable volumetric at around \/3 — A\ /2.

The sizing performance of SDHs using the SR algorithms has been experi-
mentally validated by accurately sizing three different SDH diameters: 1.5 mm,
3 mm and 4 mm, using a signal with a wavelength of 3 mm. The maximum
percentage difference error in sizing was around 15%. The MF-TR-MUSIC
algorithm also demonstrated a sizing capability when characterising a re-
alistic 2 mm 3D embedded pore defect, which extended beyond the simpli-
fied 2D SDH case.

These results have highlighted that the SR algorithms may not be suitable
to distinguish between planar and volumetric flaws due to the high similar-
ity between the generated images for these defect types. It is recommended
that a supplementary imaging algorithm, such as a series of angled array
B-Scans, are carried out alongside the SR methods. Using B-Scans of differ-
ent angles would easily allow a volumetric flaw to be distinguished from a
planar flaw as a volumetric flaw would have similar image amplitude re-
sponses from a range of incident angles. This is unlike a planar flaw which
would have a strong asymmetry in response with angle, centred along the
specular reflection angle.

The results within this Chapter act as a positive step forward into inves-
tigating the applicability of the SR algorithms in directly sizing volumet-
ric defects in practical NDE inspection scenarios, which until now has only
been conventionally achievable through more costly radiographic techniques.
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Chapter 8

SR Imaging Within Scattering
Austenitic Stainless Steels

8.1 Introduction

Austenitic stainless steels are common manufacturing materials within the
nuclear power industry because of their highly desirable material proper-
ties including high strength and toughness, as well as their superior corro-
sion and creep resistance at high temperatures compared to carbon steels
[93, 94]. However, when austenitic stainless steels are welded they can
exhibit a spatially varying anisotropic, heterogeneous and coarse grained
structure that significantly impacts the capabilities of subsequent ultrasonic
inspections. This is because these grain structures can be highly scattering
and can exhibit complex beam bending effects [95} 96} 97, 98], both of which
hinder defect detection and characterisation [99]. As a result, their ultra-
sonic NDE inspection poses a significant challenge to the nuclear sector.

The origin of the high scattering that can be exhibited by austenitic stain-
less steel welds is due to the large grain sizes formed when these welds are
created because of the lack of grain refinement they exhibit during cooling.
In typical NDE inspections, ultrasonic grain scattering lies within either the
Rayleigh scattering regime, where the grain size R is much smaller than ),
or the stochastic scattering regime, where R is similar to A [100]. Both of
these scattering regimes exhibit a strong dependence on the grain size, as
the attenuation coefficient due to Rayleigh scattering scales with k3 [101]
and the attenuation coefficient due to stochastic scattering scales linearly
with R [102]. The grains in the parent material of components featuring
austenitic stainless steel welds are generally very fine and therefore pose no
challenge to ultrasonic propagation, whereas large grain boundary scatter-
ing within the welds act to significantly scatter and attenuate the ultrasonic
beam energy.

As mentioned, complex beam deviation effects are another major challenge
presented by austenitic stainless steel welds. This issue stems from the
spatially-varying anisotropy that is commonly exhibited by these weld struc-
tures which occurs as the grains cool after weld deposition. As the grains
cool, they can grow between consecutive weld runs due to re-melting of
the previous weld bead to form long columnar grain structures that tend to
direct themselves towards the parent material (which acts as a heat sink),
leading to spatially-varying anisotropy across the weld structure. It is this
spatially-varying anisotropy which leads to beam bending effects within
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the weld material, not just the inherent anisotropy alone. Beam bending can
also occur at the interfaces between isotropic parent material and anisotropic
regions (such as welds or cladding layers) due to the sudden change in
propagation properties. It is noted that several approaches have been de-
veloped that attempt to correct for beam bending effects by modelling the
grain structures present within spatially-varying anisotropic weld materi-
als, usually with information directly taken from macrographs or generic
weld maps [99, 103} 104].

It is known that the magnitude of some of these undesirable material effects
scale with ultrasonic inspection frequency [105]. Rayleigh scattering ex-
hibits a strong frequency dependence as the magnitude of this type of scat-
tering scales with w? [101]] whilst stochastic grain scattering scales with w?
[102]. Therefore ideally, one would reduce the inspection frequency as low
as possible to minimise the impact of grain scattering on imaging. How-
ever, the inspection resolution is also proportional to frequency so there is
an inevitable trade-off between achieving adequate ultrasonic inspectabil-
ity (e.g. penetration depths, SNR) and defect resolution (i.e. sizing capabil-
ity). In many cases, complex inspection procedures must be written using
a large variety of specialised probes and scanning techniques to be able to
demonstrate that an austenitic stainless steel welded component is suffi-
ciently inspected.

The SR imaging algorithms that have been discussed within this thesis
could potentially allow for a lower inspection frequency to be employed in
order to reduce material scattering and beam bending effects, whilst retain-
ing adequate inspection resolution. Tant et al. [35] considered the simulated
2D array inspection of an austenitic stainless steel weld section, including
representative anisotropic microstructure measured experimentally [106],
and experimental data collection on defect-free, ultrasonically noisy test
pieces. In these cases, the FM and MF-FM imaging algorithms were ap-
plied to characterise a limited set of both planar and volumetric defects. It
was found that in all cases, the MF-FM was able to generate image indi-
cations that were more representative of the defect morphologies, as com-
pared to the single frequency FM. In both the simulated and experimental
cases, the SR algorithms were able to size the variety of planar defects with
a moderate degree of accuracy; typical estimations had a percentage error
of between 20-50%. For the volumetric defects, a slightly improved sizing
performance was achieved. It was also found that truncation of the eigen-
values to remove some of the effects of noise led to slight improvements in
imaging performance of both the FM and MF-FM in some cases, however
there were other cases where it worsened the defect orientation and sizing
performance. It is noted that in this study, a 6 dB amplitude drop sizing
technique was applied to the SR algorithm which is different from the ap-
proach applied in this thesis. The use of the 6 dB method when applied to
the SR algorithms does not have the same theoretical basis for accurate am-
plitude based sizing as when used in conjunction with conventional probe
methods [76]. It is therefore an arbitrary sizing technique until fully vali-
dated.

In this Chapter, the inspection performance of the SR and TFM algorithms
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Figure 8.1: Schematic for the austenitic stainless steel
welded test pieces containing various embedded defects. a)
is the cross-sectional view of the test pieces and b) is a plan
view of the test pieces. A 2 MHz 64-element linear array
and a 1 MHz 32-element linear array were scanned along
the weld centreline in the 2 direction. Figure not to scale.

were assessed when being used to detect and characterise embedded de-
fects within narrow gap welded austenitic stainless steel test pieces. The
conventional 0° array B-Scan algorithm was also considered as a represen-
tative NDE methodology currently used within industry.

8.2 Methodology

Three thick-wall narrow gap austenitic stainless steel welded plate test pieces
were manufactured containing a variety of embedded manufacturing-style
defects. The base plate material used for these test pieces was 304L stainless
steel and the weld material used was 308L stainless steel. The narrow gap
welds featured an included angle of 8°, with all defects embedded within
the weld during the weld fill process. A schematic for the test pieces is
shown in Fig. This type of weld geometry is representative of welds
within NSRP components which are known to exhibit significant grain scat-
tering and anisotropy. The narrow gap geometry of the weld is designed to
minimise the weld volume compared to traditional weld profiles meaning
that ultrasonic beam paths are reduced to limit the magnitude of scattering
and beam bending effects.
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Figure 8.2: Schematic for the defects in the narrow gap
austenitic stainless steel welded test pieces. The figures are
a) cross-sectional view of the LOILF defects, b) plan view of
the LOILF defects, c) cross-sectional view of the LOSWF de-
fects, d) plan view of the LOSWF defects, e) cross-sectional
view of the LOIRF defects, and f) plan view of the LOIRF
defects. All defects were elliptical and planar.

The defects embedded within the test pieces were longitudinal Lack Of In-
ter Layer Fusion (LOILF) defects, Lack Of Inter Run Fusion (LOIRF) defects
and Lack Of Side Wall Fusion (LOSWF) defects. Their geometries are il-
lustrated in Fig. The LOILF defects are elliptical planar defects which
are longitudinally orientated in the x — z plane, centrally positioned on
the weld centreline and are defined by their width and length. The LOIRF
defects are also elliptical planar defects but orientated in the y — z plane,
centrally positioned on the weld centreline and are defined by their TWH
and length. The LOSWF defects are elliptical defects, with their width ori-
entated in the x — z plane, their length in the z-axis and are defined by their
TWH and length. The LOSWF defects actually have a small component in
the z-axis, however at 86° inclination they are also effectively completely
through-wall orientated like the LOIRF defects. All these defects were lo-
cated at different depths within the test pieces to investigate the impact of
increased wave travel distance through the austenitic stainless steel weld
material. Their morphological parameters are listed in Table The defect
tolerances listed in Table 8.1 were provided by the test piece manufacturer.

A 2 MHz 64-element linear phased array (IMASONIC, 96 mm active aper-
ture size) and a 1 MHz 32-element linear phased array (IMASONIC, 96 mm
active aperture size) were used in direct contact to collect FMC data from
the test pieces with a MicroPulse FMC. The full array properties are de-
tailed within Table The arrays were placed centrally above each defect
to maximise the array viewing angle in an effort to also maximise the SR
imaging performance. The test pieces were scanned along the weld centre-
line. Centred on each defect position, a 30 mm scan region in the z-axis was
used in conjunction with a 1 mm scan increment. The scan increment was
the minimum value that was accurately achievable with the XY scanner and
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Table 8.1: The embedded planar defect parameters within
the narrow gap austenitic stainless steel welded test pieces.

Defect Number | Defect Type | Defect Size | Defect Tilt | Depth

(mm) (®) (mm)
1 LOILE | (15x6)+£05 | 042 30
2 LOILE | (75x3)+£05| 042 30
3 LOILF (15x6) £0.5 0£2 50
4 LOILF (7.5x6)+0.5 0£2 50
5 LOSWF (15x6) £0.5 86 + 2 30
6 LOSWE | (75x3)+05| 86+2 30
7 LOSWF (15x6) £0.5 86 +2 50
8 LOSWF | (75x6)£05| 86=+2 50
9 LOIRF (15x6) £ 0.5 90 £+ 2 30
10 LOIRF (75x3)+05| 90+2 30
11 LOIRF (15x6)+0.5 90 £+ 2 50
12 LOIRF (75x6)+05| 9042 50

manipulator file. An illustration of the experimental set-up used to acquire
FMC scan data is shown in Fig. When using the 2 MHz array, a 25 MHz
sampling frequency was used and for the 1 MHz array, a 50 MHz sampling
frequency was used. The reason for selecting the sampling frequencies was
to ensure that the file size of the scanned FMC data files remained around
300 MB to allow for practical data processing times.

The SR images were generated using the methodology described in Sec-
tion and a pixel size of 0.1 mm was used for all images. For all B-
Scan images, the optimal aperture size was used on a case-by-case basis
to achieve the most accurate sizing in an effort to demonstrate a measure of
the maximum performance that could be achieved with the technique.

The MF-FM method was not able to produce representative images for any
of the defects within the austenitic test pieces. This is another example
within this thesis of the MF-FM having difficulty in generating images use-
able for defect characterisation, due to the significant noise levels present
from the austenitic stainless steel welded test pieces. The MF-FM attempts
to use the information from all the singular eigenvalues, including ones
with small singular values which are significantly impacted by noise. This
leads to the high sensitivity of the FM algorithms to noise. The MF-TR-
MUSIC attempts to bypass the use of small valued eigenvalues by sepa-
rating them into noise and signal subspaces. It is therefore less reliant on
these small eigenvalues which are sensitive to noise and therefore tends to
perform better in high noise scenarios.

To assess the approximate magnitude of the attenuation and beam devia-
tion effects present within the austenitic stainless steel welds utilised within
this Chapter, a simple test of measuring the backwall amplitude response
across the weld profile (i.e. in the Z-axis of Fig. )) was conducted.
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Figure 8.3: Variation of the backwall echo amplitude of
one of the austenitic stainless steel test pieces used within
this chapter. Each element of a 2 MHz 64-element array
was used in isolation as a 0° pulse-echo compression wave
transducer to measure the backwall response across the
width of the austenitic stainless steel weld in a defect free
region. Overlain on the plot is a scaled profile of the nar-
row gap weld profile showing that the region of significant
signal attenuation occurs within the boundaries of the weld
region.

This would allow a comparison of the total attenuative effects between the
weld material and the expected low scattering parent plate material. This
was achieved by centrally placing a 2 MHz 64-element array, listed in Ta-
ble across the weld and using each element of the array to collect a
0° pulse-echo A-scan. This data was taken on a section of the test piece
away from known defect locations. These A-scans were then collated and
the maximum amplitude response corresponding to the test piece backwall
was measured and the cross-sectional variation of the echo was plotted in
Fig.[8.3]

Fig.[8.3|shows that around the approximate location of the weld centreline,
there is a significant drop-off in the amplitude of the backwall echo within
a region corresponding to the known weld width of around 20 mm. The at-
tenuation within the weld leads to between -25 dB to -35 dB drop in signal
amplitude relative to the backwall responses from within the parent ma-
terial. This therefore indicates that there are indeed significant attenuative
effects occurring within the weld material due to the grain microstructure
and the test pieces pose a realistic challenging case for ultrasonic inspec-
tions. It can also be seen that the left plate of the welded test piece shows
around a 5 dB reduction in backwall response compared to the right plate
of the test piece. Although they were made of the same material, there may
be some small variation between them if they were manufactured from dif-
ferent batches or the variation could be related to coupling variations of the
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array probe. It is noted that this effect is not significant and within typical
experimental variations exhibited within industry.

8.3 SR Imaging Results & Discussion

8.3.1 Longitudinally Orientated Defects

The MF-TR-MUSIC, TEM and 0° B-Scan algorithms were used to image the
defects listed in Table[8.1jusing both the 2 MHz and 1 MHz linear ultrasonic
arrays.

The array images for the longitudinal LOILF Defects #1-4 are shown in

Fig. Fig. Fig. [8.6| and Fig. [8.7] and the sizing results are listed in
Table[8.2] Table[8.3]and Table[8.4

First considering the array images for Defect #1 (listed in Table shown
in Fig. all of the algorithms produced images similar to the simulated
and simple experimental test piece images shown in previous chapters of
this thesis. The MF-TR-MUSIC algorithm generated the expected five in-
dication and three indication patterns from the 2 MHz and 1 MHz array
data respectively, as predicted by Fig The TFM algorithm at 2 MHz
produced a more detailed amplitude profile of the planar flaw than the cor-
responding 1 MHz TFM image, as expected with twice the theoretical reso-
lution capability. The array 0° B-Scan images at either frequency appeared
visually very similar in profile, with the 1 MHz image showing a broader
defect indication.

From the corresponding defect width sizing results for Defect #1 listed in
Tables both the MF-TR-MUSIC and TFM algorithms estimated the
defect width to be around 7 mm for either inspection frequency. These
values were close to the manufacturer stated defect width of 6 mm and
within the image sizing and manufacturing tolerances. Both methods also
produced accurate tilt estimates of the defects of between 0°-10° indicating
negligible TWH. The 2 MHz array 0° B-Scan technique estimated the defect
width at 8 mm, which is within one error bar of the estimations produced
by the TEM and SR algorithms suggesting a similar level of performance
between all algorithms. The 1 MHz B-Scan image however significantly
overestimated the defect width at 12 mm and had a much larger measure-
ment error due to the inherent image resolution of 3 mm at that frequency.
From the defect length sizing results for Defect #1, both the TFM and B-
Scan algorithms estimated similar values around 16 mm which were close
to the stated defect length of 15 mm. Accurate length sizing was expected
due to the defect’s large size (5 at 2 MHz and 2.5\ at 1 MHz).

Considering the array images for Defect #2 (listed in Table shown in
Fig. which was half the size of Defect #1, again all of the algorithms
produced the expected typical image profiles. The MF-TR-MUSIC algo-
rithms produced the expected three and two indication patterns from the
2 MHz and 1 MHz array data respectively, as predicted by Fig How-
ever, there were some spurious indications present within the 2 MHz image
above the defect indication, which were likely due to the high levels of ma-
terial noise within the ultrasonic data. The cleaner 1 MHz MEF-TR-MUSIC
algorithm image is expected due to the predicted lower impact of grain
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Figure 8.4: Defect #1 array images in the + — y plane. All
the images are plotted on a decibel scale normalised to the
maximum image amplitude from the defect response. All
TFM and B-Scan images are plotted between 0 and -6 dB. A
9 mm aperture was used to generate the 2 MHz B-Scan im-
age and an 18 mm aperture was used to generate the 1 MHz
B-Scan image. The array in each case was located above the

defects.

scattering at this lower frequency. As for Defect #1, the 2 MHz TFM image
of Defect #2 had a more detailed amplitude profile compared to the 1 MHz



8.3. SR Imaging Results & Discussion 161

Table 8.2: The MF-TR-MUSIC width sizing results for
LOILF defects within austenitic stainless steel weld test
pieces using the 2 MHz and 1 MHz arrays.

Defect Number | Frequency | Width Tilt
(MHz) (mm) (°)

1 2 70+05 | 9.6 +0.8

1 1 72+05 | 22408

2 2 45+05]119+13

2 1 45+05]141+13

3 2 57+05 | 5.8+1.0

3 1 6.0+05|143+1.0

4 2 33+05 196 +1.7

4 1 40+05| 36+14

image, which was operating at the theoretical diffraction limit.

From the Defect #2 width sizing results listed in Tables both the MF-
TR-MUSIC and TFM algorithms produced identical sizing results at each
inspection frequency of 4.5 mm. This is an overestimation of the stated
defect size by 50% and it is within three error bars of the manufacturing
tolerance width. Both methods again generated reasonable orientation esti-
mates of less than 15°, indicating correctly that the flaws were not oriented
in the through-wall direction. The array B-Scan method overestimated the
defect width by around 170% and 300% for the 2 MHz and 1 MHz cases
respectively, indicating that the method is severely beam width limited and
unable to resolve defect sizes at this scale. From the defect length sizing re-
sults for Defect #2, both of the TFM and array B-Scan algorithms produced
results within measurement errors of each other. At 2 MHz, the array B-
Scan algorithm produced the most accurate estimation of the length with a
percentage error of 7% compared to the 30% TFM error, whereas at 1 MHz
both algorithms overestimated the defect length by more than 60%.

Considering the array images for Defect #3 (listed in Table shown in
Fig. which had the same dimensions as Defect #1 but 20 mm deeper,
the images were largely similar to those of Defect #1 in Fig. [8.4 but with
some notable differences. The 1 MHz MF-TR-MUSIC algorithm images fea-
tured the expected three indications for a defect of 1\ in width as shown in
Fig[3.10, however the 2 MHz images did not follow this trend unlike Defect
#1. The number of indications dropped from five in the 30 mm deep de-
fect case to four indications for the 50 mm deep case. This was likely due
to the reduction in SNR that was achieved for the deeper Defect #3 case
due to the ultrasonic beam path lengths within the weld material being
significantly larger and therefore a greater degree of scattering and beam
deviation would have occurred. This may also be an experimental demon-
stration of a reduction in SNR leading to a reduction of indications within
a SR imaging pattern that was found to occur in Section The assump-
tion of this statement is that the defect widths were exactly identical, which
may not be the case due to manufacturing tolerances. Also, the 50 mm deep
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Figure 8.5: Defect #2 array images in the + — y plane. All
the images are plotted on a decibel scale normalised to the
maximum image amplitude from the defect response. All
TFM and B-Scan images are plotted between 0 and -6 dB. A
7.5 mm aperture was used to generate the 2 MHz B-Scan im-
age and a 18 mm aperture was used to generate the 1 MHz
B-Scan image. The array in each case was centred directly
above the defects. The array in each case was located above
the defects.
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Table 8.3: The TFM sizing results for LOILF defects within
austenitic stainless steel weld test pieces using the 2 MHz
and 1 MHz arrays.

Defect Number | Frequency | Length | Width Tilt
(MHz) (mm) | (mm) (°)

1 2 16+1 |70+01|08+08

1 1 18+1 | 72+0.1 | 40408

2 2 10+1 |45+01(21+13

2 1 12+1 | 45+01 | 78+13

3 2 13+1 | 57+01|51+1.0

3 1 16+1 | 6.0+£01|58+1.0

4 2 11+1 [33+01|35+17

4 1 14+1 |40+01|73+14

Table 8.4: The array B-Scan sizing results for LOILF de-

fects within austenitic stainless steel weld test pieces using

the 2 MHz and 1 MHz arrays. All defect inclinations were
recorded as 0°.

Defect Number | Frequency | Aperture Size | Length | Width
(MHz) (mm) (mm) | (mm)

1 2 9 15+1 | 8+1

1 1 18 17+1 | 12+£3

2 2 7.5 8+1 | 8+1

2 1 18 13+1 | 12+£3

3 2 21 13+1 | 12+1

3 1 27 15+1 | 12+£3

4 2 24 10+1 | 8+1

4 1 27 13+1 | 9£3

Defect #3 would have had a slightly reduced viewing angle compared to
the 30 mm deep Defect #1 case (=30° less) which also would have acted
to hinder the SR imaging capability. Further studies would be required to
determine the exact causes of this result in the SR images. Due to the re-
duction in SNR, the TFM images appeared significantly grainier than the
images shown for Defect #1 at both inspection frequencies and the B-Scan
indications were much larger than the shallower defect case.

From the defect width sizing results for Defect #3, again both the MF-TR-
MUSIC and TFM algorithms estimated identical sizes for each inspection
frequency and the widths estimated between frequencies were very sim-
ilar. The results were also highly accurate for all cases, being within 5%
error of the manufacturer stated defect width. This indicates that although
in the 2 MHz case the number of expected indications dropped from five
to four, accurate sizing was still achievable. The array B-Scan algorithm
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Figure 8.6: Defect #3 array images in the  — y plane. All
the images are plotted on a decibel scale normalised to the
maximum image amplitude from the defect response. All
TFM and B-Scan images are plotted between 0 and -6 dB. A
21 mm aperture was used to generate the 2 MHz B-Scan im-
age and a 27 mm aperture was used to generate the 1 MHz
B-Scan image. The array in each case was centred above the

defects.
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Table 8.5: The imaging SNR of the TFM and array B-Scan
algorithms from the LOILF defects when using a 2 MHz 64-
element array.

Defect Number | Defect Type | Size | SNRrar | SNRBscan
(mm) (dB) (dB)
1 LOILF 15x6 30.5 259
2 LOILF 7.5x3 27.5 18.9
3 LOILF 15x6 30.9 28.4
4 LOILF 7.5x3 26.1 19.5

significantly overestimated the defect width at each inspection frequency
by 100%. From the defect length sizing results for Defect #3, as with the
previous defect cases, both the TFM and B-Scan methods produced almost
identical estimations which were close to the stated value of 15 mm. In
terms of estimating the defect orientations, the ME-TR-MUSIC algorithm’s
performance slightly deteriorated compared to the Defect #1 case with
the method overestimating the tilt by between 5°-15°. These tilts however
would still estimate the TWH of the defect to be less than 20% of the width
which is small. The TEM algorithm also slightly overestimated the defect
tilt slightly by around 5° and it is therefore in agreement with SR technique.

Finally considering the array images for Defect #4 (listed in Table[8.T)) shown
in Fig. which was 20 mm deeper than Defect #2, similar differences
were observed. The MF-TR-MUSIC algorithm images had the same pro-
files as for the shallower Defect #2 case, the TFM images were grainier due
to the decreased SRN and the array B-Scan images produced larger indica-
tions, again likely due to the decreased SNR.

From the Defect #4 width sizing results, once again the MF-TR-MUSIC
and TFM algorithms produce identical estimations of this defect parame-
ter for each frequency, with all results within 1 mm of the manufacturer
stated value. The array B-Scan algorithm, as in the Defect #2 results, signif-
icantly overestimated the defect width alluding to the method being beam
width limited. From the length sizing results of Defect #4, both the TFM
and B-Scan algorithms produced similar estimations with the 2 MHz results
slightly more accurate than the 1 MHz results.

Using the methodology described in Section the imaging SNR of the
TFM and array B-Scan algorithms was estimated from the LOILF defect’s
images. The imaging SNR results when using the 2 MHz and 1 MHz arrays
are listed in Table and Table A representative example SNR case
(Defect #1) is shown in Fig.

The imaging SNR of both of the algorithms considered in Table|8.5|and Ta-
ble are relatively high considering the highly scattering nature of the
component material. This is due to the favourable orientation of the LOILF
defects which allowed a large specular component of the incoming ultra-
sound from the direct contact array to be reflected back on reception. The
TFM algorithm achieved a higher imaging SNR compared to the array B-
Scan algorithm, roughly around 5 dB better in each case. These SNR values
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Figure 8.7: Defect #4 array images in the + — y plane. All
the images are plotted on a decibel scale normalised to the
maximum image amplitude from the defect response. All
TFM and B-Scan images are plotted between 0 and -6 dB. A
24 mm aperture was used to generate the 2 MHz B-Scan im-
age and a 27 mm aperture was used to generate the 1 MHz
B-Scan image. The array in each case was centred above the

defects.
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Table 8.6: The imaging SNR of the TFM and array B-Scan
algorithms from the LOILF defects when using a 1 MHz 32-
element array.

Defect Number | Defect Type | Size | SNRrar | SNRBscan
(mm) (dB) (dB)
1 LOILF 15x6 27.6 19.6
2 LOILF 7.5x3 23.2 12.9
3 LOILF 15x6 294 26.0
4 LOILF 7.5x3 25.2 17.5
TFM — Defect #1 — 2 MHz 64ele TFM — Noise Sampling Region

x10°
2.5

20mm 8 mm

B-Scan — Defect #1 —2 MHz 64ele ;4

~
8 mm

[y

20 mm gmm

Figure 8.8: The imaging SNR methodology for Defect #1

within the austenitic stainless steel test pieces in the z — y

plane. Each image is plotted in an absolute amplitude scale

with the array positioned directly above the defect indica-
tion.

within the austenitic stainless steel weld components were around 5-10 dB
lower than for the SE defect images listed in Table 5.6} despite the SE defects
having a specular area at least 7.5 times smaller than the LOILF defects, and
between 10-20 dB smaller than the WE defect image SNR values listed in
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Table This big drop can be attributed to the scattering austenitic stain-
less steel weld material as the parent materials of the test pieces (304 and
304L stainless steels) were extremely similar. It is worth noting that dur-
ing testing of the austenitic stainless steel welds, the 1 MHz array actually
produced lower imaging SNR values compared to the 2 MHz array which
is contrary to theoretical predictions of scattering scaling with frequency.
The lack of increased SNR performance of the 1 MHz array in comparison
to the 2 MHz array is likely due to the greater number of elements present
within the 2 MHz array (64 elements compared to 32 elements), allowing
the summation of a greater number of signals in the image processing, as
well as the smaller size of the defect relative to the wavelength at 1 MHz
compared to 2 MHz.

8.3.2 Through-Wall Orientated Defects

When applying the MF-FM or the MF-TR-MUSIC algorithms to the through-
wall orientated defects (LOSWF & LOIRF flaws), very few suitable images
for defect sizing were generated from either the 2 MHz or 1 MHz arrays.
All of the SR images were extremely noisy with numerous artefacts present
throughout the image meaning it was not possible to clearly distinguish any
indications related to the embedded defects from the surrounded material.
Example representative SR images for the through-wall defects are shown
in Fig. The significant impact of noise for the through-wall orientated
defects in this image compared to the relatively low impact observed for
the longitudinal LOILF defects discussed in Sec.[8.3.1]is due to the weak tip
defect scattering responses obtained from the through-wall defects.

Although the array viewing angle was maximised for the direct contact ar-
ray set-up used, it meant that only tip diffraction responses would have
been obtained from the through-wall defects as opposed to the large ampli-
tude specular reflections received from the LOILF defects. These tip diffrac-
tion responses were then subsequently swamped by the material grain noise
leading to extremely low SNRs and poor quality SR images. The strong
impact of noise is evident when examining the magnitude of the eigen-
values of the far-field operator F. Fig.[8.9k) shows the eigenvalues of F
at 2 MHz for the LOIRF Defect #9. It can be seen that the magnitude of
the eigenvalues drops almost instantly and there is no clear separation be-
tween the eigenvalues corresponding to the signal subspace and the noise
subspace. This is in contrast to Fig.[8.9d) which shows the eigenvalues of F
at 2 MHz for the LOILF Defect #1 which features several significant eigen-
values clearly separated from the remaining noise subspace. The geometry
of Defect #1 allowed a high amplitude specular response to be received by
the array resulting in this subspace separation between the first ten eigen-
values (corresponding to the signal subspace) and the remaining noise sub-
space eigenvalues by around 20 dB.

For the through-wall defects, it was found that only the TFM algorithm was
able to generate some images which could be used to detect the defects.
However, it was not possible to size or characterise any using the TFM al-
gorithm again due to the large amount of noise and multiple indications
located around the expected defect position. The 0° array B-Scan algorithm
did not perform well in terms of either defect detection or sizing, which
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Figure 8.9: a) MF-TR-MUSIC image of Defect #9 (LOIRF),
b) ME-TR-MUSIC image of Defect #7 (LOSWE), c) eigen-
values of F' at 2 MHz when imaging Defect #9 with the MF-
TR-MUSIC algorithm, d) eigenvalues of F' at 2 MHz when
imaging Defect #1 (LOILF) with the MF-TR-MUSIC algo-
rithm. The array was positioned directly above the defect
indication and all images were in the z — y plane.

was expected due to the high misorientation angle between the defect and
the incident beams. Examples of TFM images where the defects could be
readily detected after FMC scanning are shown in Figs. and In
both of these cases, an SNRr g, of around 15 dB was achieved.

In the majority of cases reliable defect detection was not possible with the
TFEM algorithm, especially when operating at 2 MHz. Examples of cases
where defect detection could not be reliably carried out are shown in Figs.
and

Considering the Defect #11 TFM images in Fig. the 2 MHz image only

0
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Figure 8.10: Defect #5 TFM array images; the first column
corresponds to images in the x — y plane and the second
column corresponds to images in the y — z plane. All the
images are plotted on a decibel scale normalised to the max-
imum image amplitude from the defect response. The array
was positioned directly above the defect indication.

resembled a noise map of the austenitic weld itself and the weak defect in-
dication is lost within it. Any attribution of these indications to the known
defect is highly dubious and is heavily reliant on prior knowledge of the test
piece. It is therefore concluded that defect detection could not be achieved
via TFM with the 2 MHz array. The 1 MHz results on the other hand are
slightly better where defect tips could potentially be identified and an es-
timation of defect parameters could be inferred. The estimated parameters
were 7.7 mm width and tilt angle of 72.6°. Defect length could not be es-
timated from defect tips and would require an angled beam inspection to
use amplitude based sizing effectively.

Considering the 2 MHz TFM images of Defect #12 in Fig. once again
no defect indication could be detected and the TFM image only resembled
a noise map of the austenitic weld. As with the case for Defect #11, the
1 MHz TEM image was able to potentially detect the defect and although
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Figure 8.11: Defect #7 TFM array images using the 2 MHz

64-element array. The left image corresponds to images in

the x —y plane and the right image corresponds to images in

the y — z plane. All the images are plotted on a decibel scale

normalised to the maximum image amplitude from the de-

fect response. The array was positioned directly above the
defect indication.

there was significant weld noise present, through-wall sizing could be car-
ried out using the assumed tip diffraction indications. The defect was char-
acterised to have a TWH of 3.3 mm and a tilt angle of 86.5° which is accurate
compared to the defect specification listed in Table[8.1] In the through-wall
defect TFM imaging cases, utilising a lower inspection frequency increased
the detectability of misorientated defects through the austenitic stainless
steel weld material.

The lack of performance of the TFM algorithm was as a result of the un-
favourable array configuration used to inspect the through-wall orientated
flaws (0° direct contact centrally located above the defects). A different ar-
ray set-up using an angled wedge would increase the likelihood of a strong
specular response being obtained instead of being reliant on detecting tip
diffraction responses through the irregular coarse grain structure. Using
an angled beam may also allow a shorter ray path through the austenitic
weld material, reducing the impact of grain noise and beam bending ef-
fects. In addition, for the defects located in close proximity to the back-wall
of the test pieces, an imaging method such as the Half Skip Total Focusing
Method (HSTFM) would be more appropriate to detect and size them.
The HSTFM utilises reflections off the back-wall to enhance the imaging of
surface breaking or near back-wall located defects and has been shown to
exhibit improved performance over TEM in these cases [107, [108]. An alter-
native array set-up was not used in this work as they would act to reduce
the viewing angle on the defects which would have a significant detrimen-
tal impact on the performance of the SR algorithms.
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Figure 8.12: Defect #11 TFM array images; the first column
corresponds to images in the  — y plane and the second
column corresponds to images in the y — 2 plane. All the
images are plotted on a decibel scale normalised to the max-
imum image amplitude from the defect response. The array
was positioned directly above the defect indication.

8.4 Conclusions

In this Chapter, the experimental performance of the SR array algorithms
when inspecting manufacturing-style defects within narrow gap austenitic
stainless steel welded test pieces was investigated. These types of com-
ponents are highly scattering and anisotropic making ultrasonic NDE ex-
tremely challenging.

Three main types of embedded defects were used: LOILF defects which
were fully embedded longitudinally orientated defects, LOSWF defects which
were located on the edge of the weld faces, and LOIRF defects which were
through-wall orientated defects.

For the LOILF defects which were orientated parallel to the test piece in-
spection surface, it was found that the MF-TR-MUSIC, TEM, and 0° array
B-Scan algorithms were able to effectively detect and characterise all of the
defects. This level of performance was achieved in both the 2 MHz and
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Figure 8.13: Defect #12 TFM array images; the first column
corresponds to images in the z —y plane and the second im-
age corresponds to images in the y — z plane. All the images
are plotted on a decibel scale normalised to the maximum
image amplitude from the defect response. The array was
positioned directly above the defect indication.

1 MHz array configurations. This was the first time to the author’s knowl-
edge that the TR-MUSIC algorithm has been experimentally applied to in-
spect defects within austenitic welded components and demonstrates that
the SR algorithms could be applied to these scattering and anisotropic ma-
terials.

For the through-wall LOSWF and LOIRF defects, the MF-TR-MUSIC al-
gorithm was not able to detect or characterise any of the defects due to the
lower SNR of these defects. This was as a result of only being able to receive
tip diffraction responses through the weld due to the unfavourable inspec-
tion configuration. The TFM array algorithm was able to detect some of
the defects however they struggled to accurately characterise them. It was
found that a better defect detection performance was obtained when using
the 1 MHz array compared to the 2 MHz array for the through-wall defects.
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Chapter 9

Conclusions

9.1 Thesis Review & Main Achievements

The aim of this research was to investigate the applicability of the SR ar-
ray imaging algorithms within NDE inspections of safety-critical compo-
nents for the nuclear power industry in order to determine if they could
potentially meet the increasing demand to accurately characterise and size
embedded defects.

To do this, the performance of the recently developed FM and TR-MUSIC
algorithms were applied to the ultrasonic array inspection of embedded
flaws were assessed for an extensive range of defect parameters. These ad-
vanced techniques were compared to the TFM algorithm, which is widely
considered to be the ‘gold standard’ for array imaging within academia, in
order to benchmark their performance. The performance was initially eval-
uated through 2D FE simulations followed by several stages of experimen-
tal validation. A particular focus was placed on investigating the sizing ca-
pability of the SR algorithms for sub-wavelength sized defects as a method
to overcome the inherent resolution limitations of conventional array imag-
ing methods, such as the TFM and array B-Scan algorithms. The studies
within this thesis considered mainly 2D planar embedded flaws of varying
size, orientation and surface roughness. This scope was also extended to
consider realistic 3D defect morphologies and a post-processing methodol-
ogy was developed to apply the SR algorithms to experimentally gathered
scanned FMC datasets. Finally, the challenging inspection case of thick-
walled austenitic stainless welds was considered and the applicability of
the SR algorithms to these scattering and anisotropic materials was evalu-
ated.

Within Chapter 2, the background theories of ultrasonic wave scattering
were discussed. Descriptions of both the forward and inverse scattering
problems were introduced, with approaches to overcoming the inverse scat-
tering problem outlined. These approaches all attempt to determine the
structure of scatterers with only knowledge of the incident and scattered
wave fields. The Born approximation, which is a widely used method to
simplify the problem, was introduced and it was shown to form the basis
of the TEM. The TFM is an example of a beamforming algorithm, which by
their very nature are explained to be restricted by the diffraction limit (\/2)
in their resolution. Mathematical formalisms to overcome this resolution
limit were discussed, beginning with the LSM and followed by the FM and
TR-MUSIC algorithms. These sampling methods, or commonly referred to
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as SR methods, are theoretically capable of achieving unlimited resolutions
if no effects such as noise are present and therefore have become attractive
research interests for industry. It is noted however their derivation is based
on imaging idealised point scatterers and assuming complete angular in-
spection coverage is obtained. Their capability to accurately image realistic
extended defect morphologies with limited aperture linear arrays has not
yet been fully established, therefore, it is key to understand their perfor-
mance within these circumstances if they are to be used within practical
NDE inspections.

In Chapter {3 the linear array inspection capability of the SR algorithms
was assessed for a variety of planar embedded defects through 2D FE mod-
elling. For the first time, the sizing and orientation estimation performance
of the MF-FM and MF-TR-MUSIC algorithms were determined for a large
range of defect parameters. It was found that within this limited view
inspection scenario, the SR algorithms were not able to fully reconstruct
the complete profile of the embedded planar flaws but instead generated
clustered indication patterns across the defect extents. This imaging be-
haviour was expected as the SR algorithms are predicated on the assump-
tion of complete angular coverage and therefore complete sampling of the
far-field scattered wavefield, which cannot be practically achieved within
realistic inspection cases. Importantly, it was found that indications were
consistently generated from the tips of the planar defects which facilitated
tip-sizing methodologies to be employed. Using these sizing techniques, it
was found that the SR techniques showed far superior width sizing perfor-
mance for sub-wavelength sized defects compared to the TFM and 0° array
B-Scan algorithms, which was expected with the latter methods becoming
beam-width limited at these small scales. This advantage in width sizing
performance was also retained when imaging embedded planar defects
with a range of misorientation angles and it was also shown the SR tech-
niques could accurately estimate TWH. Significantly, a trend within the SR
images of the planar defects was identified which linked the number of im-
age indications generated to the defect size relative to the ultrasonic wave-
length. This roughly linear trend could potentially enable defect sizing to
be conducted by simply visually observing the images generated by the SR
algorithms. The impact of incoherent noise on SR array imaging was also
investigating and both the MF-FM and MF-TR-MUSIC algorithms demon-
strated robustness to SNRs at or above 10 dB. However, for higher levels of
incoherent noise there was an observable reduction in the number of F' ma-
trix eigenfunctions corresponding to the signal subspace, as the noise began
to corrupt the eigenfunctions with lower eigenvalues corresponding to the
higher spatial frequency information. This led to the SR algorithms produc-
ing indication patterns similar to those which would be expected of smaller
defects in a noise-free scenario resulting in defect under-sizing, as well as
distortion to the indications that were being generated.

Experimental validation of the simulated results presented in Chapter
was conducted using pseudo-2D WE planar defects in Chapter 4 It was
found that the simulated sub-wavelength width and TWH sizing capabil-
ities of the SR algorithms could be experimentally realised. The TFM al-
gorithm was not able to match this level of performance at the smallest
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length scale tested (\/2), however it produced accurate characterisation re-
sults for the A and 2 sized defects that was matched by the SR techniques.
The discontinuous clustered indication patterns observed in the simulated
studies within Chapter 3 were also experimentally seen, again highlighting
the impact of reduced viewing angle on the reconstructive abilities of the SR
techniques. Importantly, the non-dimensional SR imaging trend for planar
defects observed previously was experimentally validated over the \/2-2\
defect size range considered, adding confidence that this trend could be
used to visually estimate planar defect size using only knowledge of the
ultrasonic wavelength.

The experimental scope was further extended to consider 3D embedded
planar defects in Chapter |5, which are more representative of commonly
encountered flaws. A methodology was established to process the scanned
FMC datasets acquired in order to effectively apply the SR algorithms for
defect width sizing. This method utilised information gained from the TFM
algorithm to allow appropriate time-domain windowing of signals prior to
SR image processing to enable accurate defect sizing. This step is vital for
the methods to be used in practical NDE scenarios due to prior knowledge
of the temporal location of defects not being readily available, making isola-
tion of the defect scattered signal difficult. If this methodology was not ap-
plied, it was clear that even in defect-free regions the SR algorithms would
generate erroneous high amplitude images emphasising the fact that the
SR methods should only be used as a supplementary technique for defect
sizing and not as a detection tool. During testing, it was found that the TR-
MUSIC algorithm in particular allowed for excellent sizing for defects well
below the diffraction limit, down to 1 mm (A\/3). This level of performance
could not be achieved by either the MF-FM, TFM or the array 0° B-Scan
algorithms.

A prominent challenge present within the nuclear industry is the inspec-
tion of rough defects. Due to the often extreme conditions components are
exposed to within this sector, defect growth mechanisms such as thermal
fatigue cracking and stress corrosion cracking can occur that are known
to produce defects with significant surface roughness. Ultrasonically, this
roughness often hinders defect detection and characterisation which can
lead to a large degree of conservatism to be placed on their inspection. This
inevitably is costly to industry due to the stringent component acceptance
criteria that must be achieved. In Chapter [, 2D FE Monte Carlo simula-
tions was used to investigate the impact of roughness on the array imaging
of rough planar embedded defects. The results presented showed that for
sub-wavelength defects, both the FM and TR-MUSIC algorithms were able
to size and estimate defect orientation accurately for low roughness cases
of 0 = 10 um and for defects with up to o = 100 um. The most accurate SR
imaging performance was achieved for the A /2 sized defects in either the 0°
or 45° tilt orientation. This was in contrast to the poor performance of TFM
in these cases which consistently oversized these defects and could not be
used to estimate the defect orientation, thus making through-wall sizing
with this method impossible. It was also found that when sizing the larger
3 mm () flaws misorientated at 45°, the performance of the SR increased
significantly as the roughness increased. It is postulated that this was be-
cause of a combination of the increased total scattered signal obtained from
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the rougher misorientated flaws (due to an increase in diffractive scattered
wave component) as well as a greater degree of multiple scattering occur-
ring, leading to the SR algorithms being able to reconstruct the defects more
accurately. The results presented within this Chapter highlight that the SR
algorithms are able to tolerate a moderate degree of defect roughness that
could be expected within realistic in-service flaws.

In Chapter [7] the challenge of sizing embedded volumetric flaws was con-
sidered. Conventionally, direct sizing of volumetric defects is only achiev-
able using radiographic techniques and ultrasonic methods can only be
used to infer an upper size limit based on the beam width. In this Chap-
ter, 2D FE modelling was used to simulate the array inspection of smooth
embedded volumetric defects to investigate the nature of the imaging re-
sponses generated by the SR algorithms. The practical equivalent of the 2D
defects simulated within this Section are Side Drilled Holes (SDHs). Al-
though SDH profiles do not relate to a type of defect found within real
NDE inspection, they are common within ultrasonic NDE test pieces as cal-
ibration targets and act as a simplified case for 3D equivalent defects such
as pores. It was demonstrated through 2D FE simulations that the SR algo-
rithms can be used to estimate the diameter of SDHs via direct imaging with
a linear ultrasonic array. The sizing performance of SDHs using the SR al-
gorithms was then experimentally validated by accurately sizing three dif-
ferent SDH diameters, with the maximum percentage error of around 15%.
The scope was extended to consider a 3D volumetric pore defect and using
the scanning FMC methodology established within Chapter [5, the MF-TR-
MUSIC algorithm was able to image and size a realistic 2 mm 3D embedded
pore defect. These positive results highlight that the SR methods could be
an accurate tool for sizing volumetric defects and could potentially facilitate
a transition away from the radiographic techniques which are inherently
more time consuming, costly and hazardous when compared to ultrasonic
NDE. However, this Chapter demonstrated that the SR algorithms may not
be suitable to distinguish between planar and volumetric flaws due to the
high similarity between the images from these defect types. It is recom-
mended that supplementary imaging algorithms, such as a series of angled
array B-Scans, are carried out alongside the SR methods to help determine
the true defect morphology.

In Chapter 8, the difficult inspection case of welded austenitic stainless
steels was considered. These components which are common within the
nuclear sector, can exhibit a spatially-varying anisotropy and coarse grained
structure that significantly impacts upon the quality of an ultrasonic inspec-
tion. To investigate this problem, the experimental performance of the SR
array algorithms when inspecting manufacturing-style defects within nar-
row gap austenitic stainless steel welded test pieces was considered. For
defects which were orientated parallel to the test piece inspection surface,
it was found that the MF-TR-MUSIC, TFM, and 0° array B-Scan algorithms
were able to effectively detect and characterise them. This level of per-
formance was achieved in both the 2 MHz and 1 MHz array configura-
tions. It was found that the MF-FM algorithm could not be used to effec-
tively size these flaws. This is due to the fact that the MF-FM algorithm
utilised all eigenfunctions derived from the FMC datasets and the high co-
herent noise within the system would have corrupted the eigenfunctions
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related to the higher frequency spatial information, thus deteriorating the
imaging process. This is unlike the MF-TR-MUSIC algorithm which trun-
cates some of the eigenfunctions and it is therefore less sensitive to these
effects. It is therefore recommended that eigenfunction truncation is in-
corporated within the MF-FM to increase the robustness of the technique
within inspection scenarios featuring significant noise. For the through-
wall orientated defects, the MF-TR-MUSIC algorithm nor the conventional
imaging techniques were able to size any of the defects due to the very
low SNRs achieved. This was as a result of only being able to receive tip
diffraction responses through the weld due to the unfavourable inspec-
tion configuration. Although not successful in all defect cases within the
welded austenitic stainless steel test pieces, the MF-TR-MUSIC algorithm
has shown robustness to significant levels of coherent noise experimen-
tally, which compliment its demonstrated robustness to incoherent noise,
defect misorientation and defect roughness through simulation. This re-
search therefore presents evidence to suggest that the SR imaging technique
could indeed have practical viability in offering an improved defect siz-
ing capability within NDE inspections, particular for sub-wavelength sized
flaws where conventional imaging techniques become limited.

9.2 Guidance for SR Algorithm Deployment & Future
Work

The research conducted within this thesis has highlighted that the SR algo-
rithms have the capability to outperform conventional array imaging tech-
niques when characterising sub-wavelength sized planar defects as well
as volumetric flaws. However, it is noted that the inspection set-up used
throughout this thesis was optimised for SR imaging and that several chal-
lenges for their successful and stable deployment became clear.

This Section will therefore summarise the key factors which influence SR
imaging performance and provide guidance for their usage within a linear
array configuration. These factors would need to be considered as part of a
process to validate the usage of the SR algorithms in industrial manufactur-
ing and in-service NDE inspections, meaning that further work is required
to understand the complex influence of these factors on imaging.

9.2.1 Multistatic Response Matrix Construction

One of the key steps in the implementation of the SR algorithms, as illus-
trated within Fig. is the creation of the multistatic response matrix,
F(w), or matrices if using the multiple frequency variation of the algorithms
(Egs. & (2.65)). Although only demonstrated briefly within Fig.
the SR algorithms are highly sensitive to the selection of frequency, partic-
ularly when using the single-frequency variations of the techniques. This
is why only multiple-frequency variations of the FM and TR-MUSIC algo-
rithms were implemented within this research in order to achieve a stable
and accurate imaging capability.

Although the performance of the SR algorithms are improved when de-
ployed in the multiple-frequency variation, there still exists a choice in
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which frequencies are selected. As described within Section the fre-
quency selection range used to populate F'(w) throughout the thesis was
set to be the full width at half maximum of the bandwidth profile of the
ultrasonic tonebursts. For the commonly utilised 2 MHz waveforms gener-
ated, this corresponded to a half-spread of 0.4 MHz about the 2 MHz centre
frequency. A total of nine equally spaced frequency values were sampled
across this frequency range, with an odd number ensuring the centre fre-
quency was considered. It is recommended that at least five frequency val-
ues are selected to generate accurate defect reconstructions. Testing by the
author found that suitable images could be generated using a tighter fre-
quency range than the full-width at half maximum (e.g. full-width at 70%
maximum), therefore further work is required to fully understand the quan-
titative influence frequency range has on imaging performance in order to
validate an appropriate range.

9.2.2 Noise

One of the prominent factors influencing the performance of the SR algo-
rithms is that of signal noise. Within this thesis, it has been shown that
the MF-FM and MF-TR-MUSIC algorithms have shown a reasonable de-
gree of robustness to incoherent noise, with the MF-TR-MUSIC technique
also showing robustness to coherent noise through testing within austenitic
stainless steel welds.

However, it is noted that both SR methods are far more sensitive to noise
than conventional TFM imaging. The difference in robustness originates
from the lack of sensitivity of TFM to the low-eigenvalued eigenfunctions,
which contain the higher spatial frequency scattered information. These
eigenfunctions are more easily corrupted by signal noise but they also con-
tain the information necessary to achieve super resolution. The SR methods
are more reliant than TFM on these low-eigenvalued eigenfunctions, with
the MF-FM using all eigenfunctions and MF-TR-MUSIC only using a selec-
tion corresponding to the signal subspace.

It is therefore recommended that when deploying the SR methods in prac-
tical NDE scenarios where there will inevitably exist a non-zero level of
noise, that eigenvalue truncation is incorporated to a degree to ensure that
imaging accuracy and stability is achieved. Throughout this research, an
eigenvalue truncation threshold of -50 dB compared to the highest ampli-
tude eigenvalue was used for FE simulated FMC datasets and this value
was reduced to around -40 dB when imaging through low-noise materials
as discussed in Chapters 4 & [f] When imaging through high noise mate-
rials, such as within Chapter [8} threshold values between -20 dB to -30 dB
were used. These values were determined by observing the point at which
a clear distinction between the signal and noise eigenfunction subspaces ap-
peared, characterised by a steep drop in eigenvalue amplitude.

As currently these eigenvalue threshold values are manually selected based
on observations, further work is required to provide a validated procedure
to ensure that an appropriate threshold value can be selected easily by a
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non-specialist or ideally automatically. This step is crucial if the SR tech-
niques are to be used within an industrial scenario by NDE inspection en-
gineers.

As discussed in Chapter|[§] spatially-varying anisotropic coarse grained mi-
crostructures can lead to beam bending effects that can lead to defect indi-
cations appearing at incorrect positions and erroneous sizing. There may be
opportunities to correct for these effects using prior knowledge of the weld
grain structure to apply appropriate delay laws when imaging [93)} [103]].
This approach could also be investigated for the application of the SR algo-
rithms to account for the anisotropy beam deviation phenomenon.

9.2.3 Viewing Angle

Although not extensively reported on within this thesis for a linear array
configuration, a reduction in array viewing angle can lead to deterioration
of the images generated by the SR algorithms which makes accurate defect
sizing difficult. The studies conducted within this thesis as well as previous
studies exclusively considered inspection cases where the viewing angle
was optimised, i.e. with the array directly centred above/around the defect.
This was done in order to establish the maximum performance that the
SR techniques could achieve. The impact of reduced viewing angle was
briefly considered within Chapter 3| where the performance of a simulated
2 MHz 64-element linear array was compared to that of a2 MHz 32-element
linear array. Although similar indication patterns were obtained in both
array configurations, a reduction in planar defect width sizing accuracy as
well as a reduction in the ability to estimate the inclination angle of highly
misorientated defects was observed with the shorter 32-element array.

Within realistic NDE inspections, it can be common for it to be impossi-
ble to place an ultrasonic array directly over a potential defect location to
maximise the viewing angle. Instances where this would occur are weld
inspections where the welds caps have not been machined off, or geometric
features such as nozzles that cannot allow the array to sit flush on com-
ponent surfaces that exhibit high curvature. These cases would inevitably
lead to defects being offset from the array centreline position and therefore
act to reduce the viewing angle achieved.

Fig. shows that for even relatively small defect offsets from the array
centreline position, significant distortion to the SR images occurs. As the
offset is increased from 5 mm to 25 mm, both the MF-FM and MF-TR-
MUSIC algorithms generate indications which become increasingly skewed
and progressively less representative of the true flat defect orientation. The
TFM algorithm indications also become slightly tilted which is expected,
however the magnitude of this is far less compared to the SR algorithms
and it has minimal impact on defect sizing. This example illustrates that
defect offset positions which are still within the footprint of the array can
lead to significant SR image distortion due to the reduction in viewing an-
gle. Other factors such as defect depth would also impact viewing angle
and must also be considered when determining SR imaging performance.
Further work is therefore required to quantify the practical limitations of
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Figure 9.1: TEM, MF-TR-MUSIC and MF-FM images of a
series of FE simulated 1.5 mm defects at a depth of 42 mm
from a 64-element 2 MHz array located above the defects.
The defects were offset from the array centreline by 5 mm
(top row images), 15 mm (middle row images) and 25 mm
(bottom row images). The same 2D FE modelling approach
that was used in Section 3.2 was applied to these simula-

tions.

linear array SR imaging to understand the complex factors which lead to
image distortion and reduced characterisation accuracy.

One possible method to overcome the issue of offset defects and reduced
array viewing angles could be through the usage of multiple arrays. For ex-
ample by using two separate arrays to inspect an embedded weld defect, as
shown in Fig. the effective array viewing angle is doubled as both sides
of the defect can be accessed through direct wave propagation. This dual
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array imaging set-up is similar to TOFD and would be ideal for inspection
under weld caps which do not allow central positioning of the array above
the defect. A combined FMC dataset can be collected using both arrays
in this set-up upon which the SR and the TFM algorithm can be applied.
In this case, the usage of TFM has been termed Diffraction TFM (DTFM)
within literature [109], and the method has several benefits over conven-
tional TOFD including allowing for direct sizing of defects to be made from
an image (whereas TOFD would require multiple separate scans and fur-
ther interpretation of the data) and DTFM possessing a larger SNR com-
pared to TOFD (due to the focussing nature of the TFM algorithm). To as-
sess this set-up initially, a 2D FE simulation featuring the dual array inspec-
tion set-up illustrated in Fig.[9.2lwas carried out. Fig.[9.2]shows the resultant
TFM, MF-FM and ME-TR-MUSIC image algorithms for the embedded off-
set defect. It can be seen that a central, non-skewed indication for the defect
is generated by the TFM algorithm and that both SR techniques produce tip
indications that could be used for accurate through-wall sizing. The indi-
cations present on either size of the defect location are attributed to surface
Rayleigh waves which propagate along the defect and are re-emitted from
the tips as compression waves. Additional work is recommended to further
validate the benefits of dual array imaging on SR imaging performance as
preliminary results indicate that the improvements to the effective viewing
angle can reduce the impact of image distortion for offset defects.

Additional methods of increasing the available array viewing angle that
could be explored in future research are by using indirect wave propaga-
tion routes, such as those utilised by the HSTFM algorithm [107]. These
additional propagation routes such as skipping off component’s geometric
features (i.e. backwalls) can be used to obtain additional defect scattering
information beyond those obtained from direct reflections. This concept
could be extended further by not only using indirect propagation routes of
the same wave mode, but also considering multi-mode SR imaging. This
approach has already begun to be researched for the TFM algorithm [110,
111], where information from multi-view TFM images corresponding to dif-
ferent wave modes and propagation routes have been combined to provide
a more accurate defect characterisation procedure.
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Figure 9.2: The schematic for the dual array inspection of
an embedded planar defect (black) FE model. An example
weld profile is shown by the magenta dashed lines, with
the locations of the array elements denoted by the red cir-
cles. An FMC dataset would be collected from both the in-
dividual 32-element arrays to obtain 64x64 A-Scans. From
this FMC dataset, the TFM, MF-FM and MF-TR-MUSIC al-
gorithms were applied and the resultant images were ob-
tained.
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