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“The man constantly chooses his own destiny; he may
shorten or prolong his anguish indefinitely; his happi-
ness or unhappiness depends on his will to do good-
ness.” Allan Kardec.
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abreviar ou prolongar indefinidamente o seu suplicio; a sua
felicidade ou a sua desgraca depende da vontade que tenha
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RESUMO

Esta tese apresenta o estudo e implementacao de técnicas de inspecdo de estruturas delgada:
tipo placa utilizandarraysde transdutores piezelétricos e ondas acusticas guiadas, associados

a metodos de formacgéo e composicao de imagens. A deteccdo de danos em estruturas através
de ondas guiadas &rays de transdutores € um campo de pesquisa de grande importancia,
principalmente em areas como a aeroespacial e de geracdo de energia, que utilizam estruturas
delgadas e que exigem inspecéo eficaz e completa, visando confiabilidade e seguranca. O em-
prego de ondas acusticas guiadas permite inspecionar grandes areas utilizando sensores sem &
necessidade de realizar varreduras pela peca, de maneira ndo-destrutiva. Além disso, apresenta
sensibilidade a diversos tipos de defeitos, como furos, corroséo, variacado de espessura e defeitos
superficiais. Sao estudados aspectos de propagacédo de ondas, diferentes modos de propagacédo
disperséo, assim como as principais caracteristicaardagse a formacao de imagens. Os es-

tudos tedricos sdo acompanhados por simulagdes usasdftwaresMATLAB e PZFlex para
obtencéo dos modos de propagacéo das ondas, interacdo com defeitos e diagramas de radiacac
dos transdutores, cujos resultados séo validados por meio da analise experimental em placas de
materiais isotropicos (aluminio). Montou-se amay linear de transdutores piezelétricos com

16 elementos na borda de uma placa de aluminio com defeitos artificiais. Os sinais provenientes
de todas as possiveis combinac¢des dos pares transmissor-receptor foram adquiridos para a uti-
lizacdo de técnicas de abertura sintética. A primeira contribuicdo deste trabalho é um método
para deteccao dos defeitos baseado na fase instantanea dos sinais. Substituindo-se a informacgac
de amplitude dos sinais pela fase instantanea (IP) no método de formacao de imagem, obtém-se
a imagem IP. A partir da analise desta imagem, propds-se um limiar em fung&o do numero de
sinais utilizados, o qual € aplicado a imagem IP, resultando em uma imagem binaria, a qual
contém a indicacéo se @ixelsde uma certa regido da imagem estéo relacionados a defeitos

ou ruido/artefatos. O limiar também pode ser utilizado para a criagdo de um fator de coeréncia

a ser multiplicado pela imagem de amplitude. O método proposto aumentou a detectabilidade
dos defeitos para longas distancias, mesmo sem o conhecimento prévio da atenuacado do meio
de propagacdo. Também se obteve reducéo da zona morta e da falsa indicacdo dos defeitos.
Outra contribuicdo € um método de composi¢édo de imagens considerando diferentes modos de
propagacao de ondas de Lamb (diversidade de modos). Duas imagens de abertura sintética séo
obtidas para cada modo, utilizando-se as informacdes de amplitude e fase dos sinais. O limiar
proposto é aplicado a imagem IP e a informacao € utilizada para selecionar uma das imagens de
amplitude (ap6s multiplicacdo pelo fator de coeréncia), para pixeé obtendo-se a imagem

final. Como resultado, obtiveram-se reducéo da zona morta e dos artefatos e aumento do con-
traste, melhorando a deteccéo dos defeitos quando comparado ao resultado obtido utilizando-se
apenas um modo de propagagao.

Palavras-chave: Ultrassom. Ensaios ndo-destrutivos. Arrays. Imagem. Defeitos.






ABSTRACT

This thesis presents the study and implementation of non-destructive testing techniques of plate-
like structures using piezoelectric array transducers and guided acoustic waves, associated with
beamforming techniques and image compounding methods. Damage detection in structures us-
ing guided waves and arrays is a promising research area, especially in the aerospace and energy
fields, where the use of plate-like structures demands thorough inspection due to the high safety
levels of operation. Guided acoustic waves techniques can be used to inspect relatively large
areas without the necessity of moving the transducers, in a non-destructive way. There are dif-
ferent propagation modes that can be coupled to the plate, and each mode is sensitive to specific
types of defects, like notches, delamination and surface defects. Wave propagation, different
propagation modes and dispersion characteristics, as well as arrays characteristics and imaging
algorithms, are studied. MATLAB and PZFlex simulations are used to get further insight in the
theoretical aspects, to obtain dispersion curves, interaction with defects and array response. Ex-
perimental results validate the simulations with isotropic materials (aluminum). A 16-elements
piezoelectric linear array is mounted at the border of an aluminum plate with artificial defects.
The signals related to all combinations of transmit-receive pairs are obtained with burst exci-
tation, for use with synthetic aperture (SA) techniques. The first contribution of this work is a
method for defect detection based on the instantaneous phase of the aperture data. The instanta-
neous phase (IP) image is obtained by replacing the amplitude information by the instantaneous
phase in the conventional SA beamforming. From the analysis of the IP image, a threshold level
is proposed in terms of the number of signals used for imaging. This threshold is applied to the
IP image, resulting in a two-level image which gives a statistical indication of whether the pixels

of a region in the image are related to a reflector or noise/artifacts. In order to improve contrast
and reduce dead zone, the threshold can also be used to create a coherence factor to weight the
amplitude images. The proposed method using the phase resulted in improvements in reflector
detectability for larger distances without previous knowledge of attenuation characteristics of
the propagation medium. There was also significant reduction in dead zone and false indica-
tion of defects. The second main contribution is an image compounding technique that uses
the information obtained from different propagation modes of Lamb waves (Lamb mode diver-
sity). For each mode, two synthetic aperture images are obtained from amplitude and phase
information. The proposed threshold is applied to the IP image and the information is used to
select one of the amplitude images (after the multiplication by the proposed coherence method),
at each pixel, to obtain the compounded image. As a result, dead zone is reduced, resolution
and contrast are improved, enhancing damage detection when compared to the use of only one
mode.

Keywords: Ultrasound. Non-destructive testing. Arrays. Image. Defects.
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1 INTRODUCTION

Non-destructive testing (NDT) consists of the analysis of materials/products to check the
possible existence of defects without producing changes to the object under inspection. Ultra-
sound is widely used in NDT in areas such as aerospace and power generation, which require
thorough inspection due to the high safety levels of operation. It has several advantages: ease
and speed of the test, low cost, high sensitivity, it does not produce ionizing radiation and can
propagate in solids, liquids and gases. Ultrasonic NDT involves the use of bulk waves (lon-
gitudinal or shear), surface or guided waves. They can be used to detect internal and external
defects such as cracks, corrosion, delamination and holes, and to measure material properties,
such as elastic constants, for example.

NDT and structural health monitoring (SHM) differ in some ways. SHM is the process
of implementing a damage identification strategy for the structure under analysis. This process
involves the observation of a structure or mechanical system over time using periodically spaced
measurements, the extraction of damage-sensitive features from these measurements and the
statistical analysis of these features to determine the current state of system\wWe&tE(;
DULIEU-BARTON, 2004). The damage state of a system can be described as a five-step process
along the lines of the process: (i) the existence, (ii) the location, (iii) the type and (iv) the
severity of the damage, and (v) what is the prognosis, or how much useful life remsRrAR;
WORDEN, 2007). Then, based on this definition, NDT can be used in SHM on steps (i) to (iv).

When one of the dimensions of the structure is smaller than the others, for example in
plate-like structures, Lamb waves can propagate, which are possible due to the superposition of
longitudinal and shear waves, taking into account also the boundary conditions at the interfaces
(CAWLEY; ALLEYNE, 1996;CHIMENTI, 1997;LOWE; ALLEYNE; CAWLEY, 1998).

Due to the relatively low attenuation of Lamb waves, it is possible to test relatively large
areas without the need to move the transducers. There are several propagation modes, with
different sensitivities to each type of defest(EYNE; CAWLEY, 1992aROSE 2000;SU; YE; LU,

2006). Additionally, each propagation mode has its own dispersion characteristic, which should
be considered for proper analysis of the reswita COX; CAWLEY, 2001;XU; YU; GIURGIUTIU,
2009).

Conventional ultrasonic NDT instruments generally consist of a single element working in
pulse-echo or a pair of elements operating in transmit-receive mode. In this case, the inspec-
tion of the structure requires mechanical scans of the sensor across the region of interest. An
array is a set of transducers geometrically arranged (linear or two-dimensional, for example),
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whose acoustic beam can be electronically controltsINKWATER; WILCOX, 2006). Arrays

have been widely applied in NDT due to characteristics as beam control (beam focusing and
deflection, lateral resolution, apodization) and speed of test, allowing to obtain images of the
structure and its defects; GIURGIUTIU, 2008;VELICHKO; WILCOX, 2008).

The quality of the image is mainly limited by the lateral resolution, the ratio between main
and side lobe levels, and the presence of grating lobe artifacts. Lateral resolution is determined
by the main lobe width, which is inversely proportional to the aperture size. The aperture
size increases by increasing the number of elements (and consequently increases the number
of transmission and reception channels as well as the processing cost) or the element spacing
(pitch). Side lobes levels can be reduced by the use of apodization functions, in trade-off with
lateral resolution.

Arrays whose elements are spaced by more than half-wavelehg®) ére often called
sparse arrayd. OCKWOOD et al, 1996). Sparse arrays are usually associated with the presence
of grating lobes, which reduce the image dynamic range and may hide some reflectors (defects)
or image details{TEINBERG 1976). In many cases as with 2D arrays for 3D imaging, the pitch
is above) /2 to keep the system complexity at reasonable le@&8(WARTZ; STEINBERG 1998;

ULLATE et al., 2006). The use of sparse arrays is interesting as there are less elements, reducing
costs in hardware, data processing and storage.

In addition to the array configuration, other factors that influence the quality of the im-
age are: the image beamforming algorithm; the simultaneous propagation modes with differ-
ent dispersion characteristics, in the case of acoustic guided waves; and signal-to-noise ratio
(SNR). Some alternatives are related to the use of coherence faCtonaqHO; PARRILLA;
FRITSCH 2009;MARTINEZ-GRAULLERA et al,, 2011) and compounding techniqu&sBgHAELS;
MICHAELS, 2007;HIGUTI et al,, 2010).

In this work, ultrasonic NDT techniques of plate-like structures using piezoelectric array
transducers and guided acoustic waves, associated with beamforming techniques are proposed,
which could be applied to aircraft structures, as the wing, for example, as well as tank walls and
pipes of oil industries and plates in magnetic cores of rotors and other structures in the power
generation field, where the existence of a defect can result in financial and environmental risks
and endanger people lives. Then, Lamb waves propagation in isotropic plate-like structures with
different propagation modes and dispersion characteristics, arrays characteristics and imaging
algorithms are studied. Two image techniques are proposed to improve the quality of the images
and defects detection, using the instantaneous phase of signals and considering the Lamb mode
diversity.
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1.1 LITERATURE REVIEW

Lamb waves were first described by Horace Lamb in 1917 and defined as guided waves that
propagate between two parallel free surfaces, as in plates whose stresses are null in the upper
and lower surfaces/(KTOROV, 1967), as an aircraft wing, for example. However, in practice
it has been shown that they propagate even in structures with non-zero stresses on surfaces, by
the contact with other media, such as in immersed plates ZHU, 1992;SCHMITT et al, 2013;

GAO et al, 2014), or due to structural reinforcements in the object under inspeClioMANTI;
SOUTIS; HODGKINSON 2007;ZHAO et al, 2007;HIGUTI etal., 2010;SHARIF-KHODAEI; ALIABADI ,
2014).

Despite its discovering in 1917, the advantages of using Lamb waves as a tool for defects
detection in plates and other applications in NDT became clear only in 1960 with the study of
Worlton (General Electric Company Currently, the theory of Lamb waves is well documented
in several works\(IKTOROV, 1967;GRAFF, 1975;CAWLEY; ALLEYNE, 1996;CHIMENTI, 1997;

LOWE; ALLEYNE; CAWLEY, 1998;ROSE 1999;SU; YE; LU, 2006).

At first Lamb waves were generated (and still are in some cases) from an obliquely incident
bulk wave using a wedge, according to Snell’s lawLEYNE; CAWLEY, 1992b;GUO; CAWLEY,
1994;GHOSH; KUNDU; KARPUR 1998). The modes that can propagate in the plate have phase
velocity equal ta:yedge/ Sin(bfwedge), WherecyedqeiS the propagation velocity in the wedge mate-
rial andfyeqgeis the angle of incidence, which is the angle that the transmitted wave makes with
the normal of the plate surface. By selecting this angle and the band of frequencies of the sig-
nals, a single mode can be generated/received. However, the non-negligible mass/volume of the
probe and limited access to complex geometry structures often reduce the practical applications
of this kind of approachqu; YE; LU, 2006).

Non-contact excitation of Lamb waves via laser-based ultrasonics and acquisition using
laser interferometer are reputable methods for high precision, but the cost can limit broad appli-
cation GUO; ACHENBACH; KRISHNASWAMY, 1997;NIETHAMMER et al, 2001;VALLE; LITTLES
JR, 2002). Optical fibre sensors have been increasingly used, ensuring immunity to electro-
magnetic interference, wide bandwidth and low power consumpsionLER, 2001). However
they are more suitable for measurements of static characteristics, due to the low sampling rate
of the conventional optical spectrum analyzess§HAGAN et al, 1999). One solution is the use
of a fibre Bragg grating filter connected with a photodetectsuQA et al, 2004). However,
better results are obtained when the fibre is embedded in the material, which, on the other hand,
complicate its repair and replacementiQuU; Sim, 2002).

Alternatively, piezoelectric lead zirconate titanate (PZT) ceramics can be Gg#riqjU-
TIU, 2005;KONSTANTINIDIS; WILCOX; DRINKWATER, 2007;STASZEWSKI; MAHZAN; TRAYNOR,
2009; SHELKE et al, 2011;SU et al, 2009; LI; PENG; MENG, 2014), which may have excellent
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mechanical strength, wide bandwidth, low power consumption and low acoustic impedance,
as well as low cost. Due to the small mass (and volume), they can be attached to the sur-
face or even be embedded in the structure, between different layers of a composite material,
for example. The addition of polymers has enabled the development of flexible arrays, which
can conform around the test structure and change the radiation pattern, reducing the mechanical
coupling between the array elements, related to dead zone in the iDRIEWATER; WILCOX,

2006).

Linear arrays using piezoelectric ceramics for low frequency guided wave applications (up
to 1 MHz) are easy to manufacture and can be used to control the acoustic beam. This con-
trol can be done in real time by exciting all elements simultaneo@lyRGIUTIU, 2005;0S-
TACHOWICZ et al, 2009) or exciting one element each time and post-processing the acquired
signals @IGUTI et al, 2010). Two-dimensional (2D) arrays allows to image a 3D volume in
front of it, in the case of bulk waves propagation, which is widely used in medical applica-
tions and NDT. In the case of plates, the resulting image is still a 2D image of the structure.
However, 2D arrays are usually related to a larger number of elemaentsiURGIUTIU, 2008).

An alternative is the use of sparse 2D arrays, which may follow a distribution paiamg;
SHENFANG, 2009;STEPINSKI; AMBROZINSKI; UHL, 2013;LEVINE; MICHAELS, 2014) or be ran-
domly distributed IICHAELS, 2008; HARLEY; MOURA, 2013). Besides the grating lobes and
high side lobes levels, the direct signal between transmitter and receiver (due to the 2D layout)
results in many artifacts throughout the image, reducing the quality of images and defect de-
tection. To overcome this effect, baseline techniques can be used, by subtracting the measured
signals from a reference data recorded from the undamaged plateAELS; MICHAELS, 2007;

LEVINE; MICHAELS, 2013), which is not always possible in practice. Furthermore, variations in
experimental conditions such as temperature and sensors coupling, for example, modify the
propagation velocity, the magnitude of the signals, SNR, among other parameters, and a dif-
ferent baseline for each new test or a compensation of those effects is necessRKE(et al,
2009;PUTKIS; CROXFORD 2013).

There are several sparse array design optimization projects. Steinberg (1976) proposed the
use of random arrays, avoiding grating lobes by breaking the periodicity in the elements distri-
bution. On the other hand, side lobes levels are significantly increased. Lockwood et al. (1996)
and Lockwood and Foster (1996) used different apertures in transmission and reception. The
transmit and receive grating lobes could be moved to different positions in the two-way radiation
pattern where their contributions would destructively interfere. Each aperture (transmission and
reception) has different pitches and the effective aperture presevispatch. The side lobes
levels reduction is obtained by the use of apodization functions. The optimization variables are
the apodization, the elements distributiefo(M; ELGETUN; DAHL, 1997) and elements geom-
etry (BAVARO; CALIANO; PAPPALARDO, 2008). Different methods can be applied as linear and
dynamic programmingSKOLNIK; NEMHAUSER; SHERMAN 1964), genetic algorithms$iAUPT,
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1994), and others for minimizing the maximum error and side lobes |exeISTENG et al,
1997), for example.

Since the search space for layout/apodization optimization for arrays is so vast, the compar-
ison between the methods to obtain the best array configuration is impractical, and the compari-
son should be done for each parameter (main lobe width, maximum and average side and grating
lobes levels). An alternative to improve performance is the extraction of additional information
from the data set by signal processing, as the use of the phase of the SIpRESIHEIM; LIM,

1981), which has been shown a good alternative to improve defect detection and image quality
without increasing the cost and complexity of the system.

Camacho, Parrilla and Fritsch (2009) presented a method based on the analysis of the vari-
ance of the phase at the aperture data and Martinez-Graullera et al. (2011) proposed a spec-
tral analysis of the phase distribution. Both works result in coherence factors that are used to
weight the amplitude images, reducing side and grating lobes artifacts and improving contrast
and dynamic range. The optimization methods, as well as the coherence factors, were orig-
inally developed to be applied in medical applications and NDT using bulk waves in single
mode propagation. However they can also be used in inspections with Lamb waves, generated
by PZT ceramics for both full-populated and sparse arrays. The phase is addressed in this work
to improve reflectors detectability and image quality.

PZT-generated Lamb waves unavoidably contain multiple modes, which depend on its ge-
ometry and dimensions, plate properties, frequency of excitation and other pararagaters (
TONI etal, 2007). Each propagation mode has its own dispersion characteristic, making difficult
the analyze of the signals. For this reason, single mode operation is desirable.

In general, the fundamental symmetric (SO) or antisymmetric (AO) modes at low frequen-
cies are used. Michaels and Michaels (2007) excited the array with broadband pulses and
Michaels et al. (2013) with chirp signals, which were followed by post-processing to operate
with certain propagation modes and frequencies. Giurgiutiu (2005) excited only one mode by
selecting the operational frequency for a given transducer geometry and Grondel et al. (2002)
made the mode selection by matching different transducers. To minimize the dispersion effects,
narrowband signals can be used. On the other hand, it may limit the axial resolution of the
system, due to the pulse duraticrOSE 2000;SU; YE; LU, 2006). An alternative is to compen-
sate the dispersion from the knowledge of the signals features and the dispersion characteristics
(WILCOX; CAWLEY, 2001;wWILCOX, 2003a;XU; YU; GIURGIUTIU, 2009).

Each propagation mode is sensitive to a different type of defect (notches, delamination,
surface) ROSE 2000). Alleyne and Cawley (1992a) observed that the defect sensitivity depends
on the defect geometry, the propagation mode and frequency. Michaels et al. (2011) obtained
different images by considering the A0 and SO modes at different frequencies and concluded
that these parameters change defects representation.
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Michaels and Michaels (2007) excited a sparse array with broadband pulses and one image
was produced for each frequency. An image fusion was made by taking the minimum value
of all images for a given pixel. As a result, damages were detected and image artifacts were
reduced by using a small number of sensors. The authors used the propagation velocity of the
dominant mode, but did not consider the possible presence of more than one mode simultane-
ously, neither the dispersion characteristics, which may result in artifacts in the image. In this
work, mode diversity is also explored to improve image quality.

The use of minimum value for pixel selection in an image compounding procedure can
result in non-detection of a reflector if it is not represented in at least one image. By the use of
the maximum of all images, artifacts in some of them would be considered reflectors in the final
image. Davies and Cawley (2007) obtained a compounded image by summing all images. An
intermediate approach related to the selection of the minimum and maximum of two or more
images was proposed by Higuti et al. (2010), using a coherence image to select the maximum
or the minimum of the amplitude images obtained with two arrays with different apodizations,
resulting in a high-resolution image. The selection is done by applying a 70% threshold to a
coherence image, pixel by pixel, and if the pixel intensity is above threshold it is considered a
reflector, and the maximum between the images is taken. If it is below threshold, the minimum
is selected.

Although there are many applications of Lamb waves propagation in isotropic plates and
studies in defect detection and imaging of plates using piezoelectric ceramics and different prop-
agation modes, the limited quality of the results obtained by conventional methOURIES;
DRINKWATER; WILCOX, 2005) opens opportunities for researches in different fields of appli-
cation. Coherence factorSAMACHO; PARRILLA; FRITSCH, 2009;MARTINEZ-GRAULLERA et al,,

2011) and image compounding techniguesHAELS; MICHAELS, 2007;HIGUTI etal, 2010) by

the processing of data signals are important and promising areas, since they use different sources
of information (the amplitude and phase for the first, frequencies and spatial and apodization
diversities for the second) to improve image quality without increasing the cost of the sys-
tem. Although coherence images used as weighting factors result in improvements in quality
of images, they contain more information that could be used to improve the original weight-
ing factors, as well as to indicate the presence of reflectors. Furthermore, some methods use
parameters, such as thresholds for damage detection and selection of images in compounding
procedures. For example, Higuti et al. (2010) applied a 70% threshold to a coherence image to
indicate the presence of defects to select the maximum or the minimum of different amplitude
images obtained with two arrays using uniform and Blackman apodizations. Yu and Giurgiu-
tiu (2008) used a 80% threshold that was applied to an amplitude image, resulting in a binary
image, which in turn is multiplied by the original image to reduce side lobes influence and
background noise. The threshold value controls the sensitivity of the techniques and then must
be properly designed, since it influences directly in the quality of the results.
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1.2 OBJECTIVE

The aim of this work is to explore coherence methods and image compounding techniques,
by considering the information contained in the phase of the signals and the Lamb mode di-
versity in ultrasonic NDT of plate-like structures, in order to develop methods to improve the
quality of the images and defects detectability compared to those obtained with conventional
techniques.

1.3 DEVELOPMENT OF THE STUDY

This work was totally supported by Fundagéo de Amparo a Pesquisa do Estado de Sao Paulo
(FAPESP - process 2010/16400-0), performed at the Ultrasound Laboratory of the Department
of Electrical Engineering, Faculdade de Engenharia de Ilha Solteira, Universidade Estadual
Paulista “Julio de Mesquita Filho” (UNESP), and has the contribution of the Ultrasound Lab-
oratory of the Department of Mechatronics and Mechanical Systems of Escola Politécnica da
Universidade de S&o Paulo. A research project (FAPESP - process 2010/02240-0) was con-
ducted together with the studies, since they were in the same area, which was important to lead
the initial studies and experiments. A five-months research internship (June - October 2013)
was done at the Ultrasonic Non-Destructive Testing group of the Consejo Superior de Inves-
tigaciones Cientificas (Madrid, Spain) to develop some of the topics described in this work
(FAPESP/BEPE - process 2013/00330-0).

1.4 QOUTLINE OF THESIS

Chapter 2 presents the main characteristics of Lamb waves propagation in isotropic plates:
propagation modes, dispersion curves (respect to phase and group velocities and wavenumber),
cutoff frequencies and dispersion compensation.

The study of arrays characteristics is presented in chapter 3, which considers the radiation
pattern of linear full-populated and sparse arrays, apodization functions, effect of the finite
size of the transducer, focusing and beam steering, coarray, the excitation pulse duration and
characteristics of two-dimensional arrays.

Chapter 4 introduces a technique for synthetic aperture imaging using the TFM (Total Fo-
cusing Method) method, which is the more widely used since its proposal. Simulated images
for point reflectors with different arrays configurations, apodizations and propagation modes
are also presented.

The two proposed techniques are detailed in chapter 5: (i) instantaneous phase image, which
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uses only the instantaneous phase of signals in beamforming. From a statistical analysis of the

proposed image, which depends on the number of signals (which in turn depends on the number
of elements of the array) and the noise, a threshold is defined, as a function only of the system

parameters, which can be used as an indicator of defects, as a selection parameter in image
compounding techniques and to create a coherence factor; (i) Lamb mode diversity compound-

ing technique, which uses the threshold and coherence factor proposed in (i) to combine the

different representations of defects obtained with different propagation modes.

Chapter 6 presents the experimental setup, as well as the results and discussions. As a
result of applying the techniques (i) and (ii), dead zone and artifacts are reduced, and contrast
is increased.

The final chapter presents conclusions and reviews of all work, considerations and proposals
for improvements of the results, a list of publications as result of this study, and suggestions for
future work.
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2 LAMB WAVES

The first studies on wave propagation in plates were conducted by Rayleigh (1885) and
Lamb (1917). The Rayleigh-Lamb theory is related to waves that can propagate in infinite and
traction-free plates.

Bulk waves propagate in materials whose dimensions are much larger than the wavelength,
such as waves propagating in the deep ocean, for example in sonar applications. However, in
cases as plate-like structures, often there are interactions with boundaries by way of reflection
and refraction, and mode conversion occurs between longitudinal and shear waves. Although
guided and bulk waves are fundamentally different, both of them are governed by the same set of
partial differential wave equations. Mathematically, the main difference is that, for bulk waves
propagation, there are no boundary conditions that need to be satisfied. On the other hand,
the solution to a guided wave must satisfy the governing equations as well as some physical
boundary conditions, which makes difficult to obtain analytical solutieasg 1999).

Some examples of guided waves are:

* Rayleigh waves: free waves that propagate on the surface of a semi-infinite solid. The
amplitude of the waves decays rapidly with depth. These waves comprise the main type
of wave observed in earthquakes;

» Stoneley waves: high-amplitude surface waves (or interface waves) that typically prop-
agate along a solid-solid interface. When found at a liquid-solid interface, this wave is
referred to as Scholte waves. The wave is of maximum intensity at the interface and
decreases exponentially away from it;

« Lamb waves: waves that propagate in traction-free plates.

With high susceptibility to interference along the propagation medium, either with a defect
or the boundaries of the plate, Lamb waves propagate over long distances with low attenuation.
The entire thickness of a plate can be inspected by different propagation modes, allowing the
detection of internal and surface defects.

There are two different types of particle displacements, which are related to two sets of
propagation modes: symmetric and antisymmetric. Other characteristic is the dispersion, which
means that the phase and group velocities vary as function of frequency.
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2.1 SYMMETRIC AND ANTISYMMETRIC MODES

Figure 1 illustrates the problem geometry: elastic guided wave propagation in a traction-
free homogeneous and isotropic plate. The initial considerations are:
i Plate thickness equal td:4z direction);
il Infinite dimensions in: andy directions;
iii Wave propagation irx direction;
iv Due to the problem symmetry, there are displacements only ircthed z directions

(¢ = uyZ + u,2 andu, = 0) andd/dy = 0.

Figure 1 — 2-thickness plate with infinite dimensions:irandy directions.
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Source: Elaborated by the author.

According to Kino (1987) the displacement vector is given by:
@=Vo+VxU, 1)

where® and ¥ are scalar and vector potential functions, respectively. The pot@ngapress
the strains, related to dilatation, which causes changes in volume, and the paﬁeevtimiess
the shear strains, associated with rotational elements.

From (1) and considering that= v,z + v, 2 andu, = 0 (item iv):

e d=d(x,2,t)
Vo = g—ix + 2—?2; 2
o U =U(z, 2 1)]
VX@:—%5+%¥ (3)
By replacing (2) and (3) in (1):
u = 2% @)
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Acording to Rose (1999), the wave equations can be written as:

V2P — — =0
2 ot?
) (6)
- 10%0
VQ\I] - —2—2 — 0,
cp ot

wherec;, = /(A +2u)/p ander = /p/p are the longitudinal and shear velocities, respec-

tively. A = % andy = ﬁ are the Lamé constants;, is the Young’s elastic modulus,

v is the Poisson coefficient ands the material density.
By considering a harmonic time dependence and propagation indinection, the solution

of (6) can be given by:
O = F(z)edWtho)

-

, 7
b = jHEEE Y, )
wherek is the wavenumber, given by= w/c = 2/, w is the angular frequencw(= 27 f),

c is the phase velocity anklis the wavelength, considering = —1, wherej is the imaginary
unit. /' and H are auxiliary functions for mathematical development of the equations. By

substituting (7) in (6):

d*F(z)
T +aiF(z) = 0
8
d*H (z)
T2 +a2H(z) = 0.
The variables;, anda are given by:
w?  Ww?
a; = E— 9)
w?  Ww?
Solving (8),F andH are written as:
F(z) = Asin(apz)+ Bcos(arz) (1)
H(z) = Csin(arz) + D cos(arz).
Then:
® = [Asin(ayz) + Bcos(apz)] e/ @tk (12)
U = j[Csin(arz)+ D cos(arpz)] el @—kog,
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By replacing (12) in (4) and (5), the displacements are:

u, = —j[(kBcos(arz)+ arC cos(arz))+ (kAsin(apz) — apDsin(arz))] e?@t=k)
u, = [—(agBsin(ayz) —kCsin(arz)) + (apAcos(arz) + kD cos(arz))] el @i-ke),
(13)
whereA, B, C and D are constants, whose values depend on the excitation procedure.

The sine terms of., and cosine terms af, are related to symmetric motion respect to the
midplane of the plate and the cosine terms.oénd sine terms af,, are related to antisymmetric
motion respect to the axis which gives rise to the separation into two propagation modes:
symmetric and antisymmetric, as illustrated in Figure 2.

Figure 2 — Lamb wave displacements in the plate for (a) symmetric and (b) antisymmetric
propagation modes.
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(b) Antisymmetric mode.
Source: ROSE 1999).

Thereby, the symmetric displacement respect to the midplane of the plate is:

u, = —jlkBcos(arz)+ arC cos(arz)]el@=F) (14)
u, = —|agBsin(apz) — kCsin(arz)] e/ @=F2),

and the antisymmetric is:
u, = —jlkAsin(apz) — apDsin(apz)] e’ @tk (15)
u, = [agAcos(arz)+ kD cos(arz)]e?@i=F),

By considering a traction-free plate, the boundary conditionsBye=7,, = 7., = 0,
for z = +£h, whereT;,,, is the stress relating force in direction in the cross-sectional whose
normal is ini, direction, foriy,i, = x,y andz, andT;,;, = T;,;,. For isotropic media, the
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Hooke’s law, which relates stress and strain in the region of elastic lineartrisFg, 1975):

(T.| [A+20 A A 00 0]|[ S, |
T,, A A+21 A0 0 0 Syy
., A A A+22 0 0 0 S..
= o , (16)
T,. 0 0 0 u 0 0|29,
T,. 0 0 0 0 u 0 25,.
Ty, 0 0 0 00 p| |25,
: - 1 (Ou;,  Ou o
where S;,;, is the strain given bys,,;,, = = Y Tl ) o i1, = x,y andz, and
2 822 821

Silig = Sigil .

Then:

(7)
ou,,

pe kG raw (52)

ou ou
= A * A+2 ) =0.
() roram (52) =0
By replacing the symmetric mode displacement equation (14) in (17) and applying the
boundary conditions at = h:

Ty, = ju [2kar Bsin(aph) — (k2 — a2)C'sin(arh)] el @=F2) = 0

. 18
T.. = {—[(A+2u) a2 + Ak?] Bcos(arph) + 2ukarC cos(arh)} e?@t=k2) = (. (18)

Using (9), (10) and the velocities relatioris= (A +2u)/p andcz = u/p, (18) is rewritten

as:
—2kay Bsin(aph) + (k? — a2)C'sin(arh) = 0 (19)
(k* — a%) Bcos(aph) + 2karC cos(arh) = 0.
The B andC' constants values depend on the excitation and can be related as:
B 2karcos(arh) (k? — a%) sin(aTh). (20)

C (k? — a2) cos(aph) 2kay sin(arph)

The matrix notation for (19) is:

B
C

—2kay sin(agh)  (k* — a%)sin(arh)

(k? — a%) cos(arh)  2karcos(arh)

0
AR
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The same procedure can be done fo= —h, resulting in (21). The determinant of the
coefficient matrix vanishes in order to ensure solutions other than the trivial one. From this, the
Rayleigh-Lamb frequency relation for symmetric modes is:

tan(arh)  —4k*apar

- . 22
tan(agh) (k2 — a2)? (22)

Proceeding analogously, by replacing (15) in (17) and applying the boundary conditions for
z = +h, A andD constants can be related from:

A 2karsin(arh)  (k® — a}) cos(Bh) (23)
D (k% —a2)sin(agh)  2kagcos(aph)
and the Rayleigh-Lamb frequency relation for antisymmetric modes is:
(12 232
tan(arh) _ (k* — a%) (24)
tan(arh) 4k2arar

Sincea;, anda; depend on the frequency non-linearly, the solutibrferi =1, 2, 3, ... are
also non-linearly frequency dependent. Consequently, the phase velocities given hy/k;
are also dependent on frequency, which is the dispersion phenomenon.

The solutions of (22) and (24) relate frequency with wavenumber, and consequently, with
phase and group velocities. The graphical view of the solutions is known as dispersion curves
(ROSE 1999).

2.2 DISPERSION CURVES

Although (22) and (24) look simple, they can be solved only by numerical methods. They
present complex roots, whose real part is related to the propagation and imaginary part to the
attenuation. If the imaginary part is equal to zero, it is associated with no attenuation propa-
gation. If it is greater than zero, the waves grow exponentially with distance, and if it is less
than zero the waves decay exponentially with distance. The second case has not been physically
observed. The decaying waves are presented in loaded plates, in water-immersed plates, for ex-
ample, where the out-of-plane displacement at the surface of the plate produces normal loading
on the fluid and hence leakage into the fluid. Other case of decaying waves is the propagating
in viscoelastic materials. Therefore, for Lamb propagation in the unloaded plate problem, an
approximation can be used considering only real values.for

In order to avoid sine and cosine terms at denominator, to prevent singularities, (22) and
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(24) can be rewritten as:

sin(arh) cos(aph) 4k*ay, ,
h h) =0 25
o + a2 cos(arh)sin(aph) = 0, (25)

for symmetric modes and

sin(arh) cos(agh) — (k* — a2)?

ar 4k?a%ay,

cos(arh)sin(aph) = 0, (26)

for antisymmetric modes.

The dispersion curves are usually presented as a 2D plot relating the phase velocity (or
group velocity or wavenumber) as a function of the frequency-half-thickness profagt (
The solutions of (25) and (26) were obtained by performing the following steps in MATLAB:

1. choose a range (initial, step and end values) for the frequency-half-thickness product
(f-h);

2. determine the maximum wavenumber (ordinate axis);

3. for each frequency-half-thickness product value, find the roots of (25) and (26). Each

zero crossing is related to a propagation mode.

Figure 3 presents the wavenumber dispersion curves for an aluminumglat&400 m/s
ander = 3100 m/s). From this result and considering that w/c, the phase velocity dispersion
curves were obtained, as illustrated in Figure 4. Some typical characteristics can be observed:

« for low f.h values there are two fundamental propagation modes, the antisymmetric AO
and the symmetric SO;

« in this case, the SO mode presents low dispersion characteristic, unlike the AO mode;

 at highf.h values other modes can be coupled;

« for large f.h values the AO and SO modes converge to the Rayleigh wave velocity
(2850 m/s) and the other modes converge to the shear velocity (3100 m/s).

The group velocity {,) can be found from the phase velocity by useRD$E 1999):

d(w -1 . wdc -1

_ dw Z) R c

Cg_@_ dw N c? _1_g$' (27)
c dw

The group velocity calculation requires high resolution in the frequency-half-thickness
product range due to the term/dlw, resulting in high computational cost (time and memory).
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Figure 3 — Wavenumber dispersion curves for an aluminum plate. Symmetric modes in solid
lines and antisymmetric modes in dashed lines.
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Figure 4 — Phase velocity dispersion curves for an aluminum plate. Symmetric modes in solid
lines and antisymmetric modes in dashed lines.
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However, this term can be obtained analytically from the phase velagakySENHOLDER,
1992). The group velocity dispersion curves for an aluminum plate are illustrated in Figure 5.

2.3 CQUTOFF FREQUENCY

In a 2h-thickness plate, for a given frequency value, several propagation modes can be
coupled with different phase and group velocitiggfOROV, 1967), as can be observed in
Figures 3, 4 and 5. For each mode type, symmetric and antisymmetric, there are the fundamental
modes (zero order), which can be excited even at low frequencies, and there are other that can
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Figure 5 — Group velocity dispersion curves for an aluminum plate. Symmetric modes in solid
lines and antisymmetric modes in dashed lines.
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only be coupled for frequencies higher than a specific value, called cutoff frequency.

At these points the phase velocity approaches infinity as the group velocity and wavenumber
approach zero. Then, mode cutoff values can be calculated by examining a limiting condition
k — 0 (c — o0). By considering these conditions in (22):

tan (arh) — 0 (28)

tan (aph) — oo,

and replacing (9) and (10) in (28), far= w., then:

tan &h —0
°r (29)

w
tan [ —h | — oo.
Cr

From (29), the cutoff frequencies values for the symmetric modes are:

Ccr 207’ 307’ 407
2h 2h 7 2h7 2R

fe= (30)
Cr, 3CL 5CL 7CL

4h° 4h AR 4R

Proceeding along analogous lines for the antisymmetric mode, by considering (c —
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00) in (24), the cutoff frequencies values for the antisymmetric modes are:

er Ber Sep Tep
4h’ 4h’ 4h 7 4R 7T

Cr, 2CL 3CL 4CL

2h’ 2h 7 2h 7 27T
2.4 DISPERSION COMPENSATION

At low values of the frequency-half-thickness product the AO mode presents high disper-
sion, resulting in changes in shape of the signal as it propagates. However, when the dispersion
curves are known this effect can be compensated. Wilcox (2003a) presents a technique that
maps the signals from the time-domain to the spatial-domain (propagated distance). Consider-
ing ¢(t) the signal with dispersion, the compensated signal is given by:

gcomp(ff) = / Gcomp(k?)e_jmdka (32)

where:
Geomplk) = G(w)cy(w), w =w(k), (33)
andG(w) is the Fourier transform af(¢).
According to Xu, Yu and Giurgiutiu (2009), the Lamb wave nonlinear wavenurihfey
causes phase distortions and results in a still dispersed waveform. The authors propose the

use of the linear wavenumber, which is approximated by using the Taylor expansion of the
wavenumber at the excitation central frequengyp to the first order as:

W — Wy
ki =k : 34
lznear(w) (WO) + Cg(wo) ( )
The time information from the compensated signal is extract by using:
P (35)
cg(wo)

A 1 mm thickness isotropic aluminum plate (Ixh m) was simulated iRPZFlex which is a
finite element modeling (FEM) software to simulate the static and dynamic response of an object
to certain loading conditions, such as force, pressure, electric Weltb(INGER ASSOCIATES
INC, 2009. 200 p). The basic concept of FEM is the division of the structure into a set of small
pieces, which are called finite elements, and the set of finite elements, in turn, is named grid.
FEM is a search by local solutions (each element separately) that can be generalized for the
entire domain. Then, force, pressure, stress, displacement and other variables are calculated for
a single element, and these values are proportionally transferred to the neighboring elements.
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For this simulation, squared elements and 12 elements per wavelength were considered.

A point pressure was applied at the center of the plate in order to obtain a single mode
propagation, which was achieved by applying the same point pressure waveform to the top
and bottom surfaces for the SO mode and with opposite sign for the AO mode. A 4-cycles
Gaussian envelope RF signal was considered at 100 kHz and 360 kHz for AO and SO modes,
respectively. The out-of-plane displacement was recorded at 20 cm from the excitation point
and the dispersion compensation method was applied. The result is shown in Figure 6.

Figure 6 — Out-of-plane displacement at 20 cm from the excitation point. (a) A0 and (b) SO
modes before and (c) A0 and (d) SO modes after the dispersion compensation. Excitation signal
in dashed line.
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For smallf.h values the SO mode has low dispersion, unlike the AO mode, whose signal
has the initial shape changed. After the dispersion compensation the shape of the excitation
signal is recovered for the AO mode. The SO mode presents low dispersive characteristic with
no significant improvements after dispersion compensation.

According to Wilcox (2003a), the accuracy of the dispersion compensation procedure is
determined by the accuracy of the dispersion data. There are certain extreme situations where
the dispersion compensation could yield worse results than processing without it, for example
if longitudinal or shear velocities values different from the original ones are used to obtain the
dispersion curves. In general, it can be concluded that the dispersion compensation procedure
is a stable technique that usually will give superior results to processing without dispersion
compensation.
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2.5 COMMENTS

In a plate there are several possible propagation modes, which can be coupled simultane-
ously according to the excitation system and signal parameters, with different dispersion char-
acteristics. The effect of dispersion should be considered, since it changes the original signal
shape, which may result in inaccurate interpretations of the results, such as false defects or even
wrong sizes and positions respect to real ones in ultrasonic images, as shown in chapters 4 and
6. Thus, a study of Lamb waves propagation in an isotropic plate (achievement and interpre-
tation of dispersion curves), cutoff frequencies, dispersion characteristics and a compensation
procedure from each propagation mode knowledge were presented in this chapter.
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3 ARRAYS

An array is a set of transducers geometrically arranged according to some patterns (linear
or two-dimensional, for example), whose acoustic beam can be electronically controlled. Thus
an image of a plane or volume of interest can be obtained without the necessity of moving the
transducersoRINKWATER; WILCOX, 2006).

By considering the array characteristics as well as its geometry and acoustic properties of
the material, the time delay for each element excitation is calculated to generate individual wave
fronts, which combine to each other constructively and destructively, resulting in an unique
wave front that propagates through the material. The radiation pattern can be changed, scanning
different angles and depths in short time.

An ideal array would have an infinite number of infinitesimally spaced elements, each one
able to independently generate an arbitrary waveform and receive the reflected signals. Al-
though this configuration is still far from achievable, the increased performance and reduced
size of electronics, as well as the yearly increase in computing power, means that this aim is
getting closer. Therefore, the system is limited by the electrical instrumentation (hnumber of
independent channels in transmission and reception) and the array characteristics.

The element spacing is called pital).( The aperture is the subset of elements used in the in-
spection, which can be electronically changed, increasing or decreasing the number of elements,
moving the active elements along the total available aperture, depending on the application.

A plane wave is obtained by exciting the elements in phase, as presented in Figure 7a.
Figures 7b and 7c illustrate a focused and steered beam, respectively, which can be produced
with different delays, i.e. by exciting the elements at different times.

3.1 TYPES OF ARRAYS

In general an array can be classified as one-dimensional (1D or linear) or two-dimensional
(2D). A linear array consists of elements distributed in a line. Despite the easy construction,
its aperture size is proportional to the focusing depth, the beam divergence increases with the
angle and distance, and the inspection is limited by a plane. Even so it is the most used array.
An 8-elements linear array with pitehcan be observed in Figure 8.

Two-dimensional arrays consists of elements arranged in an area and then allow to obtain
3D images (using bulk waves) and greater control of the beam. Traditionally the array lay-
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Figure 7 — Different wave fronts: (a) plane wave, (b) focused beam and (c) beam steering.
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Figure 8 — Linear array.
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out was based on a square or rectangular (1.5D) grids. Furthermore it can also be arranged
in the form of concentric circlesVIARTINEZ; AKHNAK; ESPINOSA, 2003) or circular elements
distributed around a circular areadRTON, 1992). Cross-shaped, stars and spirals layouts are
also used YU; GIURGIUTIU, 2008; STEPINSKI; AMBROZINSKI; UHL, 2013). The use of fewer
elements randomly distributed (sparse) enhances the array performance in imaging applications
when compared to other distribution patterns, even when the distance between the elements is
larger DRINKWATER; WILCOX, 2006). Figure 9 illustrates some configurations.

Figure 9 — Two-dimentsional arrays: (a) rectangular, (b) square and (c) sparse grids.
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3.2 LINEAR ARRAY

By considering a harmonic point acoustic pressure source at the origin of the coordinate
system, the wave expression at a given point is:

p(R,t) = Ay(R)e! - R) (36)

whereAp(ﬁ) is the pressure magnitudé,is the position vector respect to the origﬁ"l,: kk
is the wavenumber vector artds the propagation direction. For isotropic meéiiall = kR.
Then:

(R, 1) = Ay(R)e/ =+ (37)

The magnitude of Lamb waves in a plate decays at a rate that is proportional to the inverse
square root of the propagation distanee;(YE, 2009). Than, for a qualitative analysis of the
beam generated by an array in a plate, the pressure magnitﬂgaﬁss = Ap/\/ﬁ.

By considering two point sources spaceddoyith same intensity and phase shift between
them equal t@, and a pointP sufficiently distant from the sources (at the far fieldg R), as
illustrated in Figure 10, the pressurefatdue to each source is:

A

R t) = P j(wt—kR1)
P ) Nie
(38)
A .
R ot — p J(UJt*kRQ*i’(;).
p2(fa 1) Nie

Figure 10 — Two point sources spaceddwith same intensity and phase shift between them
equal tod. Point P is at the far field.

Source: Elaborated by the author.

In Figure 10,y; and~, are the angles between array axiy 4nd i, and iR, respectively.
By superposition, the pressure waves combine to each other constructively and destructively
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and the resulting pressure &tis the sum of the pressure for each source:

p(R,t) = pi(Ri,t)+pa(Ra,t)

iej(wt—kR1)+ Ay ¢l (wt—kRa+0)

VR VR, (39)

= pi(R1,t) |1+ \/E ikRi—kRy40) |
) R2

Ford < R, R; andR, can be considered parallel to each other, which means that:

L= Y2 =7, (40)

wherey is the angle between array axig @nd pointP direction, and the follow approximations
can be usedRUSSELL; TITLOW; BEMMEN, 1999):

R2 ~ R1, (41)

for amplitude and
Ry~ Ry —dcosy = Ry — dsin¥, (42)

for phase argument, wheteis the complementary angle tg as illustrated in Figure 11. By
replacing (41) and (42) in (39), the pressure is:

p(R,t) = p(R,1,0) = pi (R, 1) [1 + e kdsnt+o)] (43)

Figure 11 — Two point sources spacedabyconsideringﬁl and R, parallel to each other.

Source: Elaborated by the author.

By considering) point sources spaced kiywith same intensity and phase shift between
two neighboring elements equal dpand a pointP at the far field, as illustrated in Figure 12,
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the pressure aP is:

p(R,t,Q) _ pl(R7 t) [1 + 6j(lcclsine-i—é) + ej2(kdsin9+6) + €j3(kdsin9+5) I ej(M—l)(kdsinG-i—(S)} ’

(44)
Figure 12 — Linear array with/ elements spaced hand a pointP at the far field.
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d ' d
Source: Elaborated by the author.
which can be written as:
M-1 M—1
p(R,t,0) =pi(R,1) Z I kdsind+d) — i (R t) Z e 9t w, = —kdsinf — 6. (45)
=0 1=0

By considering different vibration intensities for each array element, (45) is rewritten as:

M-1

p(R.t,0) = pi(R,t) Y wli]le (46)

1=0
wherew|:] is a weight function, also known as apodization.

Forw, — 0 andw[i] = 1, wherei € [0 M — 1], the pressure wave radiated by each
element arrives aP in phase and the phasor sum tends to an algebraic sumt,0) —
Mp:(R,t), which represents its maximum value. By normalizing (46) respect to the maximum,
the normalized pressure Atis:

1 M—-1 o
pnorm(‘g) = i Z w[i]eijw‘”. (47)

7
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By consideringw(i] = 0fori ¢ [0 M — 1], (47) can be written as:

[e.9]

pnorm(lg) = % Z w[i]e*j““i, we = —kdsinf — 9, (48)

i=—00

which refers to a Discrete-Time Fourier Transform (DTFTudf| multiplied by 1 /M. Thus,
qualitatively, the DTFT of the apodization function is equal to the radiation pattern of the linear
array at the far field.

Figure 13 illustrates the radiation pattern in transmission for a linear arrayWvislements
excited in phasej(= 0 — w, = —kdsin#), spaced by\/2, and with uniform apodization
(wli] =1fori e [0 M — 1]). In this case:

oI (M5 )kdsind] i) (Mkd;me)

pnorm(‘g) = M sin (deQing) ) (49)
and
1 SiIl (Mkdsin@)
|Prom(0)] = MW (50)

Figure 13 — Linear array radiation pattern in transmission for point elements and different num-
ber of elementsA/) .
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Source: Elaborated by the author.
For M = 1 the pressure is equally transmitted in all directions, i.e. there is an isotropic

source. AsVM increases, there is a direction that the transmission is concentfate@°). For
M > 2 there are the main and side lobes. The array directivity is higher as narrower is the
main lobe, which is achieved by increasing the aperture size. The aperture size is increased by
the increment of the number of elements. On the other hand the number of side lobes is also
increased.

The maximum and minimum of main and side lobes are obtained by comparing the deriva-
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tive of |phorm(6)| to zero. |prorm(€)| is equal to zero if its numerator is zero. In (50) there are
(M — 1) zeros, and then)( — 2) side lobes.

Other alternative to change the aperture size is modifying the pitch value. Figure 14 presents
the radiation pattern in transmission of a 20 elements linear array with different pitch values and
d=0.

Figure 14 — 20 elements linear array radiation pattern in transmission and different pitch values:
(@)d=X\/2,(b)d = A, (c)d =2) and (d)d =4).
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Source: Elaborated by the author.

By keeping the number of elements the same and increasing the pitch, the radiation is
more directive, observed by the narrow main lobe width, since the aperture size is increased.
However, from a determined value, high intensities lobes appear in directions different from
0°, called grating lobes. As well as the Nyquist temporal sample theory, in which the sample
frequency should be greater than twice the higher significant component of the signal, a spatial
undersamplingd > \/2) results in aliasing, normally referred as grating lobes, related to
energy irradiation in directions out of the interest, which can generate wrong interpretations of
inspection results.

Arrays whose elements spaced by more théhare often called sparse array® CKwOOD
et al, 1996). The use of sparse arrays is interesting as the number of elements is reduced,
decreasing costs in hardware, data processing and storage.

Side lobes are presented in any array configuration, since the aperture has a finite size.
Grating lobes are related to the discrete and periodic nature of the element distribution and
are presented in some sparse arrays configurations. Breaking the periodicity by randomly
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removing elements avoids the grating lobe levalse(NBERG 1976). Different apertures in
transmission and receptionq{CKWOOD et al, 1996;LOCKWOOD; FOSTER 1996), optimization
techniques applied to elements distribution and weigbtL{1; ELGETUN; DAHL, 1997) and co-
herence methodsCAMACHO; PARRILLA; FRITSCH, 2009; MARTINEZ-GRAULLERA et al, 2011)
are used to reduce the effects of grating lobes.

3.3 APODIZATION

The functionw|i], also known as apodization, is a weight function to change the vibration
amplitudes of each element. As the DTFT of the apodization function is equal to the radiation
pattern of the array, the use of different apodizations results in different radiation patterns. The
apodization can be applied in the post-processing step, which means that different functions can
be used for the same data set to extract the best characteristics from each one, with trade-off
between main lobe width and side lobes levelsANKWITZ; DALLAIRE; FIENUP, 1995).

Figure 15 illustrates the apodization function and the radiation pattern in transmission for
a 20 elements array with/2-pitch using uniform, triangular and Blackman apodizations. The
uniform apodization results in the most directive radiation pattern and the Blackman results in
low side lobes levels. The triangular apodization results in intermediate values between them.

Figure 15 — (a) Apodization function and (b) radiation pattern in transmission for a 20 elements
array with\ /2-pitch using uniform (black), triangular (red) and Blackman (blue) apodizations.
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3.4 FOCUSING AND BEAM STEERING

The radiation pattern has the maximum valuedgr= 0 (w, = —kd sin 6 — 9), as observed
in Figure 13, wherépnom(#)| is maximum ford = 0°, since in phase excitation was considered
(0 =0). Then, foripnorm(#)| maximum a¥ = 6, the phase shift between two neighboring array
elements should be:
0 = —kdsin 6y, (51)
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which can also be achieved by exciting the elements at different times.

To focus at a given point in space, the relative delay between the elements is not constant.
In this case the excitation delay for each element is given by:

V(Er = 2a)2 + (2 — 20)? = /(g —2) + (27 — 2)?

Te =

) 0§€§M—1, (52)

where(x, z5) is the focal point coordinatéz,, z,) is the center of the array arfd,, z.) is the
coordinate of the emitter. This equation is valid only for an isotropic propagating medium.
For anisotropic materials, the velocity value depends on the propagation direction and it must
be considered.

The focus will not be a point but a region with certain depth and width, as well as single
element focused transducers. The advantage of using arrays is that the focus can be dynamically
modified.

3.5 HNITE DIMENSIONS OF THE ELEMENTS

In practice the array elements are not point sources and their finite dimensions change the
radiation pattern. By considering linear elements in a two-dimensional analysis, the aperture
illustrated in Figure 16 can be represented by:

M-1

wy(x) = wi(x) * Z w(z)o(x — id), (53)

1=0
wherew;(x) is an L-length rectangular window, representing each individual element

Figure 16 — Linear.-length elements array.
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Source: Elaborated by the author.

By using the Fourier relation (48) and the convolution property, the radiation pattern is
given by:
Wi (0) = W;(0) - W(0), (54)

where W, () is the radiation pattern for a non-point elements ari&y¢) is the radiation
pattern for a single element (non-point) and¢) for a point elements array. Therefore, the
radiation pattern for a non-point elements array is equal to the single element radiation pattern
multiplied by the one of an array composed by point elemeasiiiTZ; CHAKHLOV; MULLER,

2000).

Figure 17 illustrates the radiation pattern of a PZ26 ceramic with 0.5 mm thickness, 7 mm
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width and 6 mm length, attached to an aluminum plate at 360 kHz, which was simulated in
PZFlex Figures 18a and 18b present the radiation pattern by considering point sources and
the simulated ceramic for a 20 elements array and pitches equaRtand2)\. In practice
(non-point elements) the side and grating lobes levels are reduced.

Figure 17 — Radiation pattern of a PZ26 ceramic with 0.5 mm thickness, 7 mm width and 6 mm
length, attached to an aluminum plate at 360 kHz, simulat&¥iRlex
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Source: Elaborated by the author.

Figure 18 — Radiation pattern of a 20 elements array by considering point sources (solid line)
and the simulated ceramic (dashed line), for pitches equal to/@aand (b) 2.
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Source: Elaborated by the author.

3.6 COARRAY

In general the same aperture is used in transmission and reception. The two-way radia-
tion pattern is given by the multiplication between the radiation patterns in transmission and
reception LOCKWOOD et al, 1996):

Wrr(0) = Wr(0) - Wr(0). (55)

By consideringuwr andwg the apertures in transmission and reception ¢— Wr(0)
andwy «— Wg(0)), respectively, the inverse DTFT &V () is the efective aperture, or



61

coarray, obtained by the linear convolution between transmission and reception apertures:

WrR = Wt * WR. (56)

If the transmit aperture hak/; elements and the receive aperture hag elements, the
number of elements in the coarray will Bé, + My — 1. The effective aperture of an array
is simply the receive aperture that would produce an identical two-way radiation pattern if the
transmit aperture were a point SOUrGEHLBACH; ALVAREZ, 1981;HOCTOR; KASSAM 1990).

For an aperture with uniform apodization the coarray is the linear convolution between two
rectangular apertures, resulting in an effective aperture with triangular apodization, as illustrated
in Figure 19. This apodization can be further controlled by changing the weights order
to obtain another radiation pattern

Figure 19 — Coarray for 5-elements rectangular apertures.
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Source: Elaborated by the author.

The coarray concept is very useful in image systems in many steps as the design of the sys-
tem, excitation/acquisition procedure and post-processing. Lockwood et al. (1996) and Lock-
wood and Foster (1996), for example, avoid grating lobes in sparse arrays configurations using
different element spacing in transmission and reception. Each aperture (transmission and re-
ception) has different pitches and the coarray presenf2zaitch.

3.7 PULSED EXCITATION

An important observation is that when using harmonic signals, the time of flight as well
as the excitation time can not be measured. In practice, pulsed signals are used instead of
harmonic waves. The pulse duration is inversely proportional to axial resol®igrvEg; LU,

2006). However, the shorter is the pulse duration, the higher is the bandwidth of the signal,
which may be associated with increase of dispersion effects and coupling of more than one
propagation mode in the case of Lamb waves.

By considering a pulsed excitation, the radiation pattern is changed, as can be observed
in Figure 20, which illustrates a two-way radiation pattern for two arrays of 20 elements and
pitches equal to\/2 and\, with continuous and pulsed excitation, considering 4-cycles with
Gaussian envelope. Due to the different constructive/destructive interference for the continuous
and pulsed excitation, the results in the pulsed case present side and grating lobes with lower
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intensities than the lobes peaks obtained with continuous one.

Figure 20 — Two-way radiation pattern of a 20 elements array with pitch equal XxgZand (b)
A, with continuous (dashed line) and pulsed (solid line) excitation, considering 4-cycles with
Gaussian envelope.
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Source: Elaborated by the author.

3.8 TwO-DIMENSIONAL ARRAYS

A two-dimensional array consists of an array with elements arranged in an area. Using bulk
waves, 2D arrays are able to image the three-dimensional volume in front of it, which is used in
medical applicationsSFENSTER; DOWNEY 1996;BUREAU; STEICHEN; LEBAIL, 1998; TAMANO
et al, 2004;SEO; YEN 2009) and NDT YU; GIURGIUTIU, 2008; wiLCOX, 2003b; MARTINEZ;
AKHNAK; ESPINOSA, 2003; BROTHERHOOD; DRINKWATER; FREEMANTLE 2003; MARTINEZ-
GRAULLERA et al, 2010). In the case of plates, the resulting image is still a 2D image of the
structure. Planar arrays have the advantages of not only providing more control but also be-
ing able to improve the array beamforming with better performance, being more versatile, and
being able to provide much finer beam with lower side lolyes GIURGIUTIU, 2008).

In the cross-shaped array layout the elements are linearly distributed along two orthogonal
directions crossing each other at the center of each axis. For the directions along the array
alignments, such ag’0+90° and 180, duplicated beams appear. For other directions, unique
directional beams in 36Gre possible, with significant side lobes levels.

Rectangular grid array allows unique directional beams at all desired directions with rela-
tively low side lobes, when compared to the cross-shaped scheme. However, a large number of
elements is needed, which is related to system complexity for data acquisition, and higher costs
of processing and storage. An alternative is the use of rectangular ring array, where only the
elements at the borders are used. By comparing to a rectangular array/with\/, elements,
there is a reduction in the number of elements frfhto 4(M/; — 1). Directional beamforming
within 36(° range can still be obtained. On the other hand, side lobes levels are significantly
increased.
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Circular arrays may be formed by a ring of uniformly spaced elements or by concentric
rings. An array formed by a circular ring with/ elements presents a radiation pattern with
narrow main lobe width compared to a rectangular array with the same number of elements,
since the diameter of the array is bigger than the diagonal of the rectangular one. However, the
side lobes levels are higher.

The main disadvantage of 2D arrays is the large number of elements and, consequently,
the electronic system complexity required to achieve an acceptable level of quality in the im-
ages (contrast, resolution, artifacts). According to Drinkwater and Wilcox (2006), the use of
fewer elements randomly distributed improves the performance of the array in image formation
when compared to other distribution patterns, even when the distance between the elements is
increased.

Traditionally, sparse arrays have been based on the matrix distribution and there are several
solutions, like periodic and random distributiod&$TENG; HOLM, 2002;HENDRICKS, 1991),
Vernier modelsi(OCKWOOD; FOSTER 1996) and optimised distributionsU{STENG et al, 1997,
HOLM; ELGETUN; DAHL, 1997). Other solutions based on curved distribution of the elements,
like circular or spiral JLLATE et al., 2006;FRIDMAN, 2001;MARTINEZ-GRAULLERA et al,, 2010)
have also been proposed with better results than the square matrix array, but with a reduced
impact in the audience, probably due to their complex manufacture.

Thus, in order to reduce the number of elements, 2D sparse arrays can also be used. How-
ever, besides the grating lobes and high side lobes levels, the direct signal between transmitter
and receiver (due to the 2D layout) results in many artifacts throughout the image, reducing
the quality of images and defects detection. To overcome this effect, a baseline can be used
by subtracting the measured signals from a reference data recorded from the undamaged plate
(MICHAELS; MICHAELS, 2007;LEVINE; MICHAELS, 2013), which is not always possible in prac-
tice.

3.9 COMMENTS

The use of arrays allows the inspection of the entire structure without the necessity of
moving the transducers. The number of elements, the distance between them, the excitation
delay, the weight (apodization) and other parameters can be changed in order to achieve the
desirable radiation pattern. The coarray and DTFT properties are useful in arrays design and
post-processing of the acquired data set. The radiation pattern control is important because its
characteristics as main lobe width, side lobes levels, and grating lobes are directly associated
with the quality of the images obtained with the array: resolution, contrast and image artifacts,
as explored in chapter 4.
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4 SYNTHETIC APERTURE IMAGES

In order to obtain an ultrasonic image, transducers, electronic system for transmission,
reception and acquisition, as well as processing and image visualization systems are needed.
The transducers work in pulse-echo and/or transmit-receive modes, generating a propagating
wave in the media of interest and converting the echo signals in electrical signals, which are
transferred to a computer and post-processed. By the knowledge of the propagation direction,
the time of flight, and media properties, it is possible to locate reflectors and, sometimes, extract
information about their sizes and shapes.

Arrays are widely used in NDT due to characteristics as beam control (beam focusing and
steering, lateral resolution, apodization) and speed of BESNKWATER; WILCOX, 2006;YU;
GIURGIUTIU, 2008). Thus, an image of a plane or volume of interest can be obtained without
the necessity of moving the transduces®{IEZ-ULLATE, 2007).

When all array elements, or part of them, are excited simultaneously, a transmit/receive
channel dedicated to each element is needed, which can reduce the time of data acquisition and
process significantly. On the other hand, it increases the complexity and the cost of the system.
This setup is called phased arrays (PA). PA systems allow the focusing of eactizpainof
interest in transmission or reception and the imaging procedure from the echo signals depends
on the applied focusing law.

An alternative to PAs is the use of synthetic aperture (SA) techniques, in which one or a
few transmit/receive channels are multiplexed, and the data is post-processed to obtain the im-
age {LITALO; ERMERT, 1994). It is based on the technique of synthetic aperture radar (SAR),
in which an aircraft captures several images, which are post-processed to increase the resolu-
tion, yielding a final image with a resolution equivalent to that of an antenna having the same
dimensions of the aircraft displacement during the acquisitiSARERWIN; RUINA; RAWCLIFFE,

1962). In this technique the hardware complexity is reduced, without the necessity of reduc-
ing the number of elements of the aperture. Other characteristics are: dynamic focusing in
transmission and reception and the need of post-processing.

As in general the dynamics of the structure (NDT applications) is relatively slow, this type
of signal acquisition and post-processing is adequate, as it is not necessary to have too many
images per second. The two-way array radiation pattern is identical to the obtained with PA.
However, the influence of SNR in its performance is different because in PA all elements are
used in transmission while in SA only one element is used at a time.

Conventional ultrasonic images using arrays and SA techniques are obtained by the delay-
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and-sum (DAS) operation on the amplitude time-domain signals. At a defect position, all de-
layed signals should sum in phase, resulting in a high value (positive or negative). Where there
is not a defect, the amplitudes would sum randomly and lower values are expected. It has the
advantage that it generates the maximum lateral resolution available at each image point.

Considering a linear array af/ elements and pitcl, as illustrated in Figure 21, and
amplitude time-domain data, (¢) from all emittere and receiver combinations, the amplitude
image value at pointx, z) can be obtained by the Total Focusing Method (TFMQIMES;
DRINKWATER; WILCOX, 2005):

Tamp(, 2) =0 Z Zwerver (Ter(, 2)), (57)

e=1 r=1
wherew,, is the apodization coefficient and.(z, z) is the time of flight between the transmitter

e, the point ¢, z) and the receiver, which is given by:

\/(aze—x)2+(ze—z)2+\/(:1:,4—:(:)2—%(,27«—2)2.

Cg

(58)

Ter(T, 2) =

Figure 21 — Linear array withi/ elements, pitcld and coordinate system.
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Fonte: Elaborated by the author.

Since wideband signals are used in transmission, the group velogjtghould be con-
sidered. This value is theoretically obtained from Figure 5. In practice, in the beamforming
process, low-dispersive signals or dispersion compensated signals are used, which means that
the group velocity is approximately equal to the phase veloejtyA c).

There are different SA techniques: SAFT (Synthetic Aperture Focusing Technique), which
uses only the pulse-echo signaisiOMSON, 1984; KARAMAN; LI; O'DONNELL , 1995); 2R-
SAFT, that considers the pulse-echo and the transmit-receive signals between two neighboring
elementsNIARTIN et al., 2008); and TFM (Total Focusing Method), which uses\@f possible
emitter-receivers combinationsi@LMES; DRINKWATER; WILCOX, 2005), that is described in
(57).
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4.1 POINT SPREADFUNCTION

Point Spread Function (PSF) is the image of a point reflector, i.e. it is observed how a
point reflector at a certain position is visualized by the array with the proposed technique. The
advantage is that contrast and resolution can be analyzed from the image. The disadvantage is
that it represents just the reflector at a given region of the image.

A PSF modelling for a reflector in an aluminum plate:at 0 andz = 25 cm was simulated
in MATLAB. The signals/arrays characteristics for each simulation are described in Table 1,
considering for all of them 4-cycles Gaussian envelope RF signals at 360 kHz, as illustrated
in Figure 22 and point elements. A random noise with Gaussian distribution is added to the
signals, resulting in a SNR of 10 dB. For each propagation mode, the velocities values were
extracted from Figures 3, 4 and 5.

Table 1 — PSFs configuratons.

Configuration M  pitch Apodization Mode Dispersion compensation

1 16 M2  Triangular SO No
17 32* A2  Triangular SO No
111 16 A Triangular SO No
v 16 4\ Triangular SO No
% 16 \2 Uniform SO No
VI 16 N2 Blackman SO No
VII 16 A2  Triangular SO Yes
VIII 16 A2  Triangular A0 No
X 16 A2  Triangular A0 Yes

* Although it is associated with greater number of signalsittiee other configurations (4 times), the dynamic
range used was the same for the comparison between the results.
Source: Elaborated by the author.

The amplitude image for configuratidris presented in Figures 23a and 23c. If only(t)
is considered in (57), the image reproduces the oscillatory signal characteristics. By considering
also the quadrature signal,(¢), the envelope of the amplitude image, for example, can be
obtained by:

2y 1/2

M M
Z Z wer@er(Ter (l‘, Z)) )

e=1 r=1
(59)
where,,.(t) is the Hilbert transform of.,.(¢). The obtained image using the envelope is il-
lustrated in Figures 23b and 23d. Another option to obtain the envelope is to take the image
modulus and use a spatial filter, but the filter parameters are variables which can change image
quality.

1 M M 2
Iamp-envelopéxa Z) = W Z Z werver(Ter(xa Z)) +

e=1 r=1

In this work, all images are illustrated in their envelope format, obtained with the in-phase
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Figure 22 — Simulated 360 kHz 4-cycles amplitude signal with a Gaussian envelope without
noise.
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Source: Elaborated by the author.

Figure 23 — PSFs for configuratidrdescribed in Table 1: (a) Normalized RF amplitude image,
(b) envelope amplitude image, and 3D view of (c) RF and (d) envelope images. Linear scales.
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Source: Elaborated by the author.

and quadrature signals, except those of Figures 23a and 23c. And also except for those related
to Figure 23, all images referred as amplitude images are obtained using (59).
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The excitation signal format, illustrated in Figure 22, can be observed in Figures 23a and
23c, by considering a line alongdirection atz = 0 cm, starting at the reflector position (0,
25) cm. The same occurs with the signal envelope in Figures 23b and 23d. Then, even a
point reflector is represented by a finite area in the image after beamforming, due to array and
excitation signal characteristics, which means that there are resolution limitations.

Lateral resolution is limited by the main lobe width, which in turn depends on the aperture
size respect to the wavelength and the apodizatieNSEN et al. 2006). Axial resolution is
limited by the pulse duration and propagation velocity, i.e. depends on the wavelength and the
number of cycles. For the simulated cases, 4-cycles signals with central frequency of 360 kHz
were considered. The SO mode wavelength is equal to 1.50 cm and the AO mode 0.75 cm.
The reflector size (in the image) in this direction is then determined by the number of cycles
multiplied by A /2: 3.00 cm for SO mode and 1.50 cm for AO mode.

The obtained images for all configurations are illustrated in Figure 24, with dynamic range

defined here as [20g,, (1/M), 0], approximately [-45, 0] in dB, wher#/, is the number of
signals used for imaging, which is equalX’ for the TFM method.

Figure 24 — PSFs for configurations described in Table 1/ (astandard configuration (16
elements\/2-pitch, triangular apodization, SO mode without dispersion compensation), and
results after changes in parameters: [b) 32 elements, (cJ/I - A-pitch, (d) IV - 4)\-pitch,

(e) V - uniform apodization, (f)/ I - Blackman apodization, (gy I/ - SO mode with dispersion
compensation, (hy' I/ - AO mode without dispersion compensation and/(¥) - AO mode

with dispersion compensation. Scales in dB.
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70

By comparing configurationsto /7, which are illustrated in Figures 24a and 24b, itis pos-
sible to observe that the higher is the number of elements, for the same pitch value, smaller is
the reflector representation sizedlirection and, consequently, higher is the lateral resolution,
which was expected due to the increase of the aperture size (reducing the main lobe width). Fig-
ure 24c presents the result for configuratidid, which was obtained by an array with the same
aperture size, but doubled pitch (higher thef2). Thus, the same reflector size is observed,
but also image artifacts due to grating lobes are presented. By increasing even more the pitch
value, the lateral resolution is improved (increasing the aperture size). In contrast, more image
artifacts are observed , due to grating lobes, as illustrated in Figure 24d.

The effects of apodization can be observed in Figures 24a, 24e and 24f, which simulates
configurationsl, V and VI, respectively. As expected, the uniform apodization is related to
narrower main lobe width and higher side lobes levels. The Blackman apodization is associated
with low side lobes levels, but the high main lobe width results in a large defect representation.
The triangular one results in intermediate values between all compared cases.

Figure 24q illustrates the result of the dispersion compensation for the SO mode, which
presents low dispersive characteristic at the simulated band of frequencies. By comparing it
with Figure 24a, there are no significant improvements after dispersion compensation. However
the AO mode presents high dispersion and without the dispersion compensation the reflector
representation shape is changed, as illustrated in Figure 24h, due to dispersion in the propagated
time-domain signal, previously observed in Figure 6. The higher is the propagated distance,
more significant is the dispersion effects, especially in a practical case, where there are also
other reflections simultaneously, which difficult the interpretation of the results compared to the
real case, as presented in chapter 6.

By compensating the dispersion, its effects are reduced, as can be observed in Figure 24i.
Besides the correction in the reflector representation shape, its size is also changeea
tion, which is not related to dispersion, but to the lower AO wavelength respect to the SO one,
as commented before.

4.2 COMMENTS

This chapter introduced the ultrasonic image concept by the synthetic aperture technique,
presenting all the equations needed to beamforming from the amplitude time-domain signals
related to the echo data. Point spread functions were simulated for different configurations to
observe the compromise between radiation pattern, presented in chapter 3, and reflector repre-
sentation in an image. By changing the radiation pattern (number of elements, pitch, apodiza-
tion) the main and side lobes are also modified, as well as the presence of grating lobes, which
are related to lateral resolution (reflector size), contrast (difference between main and side lobes
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levels) and image artifacts. The effect of dispersion compensation for low and high dispersive
signals, for SO and AO modes, respectively, was also illustrated. In the first case the dispersion
compensation does not result in significant improvements, but in the last case the compensation
is necessary for correct reflector representation, which is presented in a practical case in chapter
6. The choice of parameters values to be used, such as the apodization function, the number
of elements and pitch, and the use or not of dispersion compensation technique, depends on
the trade-off between quality of the image and cost of the system. For example: the greater is
the number of elements, larger is the aperture size, resulting in a more directive array, which is
related to better lateral resolution. However, the cost and complexity of the system increases,
because the number of multiplexer channels, as well as memory to store the waveforms, must
be expanded.



72



73

5 PROPOSED TECHNIQUES

Coherence imaging and image compounding methods are powerful techniques since they
extract different information from the data set to improve image quality without increasing the
cost and complexity of the system.

Conventional SA images are obtained by the DAS operation on the amplitude time-domain
signals, but the individual signals can present low SNR, resulting in a limitation in detecting
reflectors or objects that are far from the array. In addition to this, the use of the phase of
the signals, which carries important informati@PPENHEIM; LIM, 1981), can result in more
accurate indication of reflectors or can be used as a coherence factor to improve the quality of
images.

The study of the coherence of the energy balance at each point of the image to improve the
beamforming process was proposed by Hollman, Rigby and O’'Donnell (1999) and employed in
adaptive beamforming process by Asl and Mahloojifar (2009). The introduction of the analysis
of the phase in the beamforming can be based on many descriptors with different degrees of
computational complexity but with similar results as the polarity and the variance of the distri-
bution of phasesQAMACHO; PARRILLA; FRITSCH, 2009), or the spectral analysis of the phase
distribution MARTINEZ-GRAULLERA et al,, 2011), showing a high degree of robustness to noise,
side and grating lobes.

Traditionally, the coherence images are used as weighting factors, that are multiplied by
amplitude images, resulting in contrast and dynamic range improvements, and reduction of
image artifacts due to side and grating lobes. Although there are significant improvements, the
quality of images can still be limited by main lobe width (resolution), high side and grating
lobes levels (contrast and image artifacts) and Lamb mode sensitivity. Each mode is more
or less sensitive to specific types of defects, like notches, delamination and surface defects.
Alleyne and Cawley (1992a) studied some interactions of Lamb waves with defects and the
results show that the sensitivity of individual Lamb modes to a particular defect is dependent
on defect geometry, frequency-thickness product, mode type (symmetric or antisymmetric) and
mode order. For example, the SO mode exhibits reasonable sensitivity to defects anywhere in the
thickness, while the AO mode is more sensitive to surface cracks or corresiorg; LU, 2006).

Then an image compounding technique to consider the Lamb mode diversity is proposed.

Michaels and Michaels (2007) presented a fusion technique to detect damage in plates by
taking the minimum value of all images for a given pixel. The minimum value can result in
non-detection of a reflector if it is not represented in at least one image. By the use of the
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maximum of all images, artifacts in some of them would be considered reflectors in the final
image. Davies and Cawley (2007) obtained a compounded image by summing all images.

An intermediate result related to the selection of the minimum and maximum of two or more
images is proposed by Higuti et al. (2010), using a coherence image to select the maximum or
the minimum of the amplitude images obtained with two arrays with different apodizations.
The selection is done by applying a 70% threshold to a coherence image, pixel by pixel, and if
the pixel intensity is above threshold, it is considered a reflector, and the maximum between the
images is taken. If it is below threshold, the minimum is selected.

The threshold is not used only in fusion techniques. Holmes, Drinkwater and Wilcox (2005)
defined a -6 dB threshold value respect to the maximum image value, to create a parameter to
measure array performance. Michaels et al. (2014) also considered a -6 dB threshold, which
was used to indicate the presence of defects. Yu and Giurgiutiu (2008) used an 80% threshold
that was applied to an amplitude image, resulting in a binary image. This is then multiplied by
the original amplitude image to reduce side lobes influence and background noise.

Therefore, a threshold can be applied to the image pixels (amplitude or coherence images),
which can be used to indicate the presence of a reflector, as well as to create a weighting im-
age. If the image pixel intensity is above threshold, there is a probability that it is related to a
reflector. The threshold level is a parameter that controls the sensitivity of the methods, but its
value is in general defined in a subjective way, for example as a certain percentage of the maxi-
mum, and can depend on the application and experimental conditions. The improper choice of
threshold value can result in wrong interpretations of the object under inspection. A high thresh-
old value would increase contrast of some reflectors, but reflectors that generate small signals,
due to intrinsic characteristics of the defect, or to attenuation or diffraction in the propagation
path, as well as low SNR, could be discarded. A low threshold can result in many artifacts in
the two-level image, because small amplitude pixels due to noise can be above threshold and
consequently contrast is decreased.

Then, two techniques are proposed in this thesis: (i) the instantaneous phase (IP) image
and (ii) the Lamb mode diversity compounding technique. The first uses the IP of the signals
to obtain an SA image, instead of using the amplitude of the signals in the DAS technique.
The resulting IP image is very similar to the ones obtained with coherence factonagHo;
PARRILLA; FRITSCH, 2009;MARTINEZ-GRAULLERA etal,, 2011;CAMACHO; FRITSCH 2011). The
main contribution of the proposed method is the definition of an objective threshold level that is
applied to the IP image, based on a statistical analysis of noise and the number of signals used
in beamforming. The thresholded IP image can then be used to directly indicate the presence
of a reflector, to create a weighting factor for amplitude images, and as a selection parameter to
use in method (ii), which in turn is an image compounding technique to consider the different
interaction between propagation modes and defects.
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5.1 INSTANTANEOUS PHASE IMAGE

The IP image is obtained by replacing the signalt) by its instantaneous phage.(¢) in
(57):

1 M M
I,(z,2) = WZZ%«(M(% z)). (60)
e=1 r=1
The instantaneous phasewf(t) is given by OPPENHEIM; SCHAFER; BUCK 1999):
@er(t) = arctan {Z::Eg } : (61)

Although (60) and further equations are defined only with the in-phase signals, in this work
the IP images are also related to the envelope format, obtained with the in-phase and quadrature
signals, which are obtained replacing(t) by p..(t) andv..(t) by ¢..(t) (the instantaneous
phase ofi.,.(t)) in (59). Then, the IP image obtained with the in-phase and quadrature signals
is:

M M

]w-envelop4l‘a Z) = % { [Z Z @er(Ter (l‘, Z))

e=1 r=1

2 M M 2 /2
-+ ZZ@@T‘(TET‘(Z.7Z))] } . (62)

e=1 r=1

5.1.1 Analysis of the instantaneous phase image

By considering the propagation of a harmonic acoustic pressure pulsed wave, the signal at
the receiver point is:

v(t) = s(t) +n(t), (63)

wheres(t) contains the reflected signals from defects and interfaces without noise(#rid

an additive white Gaussian noise (AWGN), physically independent of the signal and therefore
uncorrelated with it. The measured sigrél) without noise is in general bandlimited and can

be written in envelope-and-phase form as:

s(t) = R{S(t)e*®) (64)

wherelt {-} is the real operatof§(t) is the envelope and(t) is the instantaneous phases¢f).

In the presence of a reflector and considering the in-phase/quadrature description of the
noisen(t) respect tos(¢), (63) can be represented by the phasor diagram of Figure 25, where
N(t) is the envelope ofi(t), and written as:

o(t) = R{ISE) + Ni(®)] 0 + N, (e @0/}

R {V(t)ejﬂ"(t)} 7 (65)
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where N;(t) is the in-phase andV,(t) is the quadrature componentsoft) respect tos(t).
These components are jointly stationary, so they are independent and Gaussia(t) like

Figure 25 — Phasor diagram oft).

Source: CARLSON; CRILLY, 2009).

The envelope ob(¢) is:

V() = /IS0 + NP + [N, ()] (66)

and the instantaneous phase () is:

o(t) = o(t) + Ag(t), (67)
where N {Nq—(t)} .
= arctan S(t) i Ni(t) .

The instantaneous phasesf) is:
o(t) = 6(t, R) = wt — k- R + o, (69)

whereg is the initial phase.

By replacing (69) in (67), the instantaneous phase(of is:

p(t) = p(t,R) = wt — k- R+ ¢+ Ag(t). (70)

Supposing that the wave propagates the path from the transmitter, at) to the reflector
at(zo, zo) and back to the receiver @t,, z,), as illustrated in Figure 26, the instantaneous phase
measured at the receiver can be written as:

per(t, R) = wt—k.-(Ry— R.)— k- (R, — Ro)
F0er + Ader(t)
= wt — ke Roe — kv Rog + Gor + Ader(t)
= wt — keRoe — kyRyo + ¢0,er + D (1),

(71)

ask, is parallel toR,. = R, — R, andk, is parallel toR,, = R, — R,, as schematically depicted
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in Figure 26.

Figure 26 — Position and propagation vectors of a pressure wavefront generated in the point
(z, z.), reflected in(zy, z9) and measured i, z,.).
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Source: Elaborated by the author.

By considering an isotropic propagating medium with no dispersion (or considering the data
set after dispersion compensation), the group velocity is equal to the phase velpeity],
ke =k, =k, andk = w/c = w/c,. Then (71) becomes:

Ler (t, R) = wt— k(ROe + RT‘O) + ¢O,er + Ad)er(t)
WA T I0) 0 Aga(t) 72)

Cq
= wt— WTQT(I', Z) + (bo,er + Ad)e?“(t)?

= wt—

wherer,,(z, z) = (Ro. + Ry0)/cy. FOr each image poiritz, z), the signal is summed at=
T.-(z, z) for each emitter-receiver combination, which is represented in (60), and then (72)
results in:

@er(Ter(xm ZO); R) - (bO,er + A(ber (Ter(xoa Zo)). (73)

If the same function is used to excite all transmitters, then = ¢, for all M/ transmitter-
receiver combinations. Consequently, by replacing (73) in (60), the IP image at the reflector
point is:

I, (z0, 20) = ¢o + Ing(x0, 20), (74)
where
| MM
Ing(z,2) = 2ZZA¢€’" (Ter(x, 2)). (75)
e=1 r=1

When there is not a defect &t, z;), the measured signal consists only of noige),
with instantaneous phasg(¢), which has uniform distribution over2rad (CARLSON; CRILLY,
2009). In this case the IP image is:

I¢($0, Zo) = noise($0, ZO)) (76)
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where

1 M M
]noise(xa Z) = W Z Z an(Ter(xa Z)) (77)

e=1 r=1

Thereby, the IP image can be written as:

I if there is a reflect
o2, 2) :{ 00+ Lag(w,2), if thereis areflector -

Inoisd, z), otherwise

As observed in Figures 23a and 23c, the excitation signal shape can be observed in the
amplitude image by considering a line alonglirection atr = 0 cm, starting at the reflector
position. A similar result is observed in the IP image, obtaining by using (60). The instanta-
neous phase of the signal illustrated in Figure 22 can be observed in Figure 27 and the IP PSF
obtained using this information (60) is illustrated in Figure 28. Then the instantaneous phase of
the excitation signal is contained in a line of the image aloniyection atz = 0 cm, starting
at the reflector position, whose pixel value would be equal to the initial ppase —= rad.
However, independently of this value, the reflector is represented by a finite area with pixels
values betweer-7 rad. By considering the envelope format, the reflector region pixels values
are between 0 andrad.

Figure 27 — Instantaneous phase of a simulated 360 kHz 4-cycles amplitude signal with a Gaus-
sian envelope without noise.
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Source: Elaborated by the author.

The termIa,(z, z) in (78) is related to the average &¢(t), which according to (68),
depends on noise(t). In order to determine if the pixels are related to a reflector or noise, the
SNR should be considered.
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Figure 28 — IP PSF for configuratiohdescribed in Table 1: (a) 3D view of RF IP image and
(b) axial view atr = 0 cm. Linear scales in rad.
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Source: Elaborated by the author.

5.1.2 Signal-to-noise ratio analysis

By considering SNR> 1, S(t) > N;(t) andS(t) > N,(t) most of the time, the small-
argument approximation for the inverse tangent function in (68) can be used, resulting in:

(79)

Since the signal is summed in phase and the noise is randomly summedXbt signals
in (75), in the presence of a reflector(at, zo), A¢(t) =~ 0, and the following approximation is
valid:

Lp(ﬂfo, Zo) ~ (250, if SNR > 17 (80)
and the image will have a region with pixels varying from Grtoad in the reflector vicinity.

For SNR« 1, the phasor diagram is changed, as shown in Figure 29 and the instantaneous
phase o (t) is:

p(t) = on(t) + Ads(t), (81)
where M) — {Sq—(t)} .
s(1) = arctan N(t) n Sl-(t) ,

ands;(t) andS,(t) are the in-phase and quadrature componenistpfespect tou(t), respec-
tively.

SinceN (t) > S;(t) andN(t) > S,(t) most of the time, again the small-argument approx-
imation for the inverse tangent function can be used and (82) is approximately:

Ao (1) ~ quég

(83)
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Figure 29 — Phasor diagram oft) for SNR < 1.

Source: Elaborated by the author.

Equation (74) is rewritten as:
[g0<'r7 Z) = [noise(xaz) +[A¢S<x7 Z>7 (84)

wherela,, (z, 2) is obtained by replacing\¢(t) by A¢,(t) in (75).

Therefore, if there is a reflector aty, z,), the IP image at this point can be approximated
by:

, FTSNR>1
I, (w0, ) ~ oo | , (85)
Inoisd( 0, 20) + Ing, (o,20), ITSNR <1
and if there is not a reflector &t, 2y):
Lp(fCo, Zo) = noise(fCO, Zo)- (86)

As commented, the reflector is visualized as a set of pixels varying between -0 raicd
(plus noise), starting at the reflector position, even for a point reflector. From the analysis of the
IP image and with a prior knowledge of noise, a discrimination between reflector and noise can
be done for each image pixel, by the use of a threshold, as presented in next section.

5.1.3 Threshold based on the instantaneous phase image

If X1, Xo, ..., Xy, are sample values obtained frahi, independent observations of a
random variableX having meamnx and variance s, the sumZ = X; + X, + - - - + X, has
meany = Z/M, and varianceM 0% (CARLSON; CRILLY, 2009). Furthermore, from Cheby-
shev’s inequality, the probability thatdiffers fromm x by less than some positive amouns

lower-bounded by:
2
Ox
P(|M—mX|§e)21—MSE2. (87)

In the absence of a reflectdr,(z, z) = Ihisd %, 2). The noise component, described in (77)
is related to an average ¢f,, which is a random variable with uniform distribution between
—7 rad andr rad, expected value equal to zero and standard deviatica 7/+/3 rad. By
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replacing these values in Chebyshev’s inequality, = 0, u = I,(z, 2), 0% = of andM; =
M?, which is the number of signals used for imaging, (87) is rewritten as:

P(|I,(z,2)] <€) >1— P, (88)

where 9
- % 89
Pe = . (89)

is the probability of error, or of false indication of a reflector.

At this point the threshold is defined. The pixel value is considered due to, or part of, a
reflector, if|[,(x, z)| (or its envelope, in practice) is above threshold, and noise if it is below. In
the absence of a reflectdy(x, z) = Inoise(, 2), With probability of P=x100% to be considered
a reflector (false indication).

One could arbitrarily choose a value féx equal to 0.01, 0.05, 0.10, 0.20, for example,
but this value should depend on the number of signals used in beamforming, leading to a well-
defined criterion for the determination of the threshold. The greater is the number of signals
used for imaging, morg tends tom and smaller is the value dfz. On the other hand, for
smaller values of\/,, the value ofP: increases.

Since the variance is a measure of the dispersion of a set of data points around their mean
value, and the image is obtained from the averag&/ptalues,Pr is defined as a function of
the variance of the mearg /M. Furthermore, low values dfe are desired for arrays with any
number of elements. By considering arrays with 8 to 128 elements, for example, the number of
signals used in beamforming can go from 64 to 16384. Due to this large range, a logarithmic

dependence o/, is proposed:

2
90

P2 o

log, M,. (90)

If P= was only equab? /M, by comparing to (89), the threshold would be equal to 1 rad
for any M, value, but a threshold based on the number of signals is expected. So, by comparing
(90) to (89), the threshold is defined by:

A 1
€ =

— 91
log,o, M (1)

Therefore, the proposed threshold value depends only on the number of signals used in
beamforming, without previous knowledge of the media, such as attenuation characteristics.

Values ofe and(1 — Pt) as a function of the number of signalg, (from 64 to 10), are
shown in Figure 30, by using, = 7/+/3 rad. As expected, the smaller is the number of signals,
smaller is the value ofl — Pg) and higher is the threshold valu¢hat the image pixel must
exceed in order to be considered a reflector, since there is greater influence of noise.
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Figure 30 — Values o€ (solid line, left vertical axis) andl — Pt) (dashed line, right vertical
axis) as functions of the number of signals.
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For SNR> 1, a reflector is detected if the conditipi),(z, )| > e is satisfied. If the signal
of Figure 22 is used in transmission, values between Oraral are expected in the vicinity
of the reflector, and values close to zero otherwise. In the worst case of a two-elements array,
M, = 4 ande = 1.29 rad, which is less than rad, so the proposed threshold is always valid,
since some pixels related to the reflector will be greater than the threshold value.

The critical situation occurs when SNR 1, sincel,(z, z) depends oMyuise(z, z) and
Ing, (x, ), which in turn depends on the noise magnitude and the quadrature component of the
signal respect to noise, that is not easy to predict. Then, an empirical analysis of the influence
of SNR on the proposed threshold was conducted.

PSF images of a reflector 25 cm away from an array With= 16 elements {/, = 256)
and \/2-pitch at 360 kHz in an aluminum plate and SO modle<( 1.5 cm) were simulated.
AWGN is added to the excitation signal of Figure 22, resulting in SNRs from -40 dB to 40 dB.
The threshold, in this case,ds= 0.6482 rad, which is applied to the IP image, resulting in two-
level images, whose pixels assume 1 if they are above threshold and 0 otherwise. As observed
in Figure 23, even a point reflector is represented by a finite set of pixels that exceed threshold.
The reflector representations in the thresholded IP images are related to a finite area which can
be used to evaluate defect detection. By the simulated results, wjdtlength L. and area
L, x L. were obtained as a function of SNR (for this particular array and excitation function)
and presented in Figure 31, in units of wavelength. If the area is at\éasten these pixels
will be considered part or due to a reflector.

As shown in Figure 31a, the reflector representation dimensions reach constants values
for high SNRs. The lateral sizk,, whose value depends on the aperture size and frequency,
presents a rapid decrease for SNR below -20 dB. The axialsishows a smaller slope with
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Figure 31 — Obtained (a) width, and lengthZ., and (b) area of the reflector representation as
functions of SNR. The threshold of the minimum reflector av€ai6 presented in dashed line.
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SNR, and depends on the excitation signal and transducer characteristics (in the simulations, the
excitation signal is the transmitted signal, for simplicity). The estimated area, that is illustrated
in Figure 31D, is equal ta? for SNR= -27 dB, which is then considered the minimum SNR of
operation for this array and excitation function.

As tested by the author, by decreasing the number of elements and maintaining all other
parameters unchanged, as pitch and frequency, the minimum SNR of operation is increased, as

expected. For an eight-elements array, the point reflector is detected for SNR greater than -15
dB.

In practice, even if the SNR of each transmit-receive pair is low, the averaging effect of
beamforming results in SNR improvemeROLMES; DRINKWATER; WILCOX, 2005). The SNR
for each signal can be improved before beamforming by averaging in acquisition, resulting in
an SNR improvement in proportion to the square root of the number of averages.

Since the interaction between the wave and the reflectors, as well as their sizes and shapes,
have not been considered, the estimator does not give information about the reflector character-
istics. However, the thresholded IP image gives a statistical indication that the pixels with 1's
values are related to the presence of reflectors in the inspected medium. This information can
be used by the user who is analyzing the image to search for defects in image compounding
techniguesHIGUTI et al, 2010) or as a weighting factotAMACHO; PARRILLA; FRITSCH, 2009;
MARTINEZ-GRAULLERA et al,, 2011).

PSF configurationg, 111 and IV were simulated for the same conditions of the used to
obtain the results of Figure 24 (SNR 10 dB). Different SNR values were also considered
for configuration/. The proposed threshold & 0.6444) was applied to the IP images and
the results are illustrated in Figures 32 and 33. By comparing configuratjahd and 7V,
the higher is the pitch value, smaller is the size of the reflector in the image and higher is the
resolution. In contrast, more image artifacts are presented in amplitude images. From the IP
images itis possible to observe that the grating lobes artifacts are significantly reduced and after
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the threshold only the reflector region is considered.

Figure 32 — Amplitude (first column, in dB scale), IP (second column, in linear scale in radians)
and thresholded IP images (third column, zero or one) considering-SN&dB for configu-

rations described in Table 1: (a), (b), (c§\/2-pitch), (d), (e), (/11 (A-pitch) and (g), (h), (i)
1V (4\-pitch).
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Source: Elaborated by the author.

By considering different SNR values, as expected from Figure 31, the size of the reflector
in the image decreases with SNR, but it is identified without artifacts in the thresholded IP
images. If a percentage of the maximum of amplitude image was considered as threshold value
for reflector indication, artifacts due to grating lobes in Figure 32g and due to small SNR in
Figure 33g could be considered as reflectors, depending on the chosen value.

5.1.4 Instantaneous phase weighting factor

Among the alternatives proposed in literature, the Sign Coherence Factor (SCF) descriptor

has shown best results. The SCF factor can be computezha®CHO; PARRILLA; FRITSCH,
2009)

Iscr(z,2) =1 -0, (92)
where
| Mo 2
02 - 1 - W Zzber(Ter(xa Z)) ) (93)

e=1 r=1
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Figure 33 — Amplitude (first column, in dB scale), IP (second column, in linear scale in radians)
and thresholded IP (third column, zero or one) PSFs images for configufatonsidering
SNR equal to (a), (b), (c) 10 dB, (d), (e), () 0 dB and (g), (h), (i) -25 dB.
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Source: Elaborated by the author.

andb,, (t) is the polarity signal of the aperture data:

) =1L i we(t) <0
ber(t) = { 1, if Ver(t) >0 G4

o is the standard deviation of the polarlty.(¢) of the aperture data. The SCF measures the
coincidence in algebraic sign of the received signals. Signals are defined as fully coherent if all
of them have the same polaritis(r(z, z) = 1). In other cases the value &fcr(z, z) is in the
range [0, 1[.

Other coherence factor is the CFM (Coherence Factor Map), which contains a measurement
of signal phase distribution combined at each pixel. The CFM factor is giveMByRTINEZ-
GRAULLERA etal, 2011):

(e 33 |33 e &

whereV,,(t) is:
Ver(t) = V02, () + 02.(2). (96)
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In practice this method normalizes the signal, sample by sample, which is used to replace
v(t) in (57). The main difference between the methods is the signal that is summed in beam-
forming. If the signal of Figure 22 is used as drive function, the IP image is related to the sum
of the instantaneous phase of the signals, as illustrated in Figure 27. Likewise, the SCF is re-
lated to the sum of the polarity signals, as illustrated in Figure 34a, and the CFM to the sample
normalized signal, as illustrated in Figure 34b. Direct (IP image) or indirectly (SCF and CFM),
all methods are not using the amplitude information, but replacing it by the phase.

Figure 34 — (a) Polarity and (b) normalized (sample by sampe) signals of a simulated 360 kHz
4-cycles amplitude signal with a Gaussian envelope without noise.
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Source: Elaborated by the author.

At a defect position, all delayed signals should sum in phase, resulting in a high value
(positive or negative) in the phase image. Where there is not a defect, the phases would sum
randomly and lower values are expected. But the expected values and the distinction between
reflector and noise have not been done by the autl@gACHO; PARRILLA; FRITSCH, 2009;
MARTINEZ-GRAULLERA et al, 2011). The SCF factor is expected to be better than the CFM ones
respect to artifacts reduction, since the first is powered by two in (93), attenuating the artifacts
twice (in dB), and the last does not have any post-processing after beamforming.

Using the reflector indication, by considering the threshofatoposed in subsection 5.1.3,
a weighting factor is created assuming 1 to the pixels where there is a reflectdfzand
other case. In the absence of a reflector it could be assumed 0, creating a high contrast image.
However if a reflector is not well detected, due to its reflection coefficient, it would not be
represented. By using a value in the range ]0, 1[, where there is not a reflector, the intensity is
reduced, improving the reflectors contrast, but not discarding the presence of a weak reflector.

Therefore the instantaneous phase weighting factor is defined in this thesis as:

L, it |Iy(z,2)] > €

. ) (97)
Pe, if I (x,2)] <e

IPWF(z, z) = {

and the final image is obtained by the multiplication of the amplitude image by the proposed
weighting factor (IPWF), pixel by pixel.
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PSF configuration’ V' was simulated with excitation signal of Figure 22, considering SNR
equal to -20 dB, presenting significant grating lobes and low SNR. In this ¢ase, 0.031
(-30.2 dB). The grating lobes and noise artifacts are presented in the whole image, as can be
observed in the amplitude image, which is illustrated in Figure 35a. The artifacts are more
attenuated in SCF image than in CFM one, as expected. But both still present artifacts in the
whole images. The IPWF has a two-level nature (1Pg), attenuating 30.2 dB the artifacts.
Then the final image using the IPWF, illustrated in Figure 35i, has less artifacts in all image,
mainly close to defect, improving contrast and resolution, respect to SCF and CFM, which are
illustrated in Figures 35c and 35f, respectively.

Figure 35 — Amplitude image (first column), coherence factor (second column) and amplitude
weighted image (third column) considering SNR equal to -20 dB for PSF configurdtio(a),
(b), (c) SCF, (d), (e), () CFM and (g), (h), (i) IPWF. Scales in dB.
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5.2 LAMB MODE DIVERSITY COMPOUNDING TECHNIQUE

In the case of plate-like structures, Lamb waves can propagate and different propagation
modes can be coupled to the structure. Each mode is more or less sensitive to specific types
of defects and has its own dispersion characteristic. Due to the different interactions of each
propagation mode to defects, the images of a plate obtained by using different propagation
modes are different to each other respect to contrast, resolution, image artifacts and dead zone.



88

One mode can produce images with better resolution and other with less artifacts, for example.
Then, an image compounding technique is proposed to consider the Lamb mode diversity.

The method proposed is based on the procedure presented by Higuti et al. (2010). In that
work, the images obtained from two different arrays (spatial diversity), which generated the
fundamental SO mode with low dispersion in an aluminum plate, and different apodizations are
combined to generate the final image. There was improvement in contrast and resolution when
compared to the use of only one array, but the use of two arrays increases the system complexity
in terms of transducers and electronics. Furthermore, the selection parameter was empirically
chosen: a 70% threshold value was applied to the coherence images, for each setup (different
arrays and apodizations), and the pixels above the threshold value were considered part of a
defect. The compounded image was obtained from the maximum of input images. Otherwise
the minimum was taken.

In the technique proposed in this thesis, the different interactions between each propagation
mode and the defects are considered. The technique selects the information from the images
obtained from two propagation modes generated by the same array. In addition to the use of
just one array, compared withiIGUTI et al, 2010), the selection parameter to be used is not
empirical, but the threshold proposed in subsection 5.1.3. The block diagram of the method
considering the AO and SO modes is shown in Figure 36.

For each mode (A0 and S0), two images are obtained: one SA image and one IP image,
which is also used to obtain the IPWF. Each SA image presents different resolution and contrast
due to specific interaction responses between each Lamb mode and the type ohdefeelg;
CAWLEY, 1992a).

Before the multiplexer section (Mux), each SA image is multiplied by its respective IPWF,
producing image$, andls for the AO and SO modes, respectively. The A0 and SO IP images
are also used to indicate the presence of a defect, by considering the proposed thresheld
following rule is proposed, for each pixel:

« if both IP images are above their respective thresholds, it means that both modes detected
the defect, and the compounded imdgés obtained from:Io = max{I,, Is}. This
procedure tends to preserve the best mode response;

« if both IP images are below their respective thresholds, it means that neither mode de-
tected a defect, and the compounded image is obtained fiom: min {1, Is}. Then,
contrast would be increased,;

« if only the AO IP image is above its threshold, it means that only this mode detected a
defect, and the compounded image assumes the iaJuel,;

« if only the SO IP image is above its threshold, it means that only this mode detected a
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Figure 36 — Block diagram of the proposed Lamb mode diversity compounding technique.
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defect, and the compounded image assumes the gjuels.

This image compounding technique, which employs a kind of logical OR operator, tends to
preserve the best response of each mode and reduce artifacts, improving contrast and resolution.

5.3 COMMENTS

The instantaneous phase image is used in conjunction with the proposed threshold level,
producing a two-level image, which can be a valuable information for defect detection. The
threshold level depends only on the number of signals used in beamforming. By increasing this
value, the probability of occurrence of false indication of a defect decreases. The thresholded
IP image is used as reflector indication, which is used in the image compounding technique to
consider the Lamb diversity and to create a weighting factor for the amplitude images (IPWF).
PSF configurations were simulated showing that the technique is very robust to grating lobes
and noise, achieving better results when compared to other coherence factors, like SCF and
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CFM. The proposed method using the instantaneous phase is less sensitive to amplitude losses
in the echo signals than amplitude images, obtaining improvements in reflectors detectability for
larger distances without previous knowledge of the media, such as attenuation characteristics,
as shown in chapter 6. The Lamb mode diversity compounding technique combines the images
obtained with different propagation modes and the compounded image should present better
contrast, resolution and less image artifacts when compared to each individual single mode
image. The proposed techniques were tested in an aluminum plate with artificial defects and
the results are presented in the next chapter.
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6 EXPERIMENTAL RESULTS

Some experiments were conducted with PZT ceramics to generate and acquire Lamb waves
in an aluminum plate. Frequency response of the plate-piezoceramics system was obtained with
two ceramics attached to the plate in transmit-receive mode. Artificial defects were produced
in the plate and a 16-elements linear array was mounted. Conventional beamforming and the
proposed methods were applied to observe the effect of dispersion, its compensation, and to
evaluate the proposed techniques. The instantaneous phase images were compared to the am-
plitude ones to observe the sensitivity to amplitude losses. Different coherence factors were
applied and compared to each other respect to contrast and image artifacts. Lamb mode diver-
sity was also considered to improve image quality and defects detection. Empirical threshold
values were used in the images and compared to the proposed one in chapter 5. This chapter
presents the experimental setup, the obtained results and comments.

6.1 EXPERIMENTAL SETUP

All experiments were conducted using a 1 mm thickness isotropic aluminum plate
(1 m x 1.24 m). To obtain the frequency response of the plate-piezoceramics system, 2 piezo-
electric ceramics were attached to the plate in transmit-receive mode, as illustrated in Figure 37.
They were attached distant from each other 20 cm in the center of the plate, in order to avoid
edges reflections, to simulate an infinite plate.

Figure 37 — Frequency response setup.
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The piezoceramics are PZT elements (Ferroperm PZ26) polarized in the thickness direction
with dimensions 7 mnx 7 mm x 0.5 mm, as illustrated in Figure 38. There is a 1 mrii mm
area on the top surface that is electrically connected to the bottom surface to enable welding of
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cables. Therefore, the active dimensions of the ceramic are 7n@mmm x 0.5 mm. Each
ceramic was bonded to the plate with araldite adhesive.

Figure 38 — Ceramic: thicknes, width and length.
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The PZTs were excited by a waveform generator (Tektronix AFG3101, 14 bits resolution)
and a power amplifier (ENI240L, 40W) with a 120 V peak-to-peak 4 cycles Gaussian envelope
RF signal, as illustrated in Figure 22. Data acquisition was done using a digital oscilloscope
(Agilent MSO7014B, 10 bits resolution in average mode), using average of 16 signals for each
recorded waveform.

A linear array consisting of 16 piezoelectric elements with 9 mm pitch was mounted at the
border of the aluminum plate. A 32 channels multiplexer was used to obtain all transmit-receive
combinations employed in the beamforming techniques. The block diagram of the experimental
setup can be observed in Figure 39 and some photos in Figure 40.

Figure 39 — Block diagram of the experimental setup.
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The plate with artificial defects can be seen in Figure 41. The central coord{natgf
the defects with their geometries, dimensions (diameter for circular and area for square defects)
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Figure 40 — (a) Experimental setup, (b) waveform generator, digital oscilloscope and multi-
plexer, (c) array and (d) aluminum plate.
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Source: Elaborated by the author.

and types are presented in Table 2. There is a through hole (d¢fead the surface defects are
thin piezoceramics (0.5 mm thickness) bonded to the plate, except défegthich is a bolt

whose head is bonded to the plate (head: 8 mm diameter x 5 mm height, screw: 4 mm diameter
x 20 mm length). The surface defects simulate a perturbation on the plate surface, changing the
acoustic impedance at that point and generating reflections, which could also occur if there was
a metal loss or corrosiorKONSTANTINIDIS; DRINKWATER; WILCOX, 2006). This approach for

simulating surface defects is a common laboratory procedure, because their positions can easily

be changed, without making permanent damages to the structure.

Table 2 — Artificial defects produced in the aluminum plate.

Defect x[cm] z[cm] Dimension Geometry Type

I -0.2 25.4 3.0 mm circular hole
17 -13.0 37.0 15.0 mm circular  surface
111 -14.9 84.5 15.0 mm circular  surface
1V 15.0 14.5 8.0 mm circular  surface
V 7.0 49.0 49.0mrh square  surface
VI 33 48.0 16.0mrh  square surface

Source: Elaborated by the author.
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Figure 41 — Aluminum plate with defects. The center of the array {gat) = (0, 0).
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Aregion of the plate was defined for imaging50 < x < 50and0 < z < 100 [cm] with
1 mm resolution in both directions. The plate end at 124 cm was not shown because there
was no defect close to it. The plate ends generate strong specular reflections which would reduce
contrast, but the images can also be obtained by regions, excluding or including the edges.
The triangular apodization was considered in all images, using= 1 in the beamforming
(according to (57) and (59)). In all images the actual defects positions and sizes are represented
along with their respective identificationsto V' I).

6.2 FREQUENCY RESPONSE

Each transducer can generate many propagation modes, which depends on its geometry
and dimensions, the structure properties, the frequency of excitation and other paragaaters (
TONIetal, 2007;YU; GIURGITIU, 2009). Experimental and simulated frequency responses of the
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plate-piezoceramics system can be visualized in Figure 42. The simulation was drRifeéx

Despite having the same behaviour, simulated and experimental responses have some differ-
ences, such as at resonance frequencies and AO gain behaviour at higher frequencies. These
differences are due to some non-idealities, such as ceramic-plate coupling/bonding and cable
welding, for example, which are not considered in the simulations. Despite these differences,
the dispersion characteristics as propagation velocity and signal shape are very similar.

Figure 42 — Frequency response using two piezoceramics in transmit-receive mode separated
by 20 cm in a 1 mm thickness aluminum plaBZFlexsimulation (0) and experimental results
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Therefore, using these transducers, from 20 kHz to 800 kHz, only the fundamental symmet-
ric and antisymmetric modes can be coupled. The SO amplitude is much greater with respect to
the AO response at 360 kHz (430 kHz in simulation). At lower frequencies, around 100 kHz, the
A0 mode response is higher. Consequently, the same array can be used to couple the A0 and SO
modes at the frequencies of 100 kHz and 360 kHz, respectively. The array is excited with tone
bursts in order to obtain the best AO and SO responses for the transducer-structure employed.
Other excitations could be used, such as chirp signals followed by post processiAgELS
etal, 2011, 2013), which could accelerate the process of data acquisition and signal processing
in practical applications.

The wavelengths for the A0 and SO modes are 16.5 mm and 15.9 mm, respectively. The
half-wavelength is 7.95 mm in the worst case, which is less than the pitch used in the array
(9 mm or 0.54). However, there are no serious consequences in terms of grating lobes, because
they would be significant only for pitches closeXar higher. Furthermore, the finite size of
the individual elements and the wideband operation helps to reduce this effect. The simulated
radiation pattern of the array operating at the A0 and SO frequencies with a 4-cycles Gaussian
burst obtained in MATLAB are shown in Figure 43. For the SO mode there is a -47 dB grating
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lobe level, which is relatively small and is related to the dynamic range used in the images.

Figure 43 — Radiation pattern of the array for the A0 (solid line) and SO (dashed line) modes as
a function of angle in degrees.
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Source: Elaborated by the author.

6.3 DISPERSION COMPENSATION

The SO mode presents low dispersive characteristic with no significant improvements after
dispersion compensation. Consequently, the dispersion compensation technique is applied only
to the AO mode. Figure 44 illustrates the results of AO amplitude images before and after
dispersion compensation obtained by using (59). Without dispersion compensation there are
more artifacts and the defects do not appear at their correct locations. In the image obtained after
dispersion compensation, on the other hand, defeats, /7, IV andV I can be identified.

Beyond the representations of the defects, artifacts, strong reflections from the lateral plate
ends and dead zone can also be observed, as illustrated in Figure 45. The dead zone is the region
with high intensity artifacts close to the array, which is caused by the mechanical coupling
between the elements. Figure 46 illustrates the echo signals received by one array element. The
time of flight of the direct propagation and multiple reflections between the elements is short
when compared to the echoes coming from defects. Therefore it reduces defect contrasts, for
example for defect, and can mask defects located close to the array, as défect

6.4 AMPLITUDE AND INSTANTANEOUS PHASE IMAGES

Figure 47 presents the A0 and SO amplitude and IP images, obtained by using (59) and (62),
respectively. The AO IP image was also obtained from the dispersion compensated signals.
Although both modes present similar wavelengths, defects are represented by different sizes
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Figure 44 — A0 amplitude images: (a) before and (b) after dispersion compensation. Actual
defects positions and sizes are indicated in green. Scales in dB.
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Figure 45 — AO amplitude image after dispersion compensation with indications of dead zone,

lateral plate ends reflections, defects, artifacts and background noise. Actual defects positions
and sizes are indicated in green.
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Source: Elaborated by the author.

and intensities in the A0 and SO images. The defects represented in Figure 47a are smaller
then the observed in Figure 47b, except for defdt, which means that AO mode presents
better resolution than SO one for this case. On the other hand, défetisV andV' [ are
represented with higher intensities with SO mode. In particular, ddféctwhich is a bolt

whose head is bonded to the plate, produces reverberations for the SO mode. This behaviour is
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Figure 46 — Echo signals received by one array element: (a) transmission, (b) echoes related to
defects and edges, (c) direct propagation and (d) multiple reflections between the elements.
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not so significant for the other surface defects because they are thin piezoceramics.

In addition to defects sizes, each mode image results in different dead zones and artifacts
due to the different interaction between each propagation mode and defects/edges of the plate.
The dead zone is more pronounced in the SO amplitude image when compared to the A0 im-
age. The lateral plate end echoes, represented by the region between the semicircles with radius
40 cm and 50 cm, is more pronounced for the AO mode, which can mask some defects, for
example defect’ in Figure 47a. Due to these differences, the Lamb mode diversity compound-
ing technique was proposed, which explores the characteristics of each mode (interaction with
defects) to obtain an improved image.

The defects are more clearly identified in the IP images with higher intensities. On the other
hand, the background noise is also higher than in the amplitude image, reducing the contrast
and this is the reason why they are not used as final images, but can be used to give an indication
of the presence of a defect. The axial view for= -13.9 cm passing by defecfd and 7177
of the amplitude and IP images for SO mode are presented in Figure 48, for comparison. In
this case, both images are normalized for defdcand are presented in dB. As commented,
the defect contrast in the IP image is not better than the obtained in the amplitude one. For
example, by considering the line passing by defdt in Figure 48, the difference between
defect peak intensity (at ~ 85 cm) and mean noise intensity close to it is lower in IP image
than in amplitude one. On the other hand, the peak value is higher, which means that it is less
influenced by signals amplitude losses than the amplitude image, allowing to detect defects that
are more distant from the array. The amplitude losses in the echo signals can be originated



99

Figure 47 — Amplitude images for (a) A0 and (b) SO modes; and IP images for (c) AO and (d)
S0 modes. Actual defects positions and sizes are indicated in green. Scales in dB for amplitude
images and linear in radians for IP images.
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Source: Elaborated by the author.

mainly by two effects: diffraction of the acoustic beam and attenuation in the propagation path.

In Figure 48, if the threshold (dotted horizontal line) is applied to the IP image, both re-
flectors are detected. On the other hand, by observing the amplitude image result, there is not
a suitable constant threshold level that could be used to detect all defects without producing a
lot of image artifacts close to the array. Logarithmic or exponential functions could be used as
threshold in order to detect all defects along the propagated distance, but attenuation informa-
tion as well as other parameters should be known and could depend on the interpretation of the
operator who is analyzing the images. The proposed threshold depends only on one parame-
ter, the number of signals used for imaging, which in turn depends on the system (number of
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Figure 48 — Axial view forr = -13.9 cm passing by defect$ and/ 17 of the amplitude (dashed
line) and instantaneous phase (solid line) images. Threshaltlie in dotted line.
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Source: Elaborated by the author.

elements of the array) and the beamforming method (TFM).

6.5 COHERENCE FACTORS

The amplitude images present some characteristics as: large dead zone, limited resolution
and the presence of artifacts due to side lobes and small SNR. Figure 49 illustrates the result
of the multiplication of the amplitude images by the coherence factors: SCF, CFM and IPWF,
described in subsection 5.1.3, and Table 3 presents the defects cérfoastch case, con-
sidering a square centered at the center of the defects, using the proposed threshold for both
modes.

As expected, the multiplication procedure improves contrast significantly. For the AO mode,
defect/ contrast, for example, was improved by 23.3 dB, 11.1 dB and 25.7 dB with SCF, CFM
and IPWF, respectively. For the SO mode, defecbntrast was improved by 22.7 dB, 15.3 dB
and 23.0 dB with SCF, CFM and IPWF, respectively.

In addition to the contrast improvement, the coherence factors also reduce image artifacts,
side lobes effects and dead zone. As already observed in the simulation of Figure 35 and now
in Figures 49a, 49b, 49d and 49e, the artifacts are more attenuated in the SCF image than in
the CFM one, but both still present artifacts in all images, mainly due to the lateral plate end
reflections for the AO mode and at dead zone for the SO mode. The obtained images using the
IPWF, illustrated in Figures 49c and 49f present less artifacts in the whole image, improving

1The contrasts were calculated by the difference (in dB) between the average of the image values in the region
where the IP image is above thresholiignd the average in the region where the IP image is below threshold:
Contrast = meari{wherel, > €)} — mean{l((wherel, < )}, wherel is the image of interest{mp, Jamp % Iscr,
Iamp X ICFM; Iame |PWF)
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Figure 49 — Amplitude images multiplied by the coherence factors: (a) SCF, (b) CFM and (c)
IPWF for AO mode; and (d) SCF, (e) CFM and (f) IPWF for SO mode. Actual defects positions

and sizes are indicated in green. Scales in dB .
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Table 3 — Defects contrasts before and after the multiplication of the amplitude images by the
coherence factors. Values in dB.

Image/, Defect— I oo v v v
Tamp-o 125 79 139 11.7 52 11.0
Tampao X Iscrae 35.8 239 34.1 253 153 243
Tampao X Icem-o  23.6 155 23.8 183 10.2 17.0
Tampao X IPWF,,  38.2 21.0 36.5 239 19.1 125
Tempso 155 135 99 08 75 8.2
Tampso X Iscrse  38.2 29.2 17.7 1.4 170 184
Tampso X Icemso  30.8 23.9 185 1.1 145 18.0
Tampso X IPWFs, 385 39.2 284 0.8 20.2 238

Source: Elaborated by the author.

contrast respect to the images obtained with the SCF and CFM factors, which can be observed
quantitatively in Table 3. The high intensity pixels close to deféCrepresentation in the SCF

and CFM images for the SO mode are related to the reverberations and not to the defect, which
is also not well represented.
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6.6 LAMB MODE DIVERSITY

The A0 mode is more sensitive to surface defects than the SO mode, which can be noted by
the contrasts for defect&/ 7, IV andV I in table 3. For defect$/ andV the artifacts due to
the lateral plate end mask the results.

Defects/ to VI before and after the multiplication of the amplitude images by the IPWF
are shown in detail in Figures 50. Although the contrast was significantly improved and image
artifacts were reduced, defefV’ is not represented in the SO image after the multiplication
procedure, and defe¢t/ have weak indication in the AO image, as can be observed in Figures
50p and 50v, respectively, with intensities similar to the dead zone. Artifacts close to the lateral
plate end and close to some defects, as defecendV for AO mode, and close to the array
elements position are also presented, but at different positions when comparing both images.
These different characteristics are explored in the image compounding technique.

The resulting compounded image, using the proposed threshold for both modes is shown in
Figure 51, while defect$ to V' I before and after the image compounding procedure are shown
in detail in Figures 52. For defectd andV, there are strong lateral plate end reflections,
resulting in artifacts close to the defect in the AO mode image. In the same image, defect
VI is represented with low intensity. In these case, the compounded image preserves most
information from the SO image, reducing artifacts and improving contrast. DE¥égtas not
detected by the SO mode and the compounded image preserves most information from the AO
image. Dead zone and image artifacts intensity were reduced, improving reflectors intensities
and, consequently, improving contrast when compared to each single mode image. Lateral plate
end reflections and some elements can still be seen because they generate specular coherent
reflections.

Table 4 presents the defects contrasts before and after the image compounding technique.
Comparing Tables 3 and 4, it is possible to observe that the contrast improvement is a result
of the image compounding technique and the multiplication of the amplitude by the IPWF
images, with more contribution from the second. The most important contributions from the
Lamb mode diversity is the significant artifacts reduction and the detection of all defects, which
was not achieved with only a single mode operation (as weak detection of défdor AO
mode and non-detection of defddt for SO mode).

Table 4 — Defects contrasts before and after the image compounding technique. Values in dB.

Image|, Defect— I oo v v v
Tampao X IPWF,,  38.2 21.0 365 239 19.1 125
Tampso X IPWF,, 385 39.2 284 08 20.2 23.8

Tcompounded 389 46.8 394 29.1 257 275
Source: Elaborated by the author.




103

Figure 50 — AO mode before (first column) and after (second column) and SO mode before (third
column) and after (fourth column) the multiplication of the amplitude images by the IPWF for:
(@), (b), (c), (d) defect, (e), (f), (9), (h) defect 7, (i), (), (k), () defect/ 11, (m), (n), (0), (p)
defect/V, (q), (), (), (t) defect” and (u), (v), (w), (x) defect’'I. Actual defects positions and
sizes are indicated in green. Scales in dB .
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Figure 51 — Compounded image. Actual defects positions and sizes are indicated in green.
Scale in dB.
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6.7 THRESHOLD

The thresholded images, that indicate when the IP images are above and below threshold,
are shown in Figures 53a and 53d: if the IP image is above threshold, the image assumes the
value 1, otherwise, it is 0. The amplitude image can also be thresholded for producing a defect
indicator. Using a 50%threshold, no defect is detected and due to the high intensity of dead
zone, only some artifacts close to the array are above the threshold, as presented in Figures 53b
and 53e, which would result in wrong interpretation respect to defects indication. By applying a
threshold equal 50% of the maximum of the IP image, the two-level phase images are illustrated
in Figures 53c and 53f. Dead zone and image artifacts are significantly reduced, and the results
are very similar to the obtained with the proposed threshold. For the SO mode, Héfeets
not detected in none image (just some artifacts due to reverberation in Figure 53f), which is a
result of the interaction between this mode and this defect.

Other threshold values were also considered. For example, by applying a 10% threshold to
the amplitude images, defedtsand /] are detected, dead zone is increased and some artifacts
are considered as defects (false indications). As a consequence, the thresholded amplitude
images do not result in a reliable defect indication, especially for a small number of signals, as
in the case of this example. Different values were also applied to the IP images. As expected,
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Figure 52 — A0 mode (first column,) SO mode (second column) and compounded image (third
column) for: (a), (b), (c) defedt, (d), (e), (f) defect' 1, (g), (h), (i) defect/ 11, (j), (k), (I) defect

IV, (m), (n), (o) defect/” and (p), (q), (r) defecv’I. Actual defects positions and sizes are
indicated in green. Scales in dB .
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Figure 53 — Thresholded images for AO mode: (a) IP imagdb) amplitude image - 50% and
(c) IP image - 50%; and for SO mode: (d) IP image fe) amplitude image - 50% and (f) IP
image - 50%. Actual defects positions and sizes are indicated in red.
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by increasing the threshold value, some defects detectability is reduced (non-detection of some
defects). By reducing the threshold value, many artifacts are considered as defects.

6.8 COMMENTS

All experimental results of this work were presented in this chapter. An isotropic plate
(aluminum) was used and a 16-elements linear array was mounted over it. The conventional
beamforming technique introduced in chapter 4 and the proposed methods presented in chapter
5 were applied to the experimental setup. For the AO mode at the frequency-thickness prod-
uct of operation, the dispersion compensation method shown in chapter 2 should be used for
correct defect detection. Each mode produces different defects, dead zones and image artifacts
representations. In addition to the Lamb mode diversity, the multiplication of amplitude images
by the proposed coherence factor reduces dead zone and improves contrasts significantly, being
a good practice to improve the quality of images. By evaluating the phase information from
the IP images, the compounding technique selects, pixel by pixel, the best contribution coming
from each mode image and, as a result, dead zone and image artifacts are reduced and con-
trast are improved, enhancing damage detection. The proposed method using the instantaneous
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phase is less sensitive to amplitude losses in the echo signals than amplitude images, obtaining
improvements in reflectors detectability for larger distances without previous knowledge of the
media, such as attenuation characteristics. Since the threshold level is a parameter that controls
the sensitivity of the image compounding method, the smaller is the number of parameters, es-
pecially those which can depend on the operator interpretations, more robust is the technique.
The proposed threshold depends only on the number of signals used in beamforming.
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7 FINAL REMARKSAND FUTURE WORK

7.1 DISCUSSIONS

This thesis was the first one developed on ultrasonic NDT of plate-like structures using
piezoelectric array transducers and ultrasonic images at the Ultrasound Laboratory (UNESP -
Ilha Solteira). So, basic studies were conducted in three areas, as described in chapters 2, 3
and 4: (i) Lamb waves - propagation modes, dispersion curves (numerical solutions), cutoff
frequencies and dispersion compensation; (ii) arrays - parameters as number of elements, pitch,
apodization, excitation delay, finite dimensions of the elements of the array and pulsed excita-
tion, that change the radiation pattern respect to beam focusing and steering, main lobe width,
side lobes levels and presence of grating lobes, which are directly related to image resolution,
contrast and artifacts; (iii) ultrasonic imaging - synthetic aperture (SA) technique to obtain the
image from the signals of all combinations of emitter-receiver of the array, point spread function
(PSF) to simulate and evaluate the array and the image algorithm, and relation between array
radiation pattern and image quality.

The use of SA techniques using the total focusing method (TFM) has the advantage that
it generates the maximum lateral resolution available at each imaging point, producing high-
quality images. However, because the individual signals can present low signal-to-noise ratio
(SNR), there is a limitation in detecting reflectors or objects that are far from the array. Further-
more, there are several artifacts in the images of plates due to low SNR and different propagation
modes, that can exist simultaneously. Each mode presents a particular propagation velocity, dis-
persion characteristic and interaction with defects, that should be considered. Other limitation
is the significant dead zone, that can hide some defects and reduce the effective dynamic rage,
as result of the multiple reflections between the elements of the array, for the case of guided
waves coupled by PZT ceramics.

From the same data set used in TFM, coherence images and image compounding techniques
were studied and implemented to improve these characteristics. Two contributions of this work
are: (i) a method for defect detection based on the instantaneous phase of the aperture data,
exploring the coherence information; and (ii) an image compounding technique to combine the
images obtained from different propagation modes, which are sensitive to different types of
defects.

The coherence of the signals is already explored by conventional SA techniques. At a
defect position, all delayed signals should sum in phase, resulting in a high value (positive or
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negative). Where there is not a defect, the amplitudes would sum randomly and lower values
are expected. On the other hand, if there is not a defect, for a given transmit-receive pair, an
echo due to reflections from defects, or the border of the plate coming from other directions,
can arrive at the same time, increasing the magnitude of the sum. A high noise level can also
lead to similar results. Then, techniques to improve the quality of the images based on this
property are generally called coherence methods. Coherence images have been used only as
weighting factors, multiplied by the amplitude images to educe side and grating lobes influence,
artifacts, and improve contrastAMACHO; PARRILLA; FRITSCH, 2009;MARTINEZ-GRAULLERA

et al, 2011). But they contain more information that can be used to further improve defects
detection and image quality, as explored in this work.

For image compounding techniques, there are different procedures to combine images that
carry different information, such as adding all imagesv{ES; CAWLEY, 2007), taking the
maximum or the minimum of themvwCHAELS; MICHAELS, 2007), pixel by pixel, applying
logical AND or OR operators and intermediate selection using binary images to indicate the
presence or not of a defect and then select the maximum or minimum \aleeT( et al,,

2010). For the last case, a threshold with certain percentage of the maximum of the amplitude
or coherence image was used to indicate the presence of a defect. If the pixel intensity is above
threshold, then it is considered part of a defect. A problem is the choice of the threshold value,
which has been done empirically. The threshold value controls the sensitivity of the technique
and then must be properly designed, since it influences directly in the quality of the results.
Then, a threshold definition is proposed in this work and applied to an image compounding
technique, which explores the Lamb mode diversity.

Although the focus of this work was the study and implementation of NDT techniques of
plate-like structures using piezoelectric array transducers and guided acoustic waves, the pro-
posed method for defect detection was also tested in a problem involving bulk wave, as can
be seen in the paper published at IEEE Transactions on Ultrasonics, Ferroelectrics and Fre-
guency Control, entitled “Instantaneous phase threshold for reflectors indication in ultrasonic
images”. A medical phantom was examined using a commercial array transducer of 64 ele-
ments at 2.6 MHz. The proposed method using the phase resulted in improvements in reflector
detectability for larger distances without previous knowledge of attenuation characteristics of
the propagation medium. There was also significant reduction in false indication of reflectors.

The focus of the experimental tests was to validate the proposed methods. Thereby a simple
case of an isotropic aluminum plate has been considered. There is an interest in inspecting
realistic and more complex structures (isotropic and anisotropic), which can present variable
thickness, stiffeners, bolts, etc.
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7.2 CONCLUSIONS

In this work the instantaneous phase image is proposed as a coherence image, by replacing
the amplitude data by its instantaneous phase in SA beamforming. This image is very similar
to the ones obtained by the other coherence methods, such as the Sign Coherence Factor (SCF)
(CAMACHO; PARRILLA; FRITSCH, 2009) and the Coherence Factor Map (CFMRARTINEZ-
GRAULLERA et al, 2011). The main contribution of the proposed method is the definition of
a threshold level that is applied to the IP image, based on a statistical analysis of noise and the
number of signals used in beamforming. The thresholded IP image can then be used to directly
indicate the presence of a reflector, to create a weighting factor for amplitude images, or as a
selection parameter in image compounding techniques.

The instantaneous phase weighting factor is created with a discrete nature: 1 to the pixels
where there is a reflector, according to the analysis of IP image, and a finite value determined
by the probability of error £) in other case (value in the range ]0, 1[), different from the
other coherence factors, which are directly used as weighting factor. PSF simulations and the
experimental images of the aluminum plate with defects have shown that the technique is very
robust to grating lobes and noise, achieving better results respect to contrast improvement and
image artifacts reduction when compared with SCF and CFM.

Empirical threshold values were also applied to the amplitude and the IP images. By in-
creasing the threshold value, some defects detectability is reduced (non-detection of some de-
fects). By reducing the threshold value, many artifacts are considered as defects. On the other
hand, the proposed threshold detected all defects for the AO and SO modes, with exception of
defect/V (bolt bonded to the plate) for the SO mode, which is not due to the method, but to the
interaction of this mode and this type of defect. Then, to improve defects detectability as well
as image quality, a Lamb mode diversity compounding technique was also proposed.

The compounding procedure proposed in this thesis is based on Higuti et al. (2010), which
combined the images obtained from two different arrays (spatial diversity) with different apodiza-
tions. In this work, Lamb mode diversity is explored. The method selects the information from
the images obtained with two propagation modes (A0 and S0O) generated by the same array. In
addition to the use of only one array, compared WHIG(TI et al, 2010), the selection parame-
ter to be used in the reference image is not empirical, but the threshold proposed in subsection
5.1.3. The A0 and SO modes present different interaction with different types of defects, re-
sulting in different representations in the obtained images respect to contrast, resolution and
image artifacts. For the AO mode at the frequency-thickness product of operation, the dis-
persion compensation method should be used for correct defect detection. By the use of the
proposed threshold to indicate the presence or not of a defect, the selection depends on the sys-
tem parameters (in this case only on the number of signals used in the beamforming), and not
on interpretations of the operator who is analyzing the image or based on empirical parameters.
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By evaluating the phase information from the IP images, the compounding technique selects,
pixel by pixel, the best contribution coming from each mode image and, as a result, dead zone
and image artifacts are reduced and contrasts are improved, enhancing damage detection. In ad-
dition to the Lamb mode diversity, the multiplication of the amplitude images by the proposed
coherence factor reduces dead zone and improves contrasts significantly, being a good practice
to improve the quality of images.

7.3 CONTRIBUTIONS

The contributions of this work are:

* A new coherence image obtained by the use of the instantaneous phase of the signals;

A threshold definition based on a statistical analysis of the instantaneous phase image,
which can be used to directly indicate the presence of a reflector, to create a weighting
factor for amplitude images, or as a selection parameter in image compounding tech-
niques;

« An image compounding technique to explore the Lamb mode diversity. The compound-
ing procedure is not new. The contribution is the information that is combined and the
reference image used as selection criteria.

7.4 PUBLICATIONS

As result of this work some papers were published in journals and conference proceedings.

Papers:

« PRADO, V. T.; HIGUTI, R. T.; KITANO, C.; MARTINEZ-GRAULLERA, O. Instanta-
neous phase threshold for reflectors indication in ultrasonic imd§&E Transactions
on Ultrasonics, Ferroelectrics and Frequency Congidew York, v. 61, n. 7, p. 1204-
1215, 2014.

« PRADO, V. T.; HIGUTI, R. T.; KITANO, C.; MARTINEZ-GRAULLERA, O.; ADA-
MOWSKI, J. C. Lamb mode diversity imaging for non-destructive testing of plate-like
structuresNDT&E International London, v. 59, p. 86-95, 2013.

« PRADO, V. T.; HIGUTI, R. T.; KITANO, C.; MARTINEZ-GRAULLERA, O. Sparse ar-
rays and image compounding techniques for non-destructive testing using guided acous-
tic waves.Journal of Control, Automation and Electrical Systemdgidelberg, v. 24, p.
263-271, 2013.
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Conferences:

« PRADO, V. T.; HIGUTI, R. T.; KITANO, C.; MARTINEZ-GRAULLERA, O.; GRANJA,
S. C. G. The use of instantaneous phase for improving SAFT images. In: INTERNA-
TIONAL CONGRESS ON ULTRASONICS - ICU, 8., 2013, SingapoRroceedings...
Singapore: Research Publishing, 2013. p. 458-463.

« PRADO, V. T.; HIGUTI, R. T.; KITANO, C.; MARTINEZ-GRAULLERA, O. The use
of instantaneous phase for improving sparse arrays images. In: IEEE INTERNATIONAL
ULTRASONICS SYMPOSIUM - IUS, 52., 2013, Pragueroceedings..Prague: IEEE,
2013. p. 974-977.

« PRADO, V. T.; HIGUTI, R. T.; KITANO, C. Comparison between ultrasonic synthetic
aperture imaging methods using the phase of signals for plate-like structures. In: INTER-
NATIONAL CONGRESS OF MECHANICAL ENGINEERING, 22., 2013, Ribeirao
Preto.Proceedings..Rio de Janeiro: ABCM, 2013. p. 1-12.

« PRADO, V. T.; HIGUTI, R. T.; KITANO, C.; MARTINEZ-GRAULLERA, O.; ADA-
MOWSKI, J. C. Technique to combine images produced by different propagation modes
of guided waves for damage detection and contrast improvement in plate-like structures.
In: IEEE INTERNATIONAL ULTRASONICS SYMPOSIUM - IUS, 51., 2012, Dresden.
Proceedings..Dresden: IEEE, 2012. p. 1441-1444.

 PRADO, V. T.; HIGUTI, R. T.; KITANO, C. Utilizacdo do software PZFlex como ferra-
menta de auxilio para ensaios nao-destrutivos por ultrassom de estruturas tipo placa. In:
CONFERENCIA BRASILEIRA DE DINAMICA, CONTROLE E APLICACOES, 10.,
2011, Aguas de LinddieRroceedings..Rio de Janeiro: ABCM, 2011. p. 180-183.

7.5 HFJUTURE WORK
The following future research issues can be proposed:
1. Since the methods use the instantaneous phase of the signals, techniques to better estimate

this parameter can be investigated or developed for low SNR conditions;

2. Phasel/frequency modulation methods, as well as coded excitation, can be studied to im-
prove the sensitivity of the proposed method to noise and make the defect detection cri-
teria more robust;

3. The proposed method was evaluated only for isotropic materials. The application of
the technique, as well as necessary adjustments, to anisotropic materials is a promising
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topic to investigate since the quality of the images using anisotropic materials is limited
(OSTACHOWICZ et al, 2009;SU et al, 2009;LI et al., 2013);

. All studies in the laboratory were conducted considering plates with artificial defects.

Then, it could be interesting to study and evaluate structures with complex geometries
and real defects;

Defects representations obtained with the proposed method change with noise level, which
is undesirable if one wishes to characterize the defect for a quantitative assessment of the
structure condition. Therefore, methods for defects characterization can be studied by
considering both information: amplitude and phase of the reflected signals.
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