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But remember this... airplanes are not tools for war. They are not for making money.

Airplanes are beautiful dreams. Engineers turns dreams into reality.

-Hayao Miyazaki



To my family, without whom my life would be quite normal.
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SUMMARY

The objectives of this thesis are to acquire high quality 3-D wavefield data via wavefield

imaging and develop, describe and demonstrate analysis techniques that quantify the scat-

tering of angle-beam ultrasonic waves from an element of a compound scatterer in bonded

plates. Improved understanding of ultrasonic scattering for the case of buried defects in

layered specimens is important for the development of nondestructive evaluation (NDE)

methods, particularly in the aerospace industry. Angle-beam techniques are often used

in industry to detect and characterize defects in plate-like structures; moreover, layered

plates are also used in industry and can result in more complicated scattering. Scatter-

ing from through-holes, on which significant experimental work has already been done,

is particularly important because cracks tend to form around fastener holes due to high

stress concentrations. In the case that a crack does form at a through-hole, the combination

of through-hole and crack-like defect(s) creates a compound scatterer, implying that the

resulting scattered wavefield is composed of two or more contributing elements.

Experimental processes for acquiring wavefields using a laser Doppler vibrometer,

which measures the out-of-plane motion of ultrasonic waves on the surface of a specimen

and allow for the visualization and characterization of propagating waves, are presented.

Wavefields are obtained for compound scatterers with different defect geometries to inves-

tigate the effects of defect orientation and size on scattering quantification.

Methods are described for processing acquired wavefields and obtaining radial energy

curves, which are used to quantify buried defect scattering in layered plates. Wavefield

baseline subtraction is discussed and applied to current and reference wavefield data; how-

ever, it is shown that wavefield baseline subtraction fails to yield useful residual wavefields

for defect scattering quantification. An alternative approach for segregating an element (de-

fect) from a compound (through-hole plus defect) scatterer is developed and demonstrated.

Four methods for generating radial energy curves are discussed and implemented on ac-

xiii



quired data. One method accumulates energy in the frequency-wavenumber domain, while

the other three do so in the time-space domain; advantages and disadvantages of operating

in each domain are discussed.

Each method is demonstrated in the analysis of data acquired from a series of experi-

ments for a range of defect conditions. The results show that each radial energy calculation

method presented in this thesis provides useful scattering information for incremental scat-

tering scenarios. Time-space radial energy calculations over a time window prove to be the

most useful method discussed in this thesis for quantifying defect scattering over multi-

ple scattering frames. Although the methods for segregating and quantifying buried defect

scattering are applied to angle-beam wavefield measurements, the methodology presented

in this thesis is generally applicable to any set of wavefield data containing a scatterer of

interest within a compound scatterer.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

This chapter presents a brief background describing the importance of understanding ul-

trasonic scattering from defects and factors motivating this research. Then, research goals

are outlined, which focus on the design and fabrication of two-layered isotropic plate spec-

imens and the analysis techniques used to investigate scattering from features of interest

within the first layer of the specimens. Particular attention is paid to quantifying scattering

from buried defects placed at two different orientations and for different defect geometries.

Finally, the structure of the remaining chapters of this thesis is summarized.

1.1 Background and Motivation

Ultrasonic nondestructive evaluation (NDE), which uses high-frequency elastic waves to

evaluate materials without compromising their integrity, refers to a family of techniques

that are frequently applied for detecting and characterizing defects in aerospace materials

[1]. Because of its potential for high-fidelity defect detection in a variety of applications,

ultrasonic NDE research has largely focused on ultrasonic wave scattering from defects;

e.g., understanding the scattering behavior of fatigue cracks emanating from fastener holes

in aluminum structural components [2].

Angle-beam ultrasonic NDE uses an angled wedge to inject bulk waves into the ma-

terial, which is particularly useful for far-surface defect interrogation. Ultrasonic NDE

techniques using angle-beam wedges coupled to piezoelectric transducers have also been

utilized in measuring the depth of surface-breaking cracks [3] and for in situ sizing of fas-

tener hole cracks [2]. Both of these studies focused on defect characterization whereas the

scattered wavefield itself has also been of interest; Zhang et. al. investigated the effect

of crack roughness on defect scattering for longitudinal bulk waves [4] and Kummer et.
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al. considered the effect of various fastener hole fill conditions on shear wave scattering

[5]. However, these works were limited to monolithic metallic specimens. Feasibility stud-

ies on evaluating aluminum-aluminum bonded specimens using ultrasonic NDE have been

discussed [6], but there exists little experimental data reported on bulk wavefield scattering

in bonded plates with fastener holes. Instead, much of the reported research on angle-beam

ultrasonic NDE considers analytical models with simple defect geometries.

It is important to detect and characterize buried defects emanating from through-holes

in bonded plate-like structures for aerospace applications. The depth of the buried defect

may be much greater than the size of the defect itself; the relatively small size of de-

fects of interest necessitates high-frequency ultrasound for detection whereas the defect’s

corresponding depth renders guided wave methods [7, 8] less useful. Ultrasonic wave-

field imaging combined with signal processing can be applied to angle-beam shear waves

propagating in simple plates with through-holes and far-surface notches to characterize the

scattered wavefield from known defects. Understanding scattering from known defects is

important for improving nondestructive evaluation methods that can be applied to charac-

terize cracks emanating from fastener holes.

1.2 Research Goals and Contributions

This research primarily considers the development and implementation of methods for ana-

lyzing ultrasonic scattering from an element of a compound scatterer in two-layer isotropic

plates. The data acquired and information gained from implementing the methods devel-

oped as a result of this work provide a better understanding of the behavior of ultrasonic

scattering from buried defects, which may be used to improve ultrasonic NDE methods.

Perhaps more importantly, data acquired during this work provide high quality experimen-

tal results by which future ultrasonic wave propagation models can be validated. In this

thesis, a set of methodologies for segregating and quantifying scattering from an element

of a compound scatterer from the full scattering wavefield are presented and applied to

2



acquired angle-beam wavefield data. Although the methods may be applied to any 3-D

wavefield measurements, they are applied here to notches with known orientations and

geometries emanating from through-holes at the far surface of the top layer of a bonded

specimen.

1.3 Thesis Organization

The remainder of this thesis is organized as follows: Chapter 2 introduces the main topics

pertinent to this research in more detail and provides a literature review of previous research

efforts in the areas of angle-beam NDE, ultrasonic wavefield imaging, and ultrasonic scat-

tering quantification. Research objectives are presented in the context of prior research. In

Chapter 3, experimental procedures for measuring wavefields are described, layered plate

specimen design and fabrication is discussed, and a summary of experiments considering

the effects of defect orientation and size on ultrasonic scattering is presented. A variety of

wavefield measurements in both the Fourier and time-space domains are presented and used

to motivate the need for additional signal processing for conditioning the data for scatter-

ing analyses. Chapter 4 discusses in detail the various signal processing techniques applied

to acquired data specifically in the Fourier domain. Although the majority of such pro-

cessing is used to condition the data for scattering analyses, a directional filtering method

is presented and implemented to demonstrate a tool for segregating scattered waves from

incident waves. For certain instances of through-hole and notch scattering, spatial win-

dowing is used in conjunction with other presented filtering methods to segregate notch

scattering from through-hole scattering. In Chapter 5, multiple scattering analysis methods

are discussed and implemented. All presented methods utilize radial interpolation whereas

only one of them is calculated in the Fourier domain. The advantages and disadvantages

of each method, interesting observations of presented data, and concluding remarks and

recommendations for future work are presented in Chapter 6.
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CHAPTER 2

LITERATURE REVIEW

The purpose of this chapter is to introduce and discuss previous research related to angle-

beam ultrasonic testing, wavefield imaging, and analysis techniques of ultrasonic waves

in plates. It includes a brief summary of the fundamental equations governing ultrasonic

wave propagation and describes the types of waves typically found in plate-like structures.

Nondestructive evaluation (NDE) is defined and some techniques particular to ultrasonic

NDE and angle-beam testing are presented. Ultrasonic wavefield imaging is presented as

an effective experimental tool for measuring wave propagation on the surface of a material.

A review of research efforts to quantify ultrasonic scattering from through-holes and, more

importantly, crack-like defects and notches is provided. Finally, the work covered in this

thesis is put into context in relation to concepts and prior work covered in this chapter, and

the research objectives are outlined in the established context.

2.1 Ultrasonic Wave Propagation

Ultrasonic wave propagation theory was established as early as the 19th century [9]. This

era of discovery and solutions for both ultrasonics and engineering as a whole produced

several principles and technical advances upon which modern-day ultrasonics research is

built. Guided and bulk waves are used extensively in modern ultrasonic NDE methods for

a variety of geometries of elastic solids.

2.1.1 Elastic Wave Equation

The elastic wave equation governs elastic wave propagation including bulk waves, which

can exist as one of two modes: longitudinal, whose periodic compression and rarefaction

stresses are parallel to the direction of wave propagation, and transverse, which are com-
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monly referred to as shear waves due to their shearing wave motion [9]. Although local

particles behave differently according to their mode, both types of particle displacements

are expressed as a three dimensional particle vector,

u =


ux(x, y, z, t)

uy(x, y, z, t)

uz(x, y, z, t)

 , (2.1)

where ux, uy, and uz, are particle displacements in the x, y, and z directions, respectively.

Furthermore, each three-dimensional particle displacement is a function of time, t.

The particle displacement for homogeneous, isotropic elastic media in the absence of

body forces can be expressed mathematically in terms of the longitudinal and shear wave

speeds, cl and cs, respectively, using Navier’s equation:

∂2u

∂t2
= c2

l∇(∇ · u)− c2
s∇× (∇× u). (2.2)

The longitudinal and shear wave speeds can be expressed in terms of the Lamé constants,

λ and µ, and the material density, ρ:

cl =

√
λ+ 2µ

ρ
, (2.3)

cs =

√
µ

ρ
. (2.4)

The Lamé constants describe the linear stress-strain relation in isotropic materials.

The elastic wave equation in Eq. (2.2) can be solved for an infinite medium using a
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plane wave solution. A three-dimensional harmonic plane wave solution is assumed,

u(x, t) = A exp[jk(n · x− ct)], (2.5)

where the vector A describes the magnitude and direction of the particle displacement, k is

the wavenumber vector, k = |k| is the wavenumber, and n is a unit vector in the direction of

propagation. Such a plane wave solution describes both longitudinal and shear bulk wave

modes [1]:

kl,s =


kx

ky

kz

 , |kl,s| = ω

cl,s
=

2πf

cl,s
. (2.6)

Considering only the real component of the three-dimensional plane wave and substituting

c = ω/k yields

u = A cos(kx · n− ωt). (2.7)

The solution in Eq. (2.7) is useful because plane waves behave intuitively and present

relevant wave propagation information in a compact fashion. However, this solution is valid

only for a sufficiently large medium (i.e., elastic waves do not interact with boundaries). In

many cases, media of interest in ultrasonic NDE do not meet this requirement and thus the

planar solution for the elastic wave equation may not be useful. For example, Hamidzadeh

et al. consider the problem of a harmonic oblique point force on a half-space, for which a

plane wave representation of the resulting elastic wavefield is not a valid solution; instead,

the authors provide an analytical solution for the frequency response of an arbitrary point

on the surface of a half-space due to a harmonic vertical point force [10].

Surface acoustic waves (SAWs) form and propagate along interfaces separating two

media [9]. Rayleigh waves constitute a particular class of SAWs that propagate along the
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free surface of a semi-infinite solid and whose amplitude exponentially decays into the bulk

of the solid. In practice, Rayleigh waves are observed along the interface between a solid

and a sufficiently rarefied medium, such as air [11]. Bulk waves incident on an interface at

the second critical angle convert to Rayleigh waves and propagate along that interface in

elliptical orbits [12]. Rayleigh waves propagate along the material interface at velocity cr,

which is related to the shear wave velocity, cs, by the well-known approximation

cr
cs

=
0.87 + 1.12ν

1 + ν
, (2.8)

where ν is the Poisson’s ratio for the solid [11].

In most cases, and particularly in the case of ultrasonic NDE, propagating waves will

interact with a boundary. Wave interaction with a boundary can yield reflection, transmis-

sion, surface acoustic waves, refraction, mode conversion of the propagating wave or any

combination of the aforementioned results. Shull explains in detail the various characteris-

tics of reflected and transmitted waves at an interface [9]. Bulk waves in solids have two

modes of propagation: longitudinal and shear. Shear waves have two polarizations, which

are typically referred to as shear horizontal and shear vertical. Bulk waves interacting

with an interface potentially generate a reflected and transmitted wave depending on the

impedance mismatch across the interface and the angle of incidence. Since each incident

wave has two modes of propagation, as many as four transmitted and reflected waves can

be generated when a wave interacts with an interface.

The relation between incident and transmitted wave angles is governed by Snell’s law,

sin θi
ci

=
sin θr
cr

, (2.9)

where θi and ci are the angle of incidence and wave speed in the first material and θr and

cr are the angle of refraction and wave speed in the second, refracting material. In the

context of Snell’s law, a critical angle is the incident angle for which incident wave energy
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is refracted such that transmitted energy is bound to and propagates along the interface

between the two media. This occurs when the first medium has a wave speed less than

that of the second medium and the angle of refraction is θr = 90◦. There are two possible

critical angles for bulk waves (i.e., one for each mode of propagation). Waves incident at

the first critical angle will refract such that longitudinal waves are bound to the interface and

shear waves refract into the bulk; beyond the second critical angle, incident waves are either

totally internally reflected and all incident wave energy transfers to the reflected modes [9]

or are bound to the interface as a Rayleigh wave. Mode conversion can also occur with

shear vertical waves since they exhibit particle displacement that is oblique to the interface,

so a component of the displacement normal to the interface can excite a longitudinal mode.

2.1.2 Types of Ultrasonic Waves in Plates

Bulk wave propagation, where the wavelength of the propagating wave is small relative to

the thickness of the medium, has been discussed in the context of the elastic wave equation

in homogeneous, isotropic solids. The density and Lamé constants of the material in which

the bulk wave propagates determine the velocity of the traveling wave as expressed in Eq.

(2.3) and Eq. (2.4). Furthermore, the bulk wave propagation direction and wave speed in

plates are defined by the wavenumber vector and frequency whereas wave interactions at

an interface (i.e., reflection, refraction, and mode conversion) are governed by Snell’s Law

[9].

Guided waves are not utilized in this work but are covered here for the sake of estab-

lishing context for the use of bulk waves. Rayleigh waves are considered guided waves

because they are bound to an interface. Although Rayleigh waves are sometimes used for

surface defect interrogation, they are not of particular interest for this work. Lamb waves, a

class of guided waves typically referred to as plate waves, are an infinite set of modes that

can form when incident waves interact with two parallel free surfaces of a bounded solid

and produce multiple reflected bulk waves due to mode conversion. This process repeats
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at each free surface, and the reflected bulk waves generate resonances that form symmet-

ric (Sn) and antisymmetric (An) modes [9]. Lamb waves are thus bound to plate surfaces

in which the waves propagate; their propagation characteristics are a function of λ, µ, ρ,

and h, the plate thickness. The properties of the S0 and A0 modes change as the ratio of

plate thickness to wavelength increases; in fact, Viktorov shows that both S0 and A0 modes

transfer to Rayleigh modes bound to both free-surfaces of the plate as kLh→∞, where kL

is the wavenumber of a Lamb wave and h is the thickness of the plate [11]. Lamb waves are

useful in the ultrasonic testing community because they propagate with cylindrical rather

than spherical spreading loss and can thus propagate long distances with sufficiently large

amplitudes for defect detection.

Lamb waves are also dispersive, meaning that their phase velocity is dependent on

frequency. The well-known dispersion curves for both the symmetric and antisymmetric

modes can be found in many references [9, 6] and illustrate the dependence of Lamb wave

velocity on the frequency-thickness product. Lamb wave dispersion can be leveraged to

detect shifts in wavenumber as plate waves interact with free surfaces in composites caused

by delaminations [13].

2.2 Nondestructive Evaluation

According to the American Society of Nondestructive Testing, “Nondestructive Testing

(NDT) [NDE] is the process of inspecting, testing, or evaluating materials, components

or assemblies for discontinuities, or differences in characteristics without destroying the

serviceability of the part or system.” [14]. NDE encompasses a variety of methods used

to determine the material properties, quality, and integrity of a specimen: primary meth-

ods include radiographic inspection, magnetic particle inspection, eddy current testing, and

ultrasonic inspection. Any one or combination of these techniques may ascertain informa-

tion from a specimen in a nondestructive manner. Ultrasonic testing (UT) is among the

safest techniques, allows for both surface and subsurface inspections, and is applicable to
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a variety of materials and industries; thus, it is currently one of the most widely used NDE

methods.

2.2.1 Ultrasonic NDE

Ultrasonic NDE is used to determine weld quality, infrastructure integrity, material de-

fects, and more in petrochemical, manufacturing, aerospace, and other industries [15]. In

UT, a transducer transforms a voltage pulse into a mechanical vibration that results in a

propagating ultrasonic wave. The transducer emitting the wave is placed on the specimen

under inspection and the wave propagates through the specimen. The traveling wave is

modulated or scattered, depending on the material properties and defects of the specimen,

and the resulting wave information is received and converted back into a voltage signal

via mechano-electrical transduction. There are two basic types of transmission-reception

techniques: pitch-catch and pulse-echo. The pitch-catch method requires a second trans-

ducer to receive the signals sent from the transmitting transducer whereas in the pulse-echo

method the transmitted signal reflects back to and is received by the transmitting trans-

ducer. Either method may be applied to determine the thickness and material properties

of a specimen, flaws and delaminations and their shape, size and composition, and be-

havior of layered materials [9]. For example, rectilinear scans that utilize air-coupled or

water-submersed transducers in pulse-echo or pitch-catch configurations can be used to de-

termine anisotropic material integrity, as individual layer delaminations in composites can

be characterized by their scattering behavior [16].

2.2.2 Angle-Beam Ultrasonic NDE

Angle-beam ultrasonic NDE utilizes an angle-beam probe to inject ultrasonic waves into

a material at an angle oblique to the surface. Angle-beam probes are composed of piezo-

electric transducers and acrylic wedges designed to inject ultrasonic waves into a specimen

at designated angles. Typically a longitudinal transducer is mounted on the wedge whose
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angle is designed to generate a specific refracted angle in a specific material (e.g., 45◦ in

steel). The angle of refraction must be recalculated via Snell’s Law when using angle-beam

wedges for materials other than the specified reference material (often steel). Angle-beam

probes often are used to produce shear-dominant waves in specimens by fixing the angle of

incidence to exceed the first critical angle.

Angle-beam probes are typically used on plates to produce bulk waves that propagate

at a known angle towards a potential defect. Angle-beam bulk waves propagate through

the plate and reflect from the plate surfaces in a series of skips, also referred to as V-paths,

where a skip is the sound path from one surface to another and back to the incident surface.

Due to the nature of bulk wave propagation, angle-beam inspection allows subsurface de-

fect detection and bulk material characterization and is therefore commonly used in weld

inspection [15] and has been applied to characterize plates with surface breaking cracks

[3], rough crack-like defects [4], through-holes with varying fill conditions [5], and cracks

originating from fastener holes [2].

2.2.3 Ultrasonic Scattering

There is a significant amount of work on theoretically analyzing ultrasonic scattering from

various geometrical features such as cylinders and cracks. Shah et al. utilized a hybrid tech-

nique combining a multipolar representation of the scattered field and the finite-element

method to investigate the scattering of longitudinal, shear, and Rayleigh waves by a crack

[17]. Aldrin and Knopp [18] implemented a finite element model of angle-beam shear

waves incident on a through-hole with a notch combined with spiral head-wave detection

to detect notches at various orientations. Aldrin et al. [19] developed a 3-D analytical

model for angle-beam shear wave scattering from a cylindrical cavity in an infinite elastic

medium with the motivation to aid through-hole inspection with emanating cracks.
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Scattering from Through-Holes

Ultrasonic scattering from cylindrical features (e.g., through-holes, fastener holes) in ho-

mogeneous isotropic media can be described in the context of acoustic cylindrical scatter-

ing, which can be expressed as

ps(r, θ, ω) =
∑

An(ω)H(1)
n (kr)ejnθ (2.10)

where k is the wavenumber, r is the radial distance from the scatterer, and H
(1)
n is the Hankel

function of the first kind; the linear superposition of incident and scattered waves comprise

the entire scattered wavefield,

pt(r, θ, ω) = pi(r, θ, ω) + ps(r, θ, ω), (2.11)

and a cylindrical scatterer can be modeled as either a perfect or a penetrable scatterer.

Analytical solutions to plane harmonic shear horizontal wave scattering from cylindrical

geometries in an infinite medium have been present in the UT community since the 1970s

[20, 21]. A cylindrical scatterer such as a fastener hole can be modeled as a penetrable

scatterer since imperfect impedance and boundary conditions will result in both reflected

and transmitted wave energy. Theoretically, through-holes with fill conditions such that

the impedance is matched (or close to matched) across the boundary will yield very little

reflected wave energy as the majority of incident wave energy is transmitted. Conversely,

fill conditions that result in significantly different impedances across the boundary will

yield high reflection wave energy and little transmission energy. It is important to note

that these analytical modeling techniques assume the medium is infinite or semi-infinite

(e.g., plate boundaries are not considered) and that the scatterer is a perfectly cylindrical

(i.e., contains no deformations or defects). Kummer et al. experimentally investigated the

effects of varying through-hole fill conditions of a homogeneous isotropic aluminum 6061
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plate [5].

Scattering from Notches

Ultrasonic scattering from crack-like defects has been a source of primary interest in the

UT community for many years because of the need for defect detection and characteriza-

tion in ultrasonic NDE. Defects such as cracks or slots can form in a multitude of ways,

but the formations of most interest in NDT and NDE are surface-breaking cracks. Scatter-

ing from surface-breaking cracks was studied in the early 1980s by analyzing a series of

boundary-value problems and investigating the scattering of longitudinal and shear waves

in the frequency domain for homogeneous, isotropic, linearly elastic media [22]. Finite dif-

ference schemes were used to evaluate similar scattering phenomena in the time domain,

and the numerical results were confirmed with subsequent experiments [23]. Zhang and

Achenbach expanded on this work by including numerical analyses for far field scattering

from inclined surface-breaking cracks [24].

Some work has also been done to analyze buried cracks. However, due to the complex-

ity of the scattering wavefield, the majority of such work is confined to modeling [18, 19]

and numerical [17] solutions, especially for compound scattering situations (i.e., a crack-

like defect emanating from a through-hole). Darmon et al. developed a system model for

diffraction response from crack-like defects based on the Physical Theory of Diffraction,

which is a combination of Kirchhoff’s Approximation and Geometric Theory of Diffraction

[25]. Further modeling efforts have been pursued based on a range of semi-analytical ap-

proaches to develop parametric models for crack-like defect diffraction and response in ul-

trasonic NDT systems: Kirchhoff approximation, Geometric Theory of Diffraction (GTD),

and Separation of Variables (SOV) [26, 27]. The (Fresnel) Kirchhoff approximation is a

method for analytically expressing the diffraction of a spherical wave via derivation of the

homogeneous wave equation using Green’s identities. Although originally developed for

electromagnetic waves, it is typically utilized in numerical analyses of mechanical wave
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diffraction. GTD also is an electromagnetic wave technology applied to the use of high-

frequency ultrasound scattering; it leverages near-field responses and diffracted rays to

determine the relative amplitude and phase for all directions radiating from the diffracting

point. SOV is a common analytical technique applied to solve linear, homogeneous PDEs,

in this case the multi-dimensional elastic wave equation.

As alluded to previously, the bulk of the effort on crack-like defect characterization

is concentrated in numerical and analytical modeling. A considerable amount of model-

ing work has already been done on surface-breaking crack-like defects, and the remaining

problems of interest, such as scattering from buried cracks emanating from a through-hole,

require much more computational resources than is currently practical. Furthermore, few

experimental studies have been published due to the difficulty of detecting and quantifying

buried defect scattering from a compound scatterer.

2.3 Ultrasonic Wavefield Imaging

Ultrasonic wavefield imaging is the measurement of wave motion on a specimen surface,

typically on a two-dimensional rectilinear grid, resulting from a fixed source: the resulting

data are three-dimensional (time and two spatial dimensions). Recent developments in

technology have made wavefield imaging a viable procedure for damage detection and

characterization as well as for validation of numerical modeling and simulations [27]. In

this section, acquisition methods, formatting and interpretation techniques, and processing

methods for ultrasonic wavefield imaging are discussed.

2.3.1 Acquisition Methods

Typically, ultrasonic wavefields are imaged using a scanning (mirror-based or scanner-

based) laser Doppler vibrometer (LDV), which measures out-of-plane displacements on

the specimen over a two-dimensional rectilinear grid. Such acoustic wavefields are also

imaged via point-wise LDVs or air-coupled ultrasonic transducers (AUT). Both XYZ trans-
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lation stage-mounted LDV and AUT scans have been applied to bulk waves [28] and guided

waves [29]. As mentioned before, Kummer et al. investigated the effect of fill conditions on

bulk wave scattering from fastener holes using point-wise LDV, translation stage scanning

to image the scattering wavefield [5]. In the case of guided waves, Chen et al. provided

LDV scan data of scattering of guided waves from notches [7], Fromme and Sayir utilized

LDV scans to detect cracks emanating from rivet holes using guided waves [8], and Liu

et al. used air-coupled transducers to generate and receive Lamb waves for detection of

delaminations in quasi-isotropic composite beams [30]. Although some work has been

done to collect wavefield imaging data of bulk wavefields, there are many more published

results for wavfield imaging of guided waves. Higher temporal and spatial bandwidth re-

quirements for bulk wave measurements at frequencies typically used for NDE are two

determining factors for the prevalence of guided wave data and relative lack of bulk wave

data.

2.3.2 Formatting and Interpreting Wavefield Data

Ultrasonic data are commonly presented in three formats: A-scans, B-scans, and C-scans.

Wavefield data in this thesis are defined in three-dimensions as a function of time and space:

w(x, y, t), whose values describe the out-of-plane surface displacement due to ultrasonic

wave propagation at position (x, y) and time t. Because most relevant data in this thesis

are acquired by wavefield imaging via laser Doppler vibrometry [28], A-, B-, and C-scans

in this context are defined somewhat differently from their traditional forms.

In the context of this thesis, A-scans are surface displacement signals at a single point

over a time window resulting in a one-dimensional set of data, w(t). A-scans are useful for

checking transducer and system functionality by inspecting temporal and spectral content.

B-scans are a set of A-scans along a spatial line over a time window. Two-dimensional

slices of data, w(r, t), from three-dimensional wavefields, w(x, y, t), are also referred to as

B-scans. Any two-dimensional spatial presentation of data, f(x, y), is referred to as a C-
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scan. If the spatial presentation is the wavefield at a specific time, w(x, y, t0), it is usually

referred to as a snapshot or frame.

2.3.3 Frequency-Wavenumber Analysis

Frequency-wavenumber analysis refers to wavefield processing algorithms that are imple-

mented in either the 2-D (kr, ω) or 3-D (kx, ky, ω) Fourier domains. Many signal process-

ing applications are implemented in the Fourier domain; one example is mode separation

in guided wavefield imaging data [31]. The 3-D Fourier transform, W (kx, ky, ω), of C-scan

data, w(x, y, t), is given by

W (kx, ky, ω) =

∫ ∫ ∫
w(x, y, t)e−j(ωt−kxx−kyy)dxdydt, (2.12)

where kx and ky are wavenumber components in the x and y directions and ω is the angular

frequency.

Frequency-wavenumber analyses have been employed numerous times to improve data

quality and understanding, primarily as applied to guided waves. Ruzzene applied frequency-

wavenumber filtering to improve damage visualization by isolating defect-scattered waves

in the LDV-imaged wavefield [32]. Tian and Yu utilized multidimensional Fourier domain

transformations to decompose multi-modal Lamb waves into their constituent modes and

apply digital filtering for defect detection and characterization [33]. Material defects such

as disbonding in multilayered isotropic materials and delaminations in anisotropic materi-

als pose interesting challenges to typical ultrasonic NDE scattering analyses because bulk

and guided wave scattering may be largely dependent on the geometry of the defect. Al-

though an incident guided wave may scatter some from the discontinuity introduced by

the disbond or delamination, the wavenumber may also shift over the delamination due

to dispersion. Consequently, it may be easier to detect wavenumber shifting as opposed

to scattering. In such cases, a Fourier transformation of the wavefield data can illuminate
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any significant wavenumber shifts. Sohn et al. analyzed guided wavenumber patterns to

develop detection algorithms for automatically detecting delaminations and disbonds in

LDV-imaged wavefields [34]. Filtering techniques have also been developed to separate

guided wave modes [31, 33] and bulk wave modes [35, 36], so each mode can be analyzed

independently in either Fourier or time-space domains.

2.4 Research Objectives

The primary objective of this work is to quantify scattering of angle-beam shear waves from

a scatterer of interest (SOI) that is part of a compound scatterer in bonded isotropic metallic

plates. Working towards this objective has also resulted in improved methods for acquiring

wavefield image data, acquisition of wavefield image data from relevant and unique spec-

imens, and development of wavefield analysis techniques. Most previous work on buried

notch interrogation using angle-beam inspection has consisted of modeling and theoretical

behavior analyses. Moreover, experimental wavefield data on buried notches emanating

from fastener holes in layered media are lacking in the UT community. Access to such data

could provide invaluable information for model validation and help push forward current

research on buried defect detection in layered homogeneous isotropic plates that are com-

monly used in the aerospace industry. This thesis aims to provide data acquisition methods

and analyses for wavefield imaging data relevant to the aerospace industry.

Acquired wavefield data for three unique bonded specimens are presented. Experimen-

tal parameters and their effects on acquired data quality are discussed in detail, and bonded

specimen design and fabrication is explained. Wavefield baseline subtraction is examined

and compared to other wavefield analysis techniques used to present and quantify relevant

scattering data. Finally, experimental results are presented to demonstrate the utility of dis-

cussed techniques to quantify angle-beam shear wave scattering from compound scatterers.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

This chapter describes the experimental setup and procedures used to acquire angle-beam

wavefield data, details bonded specimen design criteria and fabrication techniques, and

summarizes the experiments performed to acquire the wavefield data used throughout this

research.

3.1 Experimental Setup

The experimental setup consisted of a scanning LDV system, ultrasonic transducers mounted

atop of fabricated bonded specimens, and pulse signal excitation equipment to excite and

acquire local wavefield data around a compound scatterer. Two types of scans were ac-

quired: line scans (presented as B-scans) and area scans (presented as both B-scans and

C-scans).

3.1.1 Acquisition Method

Bulk wave inspection was conducted using broadband transducers with a center frequency

of 5 MHz, and data were acquired using a laser Doppler vibrometer (LDV) mounted on a

XYZ translation stage. LDV scans were taken on a point-by-point basis, and the excitation

signal was a negative impulse (spike) with a slow decay. LDV measurements are very sen-

sitive to both temporal and spatial variations at these frequencies, so temporal and spatial

Nyquist rates were carefully considered. Furthermore, preparation of the scanning surface

and signal averaging were utilized to reduce temporal and spatial noise. Figure 3.1 displays

the signal flow for the experiments in a modified block diagram form.
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3.1.2 Sampling Considerations

Wavefield measurements sample the propagating waves in both time and space, so both

temporal and spatial sampling intervals must be considered. Temporal sampling is deter-

mined by the Nyqiust frequency, which is twice the maximum frequency present in the

signals of interest. The sampling period, ∆t, must meet the following condition:

∆t <
1

2fmax

. (3.1)

Similar to temporal sampling, the spatial sampling interval must meet the following condi-

tion,

∆x <
λmin

2
, (3.2)

λmin =
cmin

fmax

, (3.3)

where λmin is the minimum wavelength, cmin is the minimum wave speed, and fmax is

the maximum frequency. The signal to be sampled is low-pass filtered at 10 MHz, so the

minimal temporal sampling frequency must be 20 MHz (i.e., the Nyquist rate) to avoid

aliasing. However, since the digitizer clock is not synchronized with the excitation signal,

a sampling frequency of 100 MHz is used to minimize jitter. The slowest propagating wave

mode is the surface-bound Rayleigh wave. Assuming the nominal Rayleigh wave velocity

is 2.90 mm/µs and the highest frequency is 10 MHz, Eq. 3.2 yields a minimum sampling

interval of 0.15 mm. It has been shown that spatial sampling, not temporal, is the limiting

factor for excessive scan times [28, 37]. A spatial sampling interval of 0.15 mm yields scan

times upwards of 5 hours, so larger spatial sampling intervals (i.e., 0.25 mm) were used to

reduce scan times at the expense of some spatial aliasing, primarily of the Rayleigh waves.
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Figure 3.1: Block diagram of experimental setup

3.1.3 Data Acquisition

It is important to note that LDV-measured data contain much more low-frequency informa-

tion than a typical pulse-echo or pitch-catch measurement because the LDV is a broadband

receiver whereas piezoelectric receivers naturally have a higher Q. In pulse-echo or pitch-

catch, the use of angle-beam shear wedges forces transmitted and received energy to be

incident beyond the first critical angle, which allows for natural mode filtering: compres-

sive waves are converted to Rayleigh waves (SAWs), and primarily shear energy is trans-

mitted into the bulk material. In order to remove some of the unwanted lower frequency

information from LDV-measured data, the raw signal from the LDV is band-pass filtered

using a Panametrics 5072PR Pulser-Receiver from 1-10 MHz as shown in the block dia-

gram in Figure 3.1; this filter also removes unwanted high frequency noise. For this work,

5 MHz was the frequency for inspection, so information in the upper frequency range

of the measured signal (i.e., > 8 MHz) is less significant. Furthermore, post-acquisition

frequency-wavenumber processing was typically band-limited to about 6 MHz to avoid

spatial aliasing. Figure 3.2 illustrates the spectral distribution for a line scan of a 6.35

mm-thick 6061 aluminum plate with a 6.35 mm diameter through-hole. Figures 3.2(b) and
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3.2(d) show that measured signal energy is skewed towards the lower frequencies due to

the broadband LDV receiver.

Signal averaging was used to improve the SNR. It was determined through trial and

error that 128 averages yielded a reasonable balance between data quality and scan time.

Previous work made use of chirp signals and deconvolution to acquire a range of tone-

burst equivalent response signals with each scan [28, 38]. Here, a broadband impulsive

excitation (spike) was generated using a 5072PR Panametrics pulser-receiver triggered by

a 1 kHz signal generated from an Agilent 33250A function generator. Prior work has shown

that the spike excitations are equivalent to chirp excitations following deconvolution to an

impulse [37].

All relevant data in this thesis were acquired using an angle-beam ultrasonic probe

consisting of a Panametrics ABWM-4T 60◦ angle-beam acrylic wedge and one of two 5

MHz Olympus transducers: transducer A (Model # C543-SM, SN 867921) and transducer

B (Model # C543-SM, SN 1007263). The frequency response of both transducers was

tested by analyzing a back-wall echo from a pulse-echo measurement. A summary of all

equipment used to acquire data is included in Appendix A.

3.2 Specimen Design

A two-layer bonded specimen including fastener holes and simulated defects was designed,

fabricated and used for the work presented in this thesis. Three versions of the bonded spec-

imen were created to investigate scattering from various notch geometries and orientations.

Each specimen was sufficiently large compared to the scan area so that edge reflections

could be neglected, and the scanning surface was mirror-finished to maximize the signal-

to-noise ratio for the recorded LDV signals. This section details the design logic and fab-

rication considerations for the first bonded specimen design as well as the subsequent two

specimens that were made to address a range of defect conditions.
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(a) (b)

(c) (d)

Figure 3.2: (a) B-scan of measured data, and (b) its Fourier domain representation. (c)
A-scan of signal measured at y = 14 mm in the B-scan and (d) its spectrum

3.2.1 Design Parameters

Several design parameters were defined for the bonded specimen to create a relatively con-

trolled scattering environment in the bulk of the specimen and to acquire high quality data

efficiently. Results and data from previous single-layer specimens, such as those in [39,

37], were used as benchmarks for determining the relative quality of acquired data. The

specimen design criteria are as follows:

• Multi-layered, isotropic material relevant to aerospace industry

• Multiple fastener holes (through-holes)

• Controlled, buried defects emanating from fastener holes (known geometry and ori-
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entation)

• Test and compare two notch (crack-like defect) designs

• Ensure maximum incident energy strikes the notch

6061 aluminum was chosen as the isotropic material for this work because its material

properties are very similar to the properties of aerospace-grade aluminum. Each specimen

contained three 6.35 mm diameter through-holes that were drilled for slip fit tolerances

(i.e., 6.4008 ± 0.0127 mm). Both a hand-cut corner notch and electronic discharge ma-

chined (EDM) notches with quarter-circular profiles were considered. The notches were

also inspected in two different orientations relative to the direction of the beam path: 45◦

and 90◦. Figures 3.4(c) and 3.5(c) illustrate the two notch designs and orientations.

Bonded specimens present unique challenges for quantifying scattering because of the

additional complexity of the interface interactions. One particular challenge is the reduction

of scattered energy. Since the bottom layer has the same material properties as the top layer

(i.e., acoustic impedance, density, anisotropy, etc.), more wave energy will transmit into

the bottom layer rather than reflect back into the top layer as compared to a single layer

plate. This can reduce the SNR because the wavefield is measured on the top surface. To

help ensure that maximum incident energy interacts with the defect, the bottom layer is

bisected so that both interface interactions during the first full skip occur at aluminum-air

interfaces. Figure 3.3 illustrates the effect of energy leakage in the bonded specimen by

comparing radial energy plots (described in section 5.2) for both single layer and bonded

specimens. The aim point for interrogation was along the right tangent of the through-hole

at an approach angle of −90◦ relative to the positive x-axis. No notch was present in the

data shown in Figure 3.3. Signal excitation and data acquisition were identical whereas the

specimen itself was the only variable in the experiment for Figure 3.3. Although energy

loss is visible in the bonded specimen plot, the specimen design helps contain the majority

of the incident energy inside the top layer for stronger defect scattering SNR from the LDV.
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(a) (b)

Figure 3.3: Radial energy of single plate and bonded (two-layer) plate specimens in (a)
rectangular and (b) polar plots

3.2.2 Specimen Fabrication

The first iteration of the bonded specimen specimen was fabricated from two mirror-finished

aluminum 6061 plates bonded together using degassed EA E-120HP Loctite epoxy. The

bonded specimen dimensions were 280 mm × 280 mm × 9.53 mm with three holes of

6.35 mm diameter drilled into the specimen: two undamaged through-holes and one with a

3 mm-long, 45◦ corner notch emanating from a through-hole on the far-surface of the “top”

(i.e., the scanning surface) plate. Figure 3.4(a) shows sketches of the top view of the plate.

As shown in the side view of the specimen via Figure 3.4(c), angle-beam shear waves

were generated using one of the two 5 MHz, 6.35 mm diameter Olympus transducers at-

tached to an acrylic wedge as discussed previously. Wavefield sensing was conducted using

a Polytec LDV mounted on an XYZ scanner. As shown in Figure 3.4(c), the transducer was

placed 1.5 skips (three path lengths) away from the notch-through-hole intersection. The

equivalent surface distance (shown in Figure 3.4(c)) was found using the geometric relation
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of the material thickness and angle of incidence,

d = 3h× tan(θr), (3.4)

where d = 29.1 mm is the surface distance from beam incidence to the SOI, h = 6.35 mm

is the thickness of the top plate, and θr = 56.8◦ is the angle of refraction in 6061 aluminum.

For most acquired data, it was found that aiming the probe at the connection point of the

notch and through-hole yielded the best scattering from the SOI (i.e., the notch). It is

important to note that the probe location was calculated according to the nominal refracted

angle, θr = 56.8◦, which assumes that the ultrasonic transducer emits a beam-like wavefield

(i.e., a coherent beam). A discussion of the technical details of ultrasonic beam propagation

and its effect on scattering analysis is included in Chapter 5.

The two 6061 aluminum plates comprising the bonded specimen were riveted together,

and three 6.35 mm through-holes were drilled along a line located 165 mm from one edge of

the plates. The “bottom” 3.175 mm plate was bisected at 127 mm from the same reference

edge, ensuring that 12.7 mm of the bottom plate was accessible to propagating bulk waves

before the through-hole. The bottom plate bisection was done to ensure that the first skip

occurred at the aluminum-air boundary to minimize energy leakage into the bottom layer.

This is important for ensuring that the majority of shear wave energy interacts with the

buried notch at the far-surface of the top plate.

The second bonded specimen contained three through-holes with electrical discharge

machined (EDM) notches emanating from two of the three through-holes. Both 2 mm

and 4 mm quarter-circular back-surface notches were machined. Otherwise, the material

and construction of the second specimen was identical to that of the first. The specimen

contained one undamaged through-hole, one with a 4 mm-long, EDM notch emanating

from the through-hole at−45◦ orientation, and one with a similar 2 mm-long notch oriented

at −45◦ in the x-y plane as depicted in the top view of Figure 3.5.
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(a)

(b)

(c)

Figure 3.4: (a) Top view of bonded specimen #1 showing measurement area, (b) front view
with non-skewed notch geometry, and (c) side view with beam path
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(a)

(b)

(c)

Figure 3.5: (a) Top view of bonded specimen #2 showing measurement area, (b) front view
with non-skewed notch geometry, and (c) side view with beam path

The three through-holes were drilled through the two-layer plate with the notches machine-

cut on the far side of the upper plate prior to bonding. Front and side views of the specimen

are also shown in Figure 3.5, and the side view shows where the edge of the lower plate

falls relative to the path of the nominal skip. Similar to the first specimen, it was designed

such that the first reflection of the incident waves from the bottom of the first plate (i.e.,

the first half-skip) occurs well before this edge to prevent energy leakage into the lower

plate. A typical angle-beam inspection would operate at the half-skip distance rather than

the 1.5 skip distance, but that was not possible here since the probe would partially block

the scan area. For the unbonded specimens, this difference is not critical since there is

27



(a)

(b)

(c)

Figure 3.6: (a) Top view of bonded specimen #3 showing measurement area, (b) front view
with non-skewed notch geometry, and (c) side view with beam path

minimal energy leakage at the aluminum-air interface. However, for the bonded specimen,

the possibility for energy leakage into the lower plate was reduced by cutting back its size.

The third and final bonded specimen, shown in Figure 3.6, was designed to consider the

effect of broadside incidence to the notch. The third specimen design was altered from the

previous two designs to contain 2 mm and 4 mm EDM notches oriented at 0◦. Otherwise,

the specimen was designed and fabricated to the same specifications as the second one. It is

important to note that bonded specimen #3 contained abrasions on the inside surface of the

notched through-holes due to a fabrication error. The specimen was not re-fabricated given

project time constraints, so wavefield data from this specimen contain additional through-
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hole scattering. Although notch scattering quantification in the presence of other scattering

due to surface abrasions was not the focus of this work, it is reasonable to use a specimen

with such characteristics because they are relatively common in the aerospace industry.

Challenges and Precision/Repeatability Limitations

The high-frequency (i.e., small wavelength) nature of data acquisition in this thesis posed

several interesting challenges during specimen fabrication. Because the average bulk wave

wavelength was on the order of 0.5 mm, small alterations in machining led to significant

effects in the measured wavefield. For example, a common technique for locating a hole

center for alignment purposes is to re-drill the drilled through-hole with the same size drill

bit on a mill. However, doing this procedure with drill-bits that are not normal to the drilling

surface can create slightly wider drill marks in the bulk of the plate along the inner surface

of the through-hole. It was found that bonded specimen #3 bore these imperfections and

consequently the acquired data showed double scattering from the through-holes.

Scans of the same measurement area proved to be highly repeatable even with global

repositioning of the specimen. However, scans from different through-holes with the same

experimental parameters did not match up as well, likely due to variations in machining and

probe location relative to the SOI. Unintentional probe displacement was found to be the

most significant factor in producing non-repeatable scans of the same measurement area.

Precision limits were estimated to be 0.4 mm based on the measuring tools available in the

lab.

3.3 Summary of Experiments

3.3.1 Line Scans

Preliminary wavefield measurements were performed as line scans prior to area scans be-

cause the scan time is an order of magnitude lower for line scans. Furthermore, line scans

provide a rapid display of B-scans that are used to affirm beam skip behavior and probe
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alignment. Figure 3.7 shows the comparison of scans L1-L4, which are listed in Table 3.1.

Red lines (in B-scans) and red circles (in C-scans) indicate the through-hole boundary. Al-

though through-hole noise measured during the scans was not windowed for the B-scans

shown in Figure 3.7, noise caused by the through-hole was suppressed using a radial Tukey

window for all other data and results presented in this work. Recall that both transducer A

(Model # C543, SN 867921) and transducer B (Model # C543-SM, SN 1007263) have 5

MHz center-frequencies and perform similarly. Only a few line scans were performed on

the top plate of the third bonded specimen prior to bonding because of their limited utility

for scattering analysis. Table 3.1 summarizes the various line scans acquired throughout

this thesis.

(a) (b)

(c) (d)

Figure 3.7: B-Scans showing line scan data for (a) plate with no scattering features, (b)
6.35 mm diameter through-hole, (c) 6.35 mm through-hole with 2 mm EDM notch, and (d)
6.35 mm through-hole with 4 mm EDM notch
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Table 3.1: Summary of line scans.

Scan Number Transducer Description Specimen
L1 B No damage Single Plate
L2 B Through-hole with no damage Single Plate
L3 B Through-hole with 2 mm EDM notch Single Plate
L4 B Through-hole with 4 mm EDM notch Single Plate

3.3.2 Area Scans

Area scans were the primary form of acquisition for this thesis and are summarized in Table

3.2. All scans reported here were conducted over a 30× 30 mm area. As mentioned before,

the spatial sampling rate is the limiting factor for determining scan run-time. Therefore,

a consistent sampling rate was used once it was determined that 0.25 mm/pixel yielded

the best trade-off between scan run-time and data quality. It is important to note that area

scans B3-B5 were performed with the probe aimed near the through-hole apex (i.e., the

aim point was determined empirically using pulse-echo scans) whereas all other area scans

had the probe aimed at the calculated through-hole and notch connection point (e.g., +3.18

mm offset from the hole apex for bonded specimen #3). Table 3.3 summarizes the nominal

aim points and measured probe locations, which are given based on the location of beam

incidence referenced from the center of the through-hole. The probe was to be placed so

that beam incidence was 1.5 skips (i.e., a surface distance of 29.11 mm) from the nominal

aim point for each scan, but there were small displacements in measured probe location

due to precision limitations. Although scans B1-B2 and B6-B8 are aimed at the notch-

through-hole intersection, they do not share the same physical aim point because the notch

is oriented at −45◦ for bonded specimen #1 and at 0◦ for bonded specimen #3.
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Table 3.2: Summary of area scans.

Scan Number Transducer Description Specimen
A1 B Through-hole with no damage Single Plate
A2 B Through-hole with 2 mm EDM notch Single Plate
A3 B Through-hole with 4 mm EDM notch Single Plate
B1 A Through-hole with no damage Bonded #1
B2 A Through-hole with 2 mm corner notch Bonded #1
B3 A Through-hole with no damage Bonded #2
B4 A Through-hole with 2 mm EDM notch Bonded #2
B5 A Through-hole with 4 mm EDM notch Bonded #2
B6 B Through-hole with no damage Bonded #3
B7 B Through-hole with 2 mm EDM notch Bonded #3
B8 B Through-hole with 4 mm EDM notch Bonded #3

Table 3.3: Summary of probe aim point and location details.

Scan Number Probe Location (mm) Aim Point
A1 (3.38,−29.51) Notch-Through-hole Intersection
A2 (3.18,−29.41) Notch-Through-hole Intersection
A3 (3.08,−29.01) Notch-Through-hole Intersection
B1 (2.25,−30.84) Notch-Through-hole Intersection
B2 (2.25,−31.64) Notch-Through-hole Intersection
B3 (1.2,−31.11) Hole Apex +1.5 mm in x
B4 (1.3,−32.01) Hole Apex +1.5 mm in x
B5 (1.5,−31.91) Hole Apex +1.5 mm in x
B6 (3.18,−29.21) Notch-Through-hole Intersection
B7 (3.28,−29.21) Notch-Through-hole Intersection
B8 (3.18,−27.61) Notch-Through-hole Intersection
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CHAPTER 4

FREQUENCY-WAVENUMBER ANALYSIS

Frequency-wavenumber analysis refers to the use of processing and filtering algorithms

implemented in either the 2-D (ω, k) or 3-D (ω, kx, ky) Fourier domains. Analysis tech-

niques used for separating wave modes and segregating an SOI from full wavefield data

are discussed. Furthermore, applications to various types of wavefield scans acquired from

three versions of bonded specimens are shown.

4.1 Wavefield Data Pre-processing

Acquired wavefield data are typically in need of some pre-processing to prepare it for

further frequency-wavenumber processing and analyses. 20% Tukey windows are applied

spatially and temporally to raw wavefield data to minimize spectral leakage in the Fourier

domain. As discussed in section 3.1.3, LDV-acquired data contain a significant amount

of low frequency information because the LDV is a broadband receiver. Post-acquisition

processing, such as digital filtering, can be used to remove noisy low frequency components

that may otherwise be skewing scattering responses in the wavefield. One such technique

used was to convolve the data with a 5 MHz, 2 cycle tone burst. Figure 4.1 shows the

effect of applying a 5 MHz, 2 cycle tone burst to broadband wavefield data excited by

a 5 MHz center frequency PZT and acquired using an LDV system. Comparing Figures

4.1(b) and 4.1(c), it appears as though the SNR has reduced and spectral smearing has

occured. In fact, the mid-frequency components are now the strongest in the spectrum due

to the convolution process, so the change in color scale reveals a more accurate SNR of the

frequencies of interest. Figure 4.1(g) shows the reduction of low frequency components

at a specific point in the wavefield. Table 4.1 summarizes the pre-filtering used for all

wavefied data. Wavefield data with different pre-processing were not compared directly to
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(a) (b) (c)

(d) (e)

(f) (g)

Figure 4.1: (a) B-scan of measured data A1, and the frequency-wavenumber representation
of (b) unfiltered and (c) filtered signals. A-scan of (d) unfiltered signal measured at a
specified location and (e) filtered signal with (f) its unfiltered and (g) filtered spectra

each other in subsequent analyses.

4.2 Phase Velocity as Measured on the Surface

As mentioned previously, there are three primary wave modes present in the experimental

data: Rayleigh, shear and longitudinal. Each wave mode propagates at different phase
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Table 4.1: Summary of wavefield pre-filtering.

Scan Number Tone Burst
A1 5 MHz, 2 cycle
A2 5 MHz, 2 cycle
A3 5 MHz, 2 cycle
B1 No Convolution
B2 No Convolution
B3 5 MHz, 2 cycle
B4 5 MHz, 2 cycle
B5 5 MHz, 2 cycle
B6 5 MHz, 2 cycle
B7 5 MHz, 2 cycle
B8 5 MHz, 2 cycle

velocities where the nominal phase velocities are assumed to be 2.9 mm/µs for the Rayleigh

mode and 3.1 mm/µs and 6.3 mm/µs for the shear and longitudinal modes, respectively.

Because the Rayleigh mode is bound to the plate surface, its measured phase velocity is

very similar to its wave speed. However, since shear and longitudinal modes propagate

in the bulk of the material and acquired data is measured on the surface of the plate, the

measured phase velocity becomes a function of the angle of refraction of each propagating

wave. In fact, this projection can be accounted for by implementing a simple geometric

transformation to the wave speed, c,

cp =
c

sin(θr)
, (4.1)

where cp is the measured phase velocity. Shear waves at a small refracted angle can thus

be confused with longitudinal waves at larger refracted angles.

The phase velocity of surface-measured bulk waves can also be skewed if measured

along a line at a non-zero angle to the propagation direction as shown in Figure 4.2. The

skew angle, α, expands the apparent wavelength by a factor of 1/cos(α), increasing the

measured phase velocity. When combined with the refracted angle correction from before,
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(a)

(b)

Figure 4.2: Phase velocity measured (a) at the surface and (b) along skewed angle

the measured phase velocity is

cp =
c

sin(θr) cos(α)
(4.2)

Data acquisition was performed so that the skew angle resulting from line scans was mini-

mized (i.e., the probe was carefully positioned to minimize deviation from its−90◦ position

relative to the positive x-axis).

The ambiguity between wave modes is evident in the Fourier domain, where kx-ky

slices can be used to determine the range of phase velocities for each mode. Consequently

shear and longitudinal wave mode ambiguity exists and complicates the determination of

such phase velocity boundaries. Section 4.5 presents a series of phase velocity filters used

to filter each mode from the measured wavefield.

4.3 Line Scan Processing (2-D FFT)

The 2-D FFT can be applied to a B-scan generated from either a line scan or a slice of an

area scan. As mentioned earlier, B-scans are a function of time and one spatial dimension,

so their FFT represents the frequency and one-dimensional wavenumber of the data. Figure

4.1(a) illustrates time-windowed B-scan data produced from scan L1, and Figures 4.1(b)

and 4.1(c) show its frequency-wavenumber representation before and after time domain

36



filtering. The post-filtered spectrum is re-centered so that low frequency components no

longer dominate the spectral content of the measured signals. Furthermore, the distinction

between Rayleigh and shear waves can be made clearly in the frequency-wavenumber do-

main in Figure 4.1(c). Recall that the measured phase velocity, here given as cp = ω/kr,

for shear waves is greater and covers a larger range than that of Rayleigh waves due to the

larger range of refracted angles at which shear waves can be emitted into the bulk. Shear

wave amplitude can thus be seen in Figure 4.1(c) as the broader, steeper slope whereas

Rayleigh wave amplitude is the more well-defined shallower slope. Little to no longitudi-

nal wave amplitude is visible in this plot due to the fact that waves were incident past the

first critical angle.

Radial line scans can also be generated from C-scan data. 3-D Cartesian data (t, x, y)

are transformed into polar coordinates (t, r, θ) by radially interpolating area scan data from

the through-hole edge (4 mm from the center of the through-hole) to a radial length of 13

mm (near the scan area boundary) as shown in Figure 4.3(a). After the radial interpolation,

data are represented as angle-dependent radial line scans. Just as before, each line scan

is represented as a B-scan and is a function of time and distance, which now corresponds

to the radial distance. Figure 4.3(b), 4.3(c), and 4.3(d) show B-scans for radial lines at

90◦ (relative to the positive x-axis), 270◦ (or −90◦ relative to the positive x-axis) and 15◦,

respectively. The radial path lengths for each line scan were chosen to avoid noise from the

through-hole. Each time-radius slice is converted into the frequency-wavenumber domain

(ω-kr) via the 2-D FFT and is shown in Figures 4.3(e), 4.3(f), and 4.3(g). Radially outward

propagating (moving in the +r direction) waves have positive radial wavenumber, +kr,

and are represented in the first quadrant (+ω,+kr). Radially inward propagating waves (r)

are in the second quadrant (+ω,−kr), and the third and fourth quadrants are mirror images

of the first two.

The 90◦ slice shows incident and scattered waves in the +r direction as both are

outward-propagating from the hole. Corresponding Fourier data are located in the first
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and third quadrants. The 270◦ slice shows both incident and backscattered waves in the ±r

directions as shown in Figure 4.3(c). Since incident waves are inward-propagating (−r)

relative to the hole, they appear in the second and fourth quadrants while the backscattered

waves are visible in the first and third quadrants in Figure 4.3(f). Because the radial lines

for both the 90◦ and 270◦ cases correspond to the propagation directions, the only phase

velocity ambiguity is due to the refracted angle.

Figure 4.3(d) shows a time-radial slice at 15◦, which does not correspond to either

forward or backward propagating waves. Because the polar angle is skewed from the

propagation direction by 75◦, the apparent phase velocities should increase by a factor of

1/ cos(75◦), or 3.86. This effect can be seen in the frequency-wavenumber plot of Figure

4.3(g) where the stronger incident wave energy has been shifted to a steeper angle corre-

sponding to higher phase velocities when compared to Figure 4.3(e). However, scattered

shear and Rayleigh waves, which are propagating close to the 15◦ line, do appear near their

nominal phase velocities.

4.4 Area Scan Processing (3-D FFT)

The processing applied to area scans is similar to the processing applied to line scans. The

3-D Fourier transform is used to transform full 3-D wavefield data from the time-space

domain (t, x, y) to the frequency-wavenumber domain (ω, kx, ky). Area scan A1 is used

as an example of applying a 3-D FFT to C-scan data. The 3-D frequency-wavenumber

domain of C-scan data is conical shaped due to the increase of wavenumber with increasing

frequency. Figure 4.4(a) shows a snapshot of A1 at 15 µs and a slice of its 3-D FFT at 5

MHz is shown in Figure 4.4(b).

4.5 Phase Velocity Filtering

The objective of phase velocity filtering is to separate Rayleigh, shear, and longitudinal

waves by their respective phase velocity ranges as summarized in Table 4.2. The wave-
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(a)

(b) (c) (d)

(e) (f) (g)

Figure 4.3: Radial line scans processed from scan A1 and their 2-D frequency-wavenumber
representations

field is transformed to the frequency-wavenumber domain via a 3-D FFT. Ring filters are

designed and applied to the 2-D wavenumber space across all relevant frequencies. Fig-

ure 4.5 illustrates the process using scan A1 at 5 MHz; the phase velocity boundaries are

marked with green circles. Figure 4.5(a) shows the data in the frequency-wavenumber

domain. Concentric rings mark the collection of wave energy corresponding to the phase
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(a) (b)

Figure 4.4: A1 scan slice represented as (a) time-space snapshot at 15 µs and (b) frequency-
wavenumber slice at 5 MHz

Table 4.2: Phase velocity ranges.

Wave Mode Wave Speed (mm/µs) Phase Velocity (mm/µs) Range (mm/µs)
Rayleigh 2.9 2.9 2− 3.1

Shear 3.1 >3.1 3.1− 6.3
Longitudinal 6.3 >6.3 6.3− 12.8

velocities of each wave mode. The radial Tukey filters shown in Figures 4.5(b)-4.5(d) are

used to create smooth transitions for the Rayleigh, shear, and longitudinal mode filters, re-

spectively, to minimize spectral leakage. These filters are designed and applied to the 2-D

wavenumber data for each frequency, and the resulting data are transformed back to the

spatial domain via an inverse 3-D FFT.

Although filters for each mode are presented, shear waves are the primary propagation

mode of interest in this thesis. Figure 4.6 shows time snapshots of scan A1 decomposed

into its three wave modes via phase velocity filtering, with Figure 4.6(c) showing the shear

mode.
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(a) (b)

(c) (d)

Figure 4.5: Phase velocity filters applied to frequency-wavenumber domain of scan A1 at
5 MHz: (a) slice of 3-D FFT, and (b) Rayleigh, (c) shear, and (d) longitudinal filters
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(a) (b)

(c) (d)

Figure 4.6: A1 wavefield snapshots at 16.5 µs of (a) total, (b) Rayleigh, (c) shear, and (d)
longitudinal modes
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4.6 Directional Filtering

The purpose of directional filtering is to separate waves propagating in a range of directions

from the total wavefield. This is illustrated by applying such filtering to the area scan A1

to separate backward-propagating waves from forward-propagating waves. The analysis

is in the 3-D frequency-wavenumber domain ω-kx-ky. Since backward-propagating waves

correspond to the region of the Fourier data where ky is negative, a window is constructed

along the ky axis that makes a smooth transition from 0 to 1 to separate negative ky waves

from positive ky waves as shown in Figure 4.7(a). Then, the negative ky filter is extended

to the entire kx-ky plane as shown in Figure 4.7(b). A direct multiplication of this kx-ky

filter and the Fourier data at each frequency extracts the filtered Fourier data for backward-

propagating waves, which is shown in Figure 4.7(c) at 5 MHz. To ensure that opposing

(a) (b) (c)

(d) (e)

Figure 4.7: Filtering process for forward-propagating waves

43



waves are removed, the filter can be adjusted by either slightly shifting the filter cutoff in the

frequency-wavenumber domain or offsetting the filter direction by a few degrees. Filtered

forward-propagating waves can be similarly obtained by a +ky filter with the appropriate

offset applied.

Phase velocity filtering and directional filtering can be combined to further segregate

shear wave scattering from a compound scatterer from incident waves; thus, the relative

amplitude of element scattering can be improved. Figure 4.8 shows the result of apply-

ing phase velocity filtering and directional filtering to segregate notch- and through-hole-

scattered shear waves from incident waves in the case of the 4 mm notched through-hole

for bonded specimen #3 (scan B8). The notch is oriented at 0◦ for scan B8, so the result-

ing notch-scattered waves are approximately centered around the 0◦ direction. Applying a

0◦ directional filter to the shear-filtered wavefield retains some incident waves due to the

curvature of the wavefront in the x-y plane as shown in Figure 4.8(d). Adding an offset

to the angle of the filter, a −15◦ filter is applied to the wavefield, shown in Figure 4.8(f).

Now the incident waves are completely removed with minimal loss of significant scattering

information from the notch-scattered shear waves. The use of spatial windowing to further

segregate notch scattering from through-hole scattering and notch scattering quantification

and analysis is discussed in section 5.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.8: Comparison of 0◦ and −15◦ directional filters
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CHAPTER 5

SCATTERING ANALYSIS

As discussed in section 3.2.1, the ultrasonic probe is placed one-and-a-half (1.5) skips away

from the scatterer of interest (SOI), where the surface distance is calculated according to

the nominal incident angle. However, it is important to note that ultrasonic wave emission

does not occur from a single point nor does it propagate as a cylindrical beam. Instead,

the ultrasonic incident waves propagate as a diverging beam emitted from the probe, which

consists of a contact piezoelectric transducer of 6.35 mm in diameter coupled to an acrylic

wedge via an ultrasonic gel couplant. The wedge itself has an elliptical emission face

that is coupled to the plate surface. The ultrasonic probe does not emit a perfect “pencil”

beam; it can be thought of as a point source that emits multiple rays at a range of angles.

The nominal “source”, which is located along the center of the ultrasonic beam, has a

nominal refracted angle of 56.8◦ in 6061 aluminum when using a Panametrics ABWM-4T

60◦ angle-beam acrylic wedge.

In the case of a buried crack-like notch emanating from a through-hole in a bonded

specimen, multiple instances of scattering from an SOI can occur from the same excitation

due to beam spread. Because incident energy is distributed into a diverging beam rather

than a single ray, acquired wavefield images show a number of wave skips according to the

angle of incidence, a range of refracted angles, θr, and degree of beam spread. The effect

of beam spread is clear in line scans as multiple “skips” (wave V-paths) can be seen prop-

agating through the wavefield, shown in Figure 3.7(a). These multiple skips may at first

appear to be wavefronts originating from multiple excitations, but recall the data excitation

parameters from Section 3.1.3 where a negative spike signal is the only excitation of the

plate for a given acquisition window. Instead, multiple skips are generated throughout the

plate and appear on the surface as continuous wavefronts due to beam spread.
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Due to the placement of the probe, the notch location (i.e., at the far-surface of the

top plate, emanating from the through-hole) and the propagation mechanics of bulk waves,

incident waves interact with the crack-like defect at odd integer multiples of the half (0.5)

skip. Ultrasonic scattering from the SOI at integer multiples of the 1.0 skip is very weak

compared to odd integer multiples of the 0.5 skip because the majority of the bulk energy

interacts with the through-hole at the top surface (the scanning surface) of the top plate,

which is at least 2.35 mm away from the notch. This is primarily due to the placement of

the probe (1.5 skips away from the notch location) and the nominal incident angle.

In this section, various methodologies are discussed to quantify scattering from a buried

crack-like defect emanating from a through-hole. The first two scattering occurrences,

which occur at the 0.5 skip and 1.5 skips, are the primary focus for this work because they

contain the most scattering energy in regards to the SOI.

5.1 Wavefield Baseline Subtraction

Wavefield baseline subtraction refers to the process of acquiring baseline (reference) wave-

field data from a defect-free specimen and subtracting it from the acquired wavefield data

after introducing the defect:

r(t, x, y) = wC(t, x, y)− wB(t, x, y). (5.1)

The residual wavefield, r(t, x, y), is the pixel-wise difference between signals contained in

the current wavefield, wC(t, x, y), and the baseline wavefield, wB(t, x, y), where all signals

are expressed in the 3-D time-space domain. The sensitivity of wavefield baseline subtrac-

tion for notch scattering segregation significantly depends on the degree of similarity of

incident and through-hole-scattered waves between current and baseline signals [38].

One significant challenge of wavefield baseline subtraction is overcoming the imperfect

temporal and spatial alignment of the current and baseline wavefields. Two methods for
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aligning the wavefields in space and time prior to performing baseline subtraction have

been developed in previous work and are briefly described in this section. The feasibility

and results of applying both of these methods to the bonded specimen are also discussed.

5.1.1 Global Space-Time Alignment

The first method of wavefield image registration, global space-time alignment (GSTA),

optimally registers the baseline wavefield with the current wavefield by applying subpixel

spatial and temporal global shifts [38]. This method is similar to the well-known phase

correlation method for aligning images [40] and is used to correct for small shifts in the

plate position as well as a constant temporal offset, providing a first order correction for a

global temperature change. The GSTA method is accomplished in the frequency domain

by minimizing the L2 norm of the residual with respect to (∆t,∆x,∆y), which are the

shifts in t, x, and y that are applied to the baseline wavefield prior to subtraction:

(∆t0,∆x0,∆y0) = arg min
∆t,∆x,∆y

‖WC(ω, kx, ky)−WB(ω, kx, ky)e
−j(ω∆t+kx∆x+ky∆y)‖. (5.2)

Here WB and WC are the baseline and current wavefield data, respectively, in the ω-k do-

main and (∆t0,∆x0,∆y0) are the optimal shifts along the three wavefield data dimensions

that minimize the L2 norm of the residual. The residual wavefield in the ω-k domain is

thus calculated as,

R(ω, kx, ky) = WC(ω, kx, ky)−WB(ω, kx, ky)e
−j(ω∆t0+kx∆x0+ky∆y0), (5.3)

which is converted back to the (t, x, y) domain via the inverse 3-D Fourier transform. Both

the baseline and current wavefields can be down-sampled in time prior to alignment, which

significantly reduces the processing time. The down-sampling does not compromise per-

formance as long as the downsampled sampling frequency is greater than the Nyqiust rate

in order to prevent temporal aliasing.

48



5.1.2 Time Slice Spatial Alignment

The second method of wavefield image registration, time slice spatial alignment (TSSA),

spatially aligns each time slice of the current wavefield with a corresponding time slice

(frame) of the baseline wavefield prior to calculating the residual wavefield [38]. The frame

of the baseline wavefield used for the spatial alignment is selected by looking forward and

backward in time by several frames to find the one that is best matched to the current frame

after spatial shifts. This method should correct for simple shifts in the plate position as

well as small time-varying time shifts, which would provide a second order correction for

a temperature change.

This method is performed by first transforming each frame of both the current and

baseline wavefields into the kx-ky domain via a spatial 2-D Fourier transform (indicated

by the overbar). For the nth time slice of the current wavefield, which is at tn, a range of

frames in the baseline wavefield are considered both before and after tn. The one is selected

that minimizes the L2 norm of the residual in the kx-ky domain after spatial alignment:

(tBn ,∆xn,∆yn) = arg min
tk,∆x,∆y

‖WC(tn, kx, ky)−WB(tk, kx, ky)e
−j(kx∆x+ky∆y)‖, ∀k ∈ [nL, nU ].

(5.4)

Here nL and nU are the lower and upper bounds of the baseline frame index k, and tBn

is the selected time slice of the baseline wavefield corresponding to the nth time slice of

the current wavefield, and (∆xn,∆yn) are the corresponding spatial shifts. The residual

wavefield in the kx-ky domain at time tn is thus calculated as,

R(tn, kx, ky) = WC(tn, kx, ky)−WB(tBn , kx, ky)e
−j(kx∆xn+ky∆yn), (5.5)

which is converted back to the (t, x, y) domain via an inverse 2-D Fourier transform at

each time step. By performing the optimal spatial alignment on a frame-by-frame basis
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and by allowing some play in the correspondence between frames in the two wavefields,

the alignment is more robust to environmental variations such as a temperature change. As

a note, the temporal sampling of the two wavefields does not have to be the same to use the

TSSA method. Just as for GSTA, the current and baseline wavefield sampling rates can be

down-sampled prior to alignment as long as the Nyquist rate is adhered to. Finer sampling

interval for the baseline improves the performance of TSSA by increasing the resolution of

the frames available for matching.

5.1.3 Application to Bonded Specimen

As discussed, a bonded specimen was fabricated from two isotropic plates using an epoxy

bonding method. The inclusion of buried defects with varying geometries adds an increased

level of specimen complexity; the bonded specimen poses additional challenges to both

fabrication and analysis as compared to a single plate. In particular, the defect in the form of

a buried notch emanating from a through-hole must be machined before the second plate is

bonded to the first. Thus, it is not possible to acquire a damage-free baseline wavefield from

the same through-hole that has the notch. The approach taken here is to acquire a baseline

wavefield from a nominally identical through-hole in the same bonded specimen but that

does not have a notch. An additional issue is that the wavefields acquired from the bonded

specimen are more complex than the corresponding ones from a single plate because of

the waves propagating in the second plate. The complicated scattered wavefield contains

information regarding several different specimen features, yet extracting this information

and correctly identifying its relation to physical events are very difficult.

Figures 5.1(a) and 5.1(b) show wavefield frames at 17.32 µs of the damaged and un-

damaged through-holes for the bonded specimen from scans B1 and B2. Clear scattering

from the notch can be visualized easily in the time-space domain in Figure 5.1(a) as com-

pared to the frame of Figure 5.1(b) from the undamaged hole. Figure 5.1(c) shows the

corresponding residual frame after direct baseline subtraction without any alignment, and
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completely fails to isolate the notch-scattered waves from the total wavefield. It can be seen

that both the incident and hole-scattered waves have actually become larger, indicating that

neither is lined up sufficiently for successful suppression via baseline subtraction.

(a) (b) (c)

Figure 5.1: Wavefield snapshots from bonded specimen #1: (a) current, (b) baseline, and
(c) residual after direct subtraction

(a) (b) (c)

Figure 5.2: Residual snapshots from bonded specimen #1: (a) after GSTA, (b) single frame
TSSA alignment, and (c) single frame TSSA after shear wave filtering

Figure 5.2 shows residual snapshots after application of three different baseline sub-

traction methods. Figure 5.2(a) is the 17.32 µs snapshot after applying GSTA. This global

alignment method does improve the ability of baseline subtraction to reduce the incident

waves, but the hole-scattered waves are still quite large in amplitude. Figure 5.2(b) shows

the same snapshot but after performing TSSA alignment on only one frame. That is, the
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Table 5.1: Baseline subtraction performance for bonded specimen.

Alignment Method Mean Residual Energy (dB) Peak Residual Energy (dB)
None −12.9 4.2
GSTA −18.9 1.3

Single Frame −20.9 −2.4
Single Frame+cp Filter −23.5 −2.5

baseline snapshot was spatially shifted to best match the same frame of the current wave-

field according to the TSSA methodology. There are fewer artifacts than after GSTA, but

the notch-scattered waves are still dominated by feed-through of the incident and hole-

scattered waves. The same TSSA, single-frame alignment procedure was implemented

after phase velocity filtering to keep only shear waves, and that result is shown in Figure

5.2(c). Although there is some further reduction in artifacts, the notch-scattered waves are

still not sufficiently isolated.

Table 5.1 summarizes performance for all of the baseline subtraction methods imple-

mented. The mean and peak residual energies for the four cases are computed for the single

frame at 17.32 µs relative to the mean and peak energies of the single baseline frame. As

expected, performance is improved as alignment and filtering steps are added, but is still

inadequate to characterize notch scattering.

The primary reason that baseline subtraction fails is that, unlike the results reported

by Dawson et al. [38], the baseline data from the undamaged hole were recorded from a

different through-hole than the notched hole data. As previously explained, the specimen

fabrication procedure required that the notch be introduced prior to bonding the second

plate to the first, resulting in a buried defect. Thus, the baseline wavefield data had to

be acquired from an undamaged through-hole different from the notched through-hole.

Not only was a global shift in the plate possible, it was also likely that the transducer

position relative to the through-hole was not identical for the two scans. Given that the

shear wavelength at 5 MHz is on the order of 0.5 mm, even small offsets in transducer
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placement will yield significant changes in the phase of the resulting wavefield. These

changes, combined with unavoidable variations in coupling and machining, result in the

failure of baseline subtraction to isolate the notch-scattered waves. It may be possible to

obtain better baseline subtraction results by first using directional filtering to remove the

incident waves, and then considering a range of baseline frames to try to better match the

notch-scattered waves.

5.2 Radial Energy

The time-space domain presents wavefield propagation and scattering data in an intuitive

and qualitative way, but it is difficult to quantify scattering without further processing in

other domains. Scattering is quantified here by generating energy curves as a function of

a scattering direction, denoted the observer direction. Four scattering quantification meth-

ods are discussed: full radial energy, snapshot radial energy, time-windowed radial energy

and space-windowed radially energy. In this section, the observer direction methodology

for defining radial energy is first defined and discussed. Then each method for calculat-

ing radial energy is presented and applied to acquired wavefield data from selected scans.

Finally, results and observations for each case are presented.

5.2.1 Observer Direction

The scattering direction for energy calculations can be defined in multiple ways; however,

only one definition of direction is considered here: the observer direction. Kummer ex-

plains the differences between observer and propagation directions, each of which may be

used for scattering quantification [39]. The observer direction is defined in the time-space

domain and is relative to a specific reference point for radial energy integration paths. For

the work reported here, the reference point is the hole center, although that is not a require-

ment. The observer direction is defined radially outward from the reference point using the

standard definition of a polar angle in two dimensions; 0◦ refers to the direction horizontally

53



to the right and the angle increases counterclockwise. Given the definition of the observer

direction, the goal is to quantify scattered energy as a function of polar angle. However,

only defect-scattered waves are of interest, which raises the problem of segregating SOI

scattering from the total wavefield. It was discussed earlier that while baseline subtrac-

tion works for very controlled experiments, it is not robust enough to handle the bonded

specimen scans (B-series). Instead, a combination of frequency-wavenumber (mode and

directional) filtering and spatial windowing are applied to segregate defect scattering from

a compound scatterer.

5.2.2 Full Radial Energy

Full radial energy calculations utilize the observer direction definition to obtain scattering

patterns. The energy for a range of directions is calculated by integrating over regions

defined by lower and upper bound phase velocity boundaries in ω-k space.

Figure 5.3 illustrates the processing steps to extract and quantify notch-scattered waves

using the full radial energy methodology. As an example, this process is applied to scan

A3, an area scan of a single 6.35 mm-thick plate containing a through-hole with a 4 mm

EDM notch emanating from the far surface. The data are first processed using shear phase

velocity and −15◦ directional filters. The C-scan is then radially interpolated outward

from the hole center along a line, starting at a radius of 4 mm (hole window boundary)

and ending at a radius of 13 mm (scan area boundary) as shown in the snapshot of Figure

5.3(a). The wavefield is thus converted from rectangular coordinates (t, x, y) into polar

coordinates (t, r; θ0), where the angle θ0 is the observer direction. Figure 5.3(b) shows the

radial line scan for θ0 = 270◦ (below the hole). Each radial line scan is transformed into

the 2-D frequency-wavenumber domain (ω, kr; θ0) via the 2-D FFT. Figure 5.3(c) shows

the corresponding frequency-wavenumber slice for θ0 = 270◦. Signals distributed in the

first and third quadrants correspond to outward propagating waves relative to the reference

point (the hole center) in the time-space domain. In contrast, signals located in the second
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and fourth quadrants correspond to the inward propagating waves. Energy accumulation of

signals distributed in the first quadrant in each frequency-wavenumber slice (each θ0) leads

to scattered energy curves as a function of observer direction as shown in Figure 5.3(d).

The following list details the processing steps for the full radial energy methodology:

1. Apply a 20% Tukey window in time between 1 and 30 µs.

2. Apply a 20% Tukey window in x and y to smooth the outer edges.

3. Apply a 6th order circular Butterworth window with a 4 mm radial cutoff to suppress

through-hole noise for the 6.35 mm diameter hole

4. Transform wavefield data to the 3-D frequency-wavenumber domain via the 3-D FFT.

5. Apply a 33% Tukey window in frequency between 0.5 and 6.5 MHz to eliminate any

spatial aliasing.

6. Apply phase velocity filtering to extract the shear mode described in section 4.4 using

a 33% Tukey window between wavenumber boundaries at each discrete frequency.

7. Apply −15◦ directional filter using a 33% 2-D Tukey window in the wavenumber-

wavenumber domain for all frequencies

8. Transform back to the time-space domain via the inverse 3-D FFT.

9. Radially interpolate the reconstructed shear wavefield for directions of 0◦ to 360◦ at

a 1◦ angular increment and from 4 mm to 13 mm with a 0.1 mm radial increment.

10. Transform each radial B-scan to the 2-D frequency-wavenumber domain via the 2-D

FFT.

11. Accumulate energy in the first quadrant for each angle to build energy curves as a

function of angle (i.e., the observer direction).
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(a) (b)

(c) (d)

Figure 5.3: Quantification of shear wave scattering via the full radial energy method

Figure 5.3(d) shows the resulting scattering pattern generated using the full radial en-

ergy method. Because energy is summed in the frequency-wavenumber domain, detailed

temporal information is lost in this calculation method. Furthermore, relatively low energy

scattering phenomena are obscured by dominating incident energy.

Figure 5.4 shows the full radial energy curves and scattering patterns for scans A1-A3

and B6-B8, which were recorded from single (A1-A3) and bonded (B6-B8) plate speci-

mens. Recall from Table 3.2 that A1 and B6 are scans of the undamaged through-hole

while A2, B5 and A3, B8 are scans of the 2 mm EDM notched-hole and 4 mm EDM

notched-hole, respectively. All scan data were pre-processed with shear mode filtering and
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(a) (b) (c)

Figure 5.4: Quantified shear wave scattering displayed in (a) rectangular and (b) polar
representations and (c) as energy residuals

−15◦ directional filtering. It is immediately apparent from Figure 5.4(a) that the bonded

specimen (B-series) scans have lower radial energy than the single plate (A-series) scans

across all directions. The reduction in energy across all angles and the fact that scans

A1-A3 and B6-B8 were all acquired using the same experimental settings indicates that

energy leakage is occurring at the bonding interface near the through-hole. Despite the

lack of detailed information on specific notch-scattering, the compounded backscattered

energy increases from scans A1 (no notch) to A2 (2 mm notch) to A3 (4 mm notch). It is

likely that the increased defect size is directly attributing to the increase in backscattered

energy. As a result, forward-scattered energy decreases with the introduction of the notch.

These trends continue with the B6-B8 scans albeit with lower intensity (i.e., the increase in

backscattering energy from scan B6 to B7 to B8 is less than in the single plate specimen).

Although it is true that the increase in backscattered energy positively correlates with the

increase of defect size, full radial energy calculations do not give enough detail for robust

defect scattering quantification.

Residual energy curves were also generated by direct subtraction as shown in Figure

5.4(c). Although direct wavefield baseline subtractions do not produce valuable residual

wavefields, direct energy residuals can provide intuitive information about the differences

between current and reference wavefields due to notch scattering via positive (i.e., > 0)
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and negative (i.e., < 0) values. Ideally, positive values would imply notch scattering, and

negative values would be indicative of shadowing as manifested by a decrease in energy

moving from the reference to the current wavefield.

Figure 5.4(c) shows that increasing notch lengths yield greater backscattering for both

single and bonded specimens. Subsequently, forward scattering energy decreases from ref-

erence to current wavefields. Although the reference and current wavefields were carefully

measured under very similar experimental conditions, it is not entirely clear whether the

positive residual curves in Figure 5.4(c) correspond to notch scattering alone or a combina-

tion of notch and through-hole scattering. Small deviations in the direction of through-hole

scattering between reference and current wavefield scans, which can be caused by unin-

tentional probe displacement, can lead to residual energy curves that are not representative

of notch scattering alone. This is particularly true for full radial energy calculations since

temporal information is lost, and small spatial deviations of through-hole scattering on a

frame-by-frame basis are lumped together over the entire 30 µs window, resulting in poten-

tially significant through-hole spatial discrepancies. Performing a direct energy subtraction

under these circumstances could yield inaccurate representations of notch scattered energy

in both the forward and backward scattering directions.

5.2.3 Snapshot Radial Energy

One reason for the lack of detail in full radial energy calculations is the loss of temporal

information from energy summing along phase velocity areas; a natural solution is to gen-

erate the radial energy curves in the time-space domain instead. Snapshot radial energy

calculations (denoted in Eq. 5.6 as SRE) generate radial energy curves for a single wave-

field frame, called a snapshot. The snapshot is picked to represent the subjective maximal

scattering from the SOI. The subjective maximal is simply the wavefield frame that has the

“best” scattering from the SOI in terms of its separation from the other element of the com-

pound scatterer and the relative strength of the scattering wavefront. Such snapshots could
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potentially be chosen automatically but here were manually identified. Energy summing

for a particular snapshot in the spatial domain is done by

SRE(θ) =
∑
j

w(rj, θ)
2. (5.6)

Figure 5.5 shows the wavefield snapshot at 16.6 µs for each scan with all plots shown on

the same gray scale, and Figures 5.6 and 5.7 show the corresponding snapshot radial energy

curves for scans A1-A3 and B6-B8, respectively, that were pre-processed with shear mode

filtering and −15◦ directional filtering. The 16.6 µs snapshot was chosen based on the

“best” half (0.5) skip for observed 4 mm notch scattering; a “best” scattering frame for

the 2 mm notch scattering could not be identified. Comparing the radial energy scales in

Figures 5.6(a) and 5.7(a), it appears that energy leakage has occurred in the second layer

of the bonded specimen due to the reduction of energy across all angles compared to the

single plate scans. The energy curves in Figure 5.6(a) provide more intuitive detail than

the full radial energy method by showing scattering energy resulting from the compound

scatterer at the 16.6 µs scattering frame, which corresponds to 0.5 skip notch scattering.

The residual curves of Figure 5.6(b) indicate that maximal notch scattering occurs at

about 0◦ in the 4 mm case of the single plate specimen, and Figure 5.7(b) suggests max-

imal notch scattering occurs at around 15◦, both of which approximately correspond with

the orientation of each notch. The 2 mm notch, however, does not appear to produce sig-

nificant scattering in the forward direction as compared to the 4 mm notch; in fact, the 2

mm notch residual in Figure 5.7(b) has a negative residual indicating that more forward

scattering energy in the 0◦ to 50◦ range occurs in the reference wavefield than in the current

wavefield. The presence of greater backscattered energy in the more direct backscattering

direction (i.e., closer to 270◦) could imply that notch scattering loss occurs in the forward

scattering direction because the notch prevents through-hole scattering from propagating

in the forward direction. Interestingly, this trend does not occur in the 4 mm notched-hole
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case, implying that changes in notch length have a more complicated effect on notch scat-

tering than simply increasing the backscattered energy. Although the backscattered total

energy summed across all directions increases from the 2 mm to 4 mm notched-hole cases

in bonded specimen #3, the distribution of energy changes. A similar trend appears to occur

between the 2 mm and 4 mm notched-hole cases for the single plate in Figure 5.6(a), but it

is difficult to tell if the energy is redistributed in a similar way as observed in Figure 5.7(a).

Another complicating factor is that the snapshot time was chosen based on scattering from

the 4 mm notch, not the 2 mm notch.

The notch scattering at one-and-a-half (1.5) skips is not fully separated from through-

hole scattering in the time-space domain as shown in Figures 5.8, where each plot is shown

on the same gray scale. The snapshot time, 18.8 µs, was chosen based on the “best” 2 mm

notch scattering for the 1.5 skip. Figures 5.9(a) and 5.10(a) show radial energy curves for

the stronger and spatially overlapped 1.5 skip notch scattering for both single and bonded

plates, respectively. Due to the spatial overlap of notch-scattered and through-hole scat-

tered waves, energy curves in the −30◦ to 60◦ observer direction range contain lumped

(a) (b) (c)

(d) (e) (f)

Figure 5.5: 16.6 µs wavefield snapshots for scans A1-A3 and B6-B8 with phase velocity
and −15◦ directional filtering
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(a) (b)

Figure 5.6: Radial energy analysis for 0.5 skip scattering in the single plate specimen with
(a) snapshot radial energy curves and (b) residual energy

(a) (b)

Figure 5.7: Radial energy analysis for 0.5 skip scattering in bonded specimen #3 with (a)
snapshot radial energy curves and (b) residual energy

scattering energy from both the notch and through-hole. Figures 5.8(b) and 5.8(c) show

notch-scattering separation in the 18.8 µs frame near the 320◦ scattering direction. Spatial

windowing can be used to segregate and independently quantify the notch scattering for a
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narrower observer direction range in the 2 mm and 4 mm notched-hole cases for the single

plate specimen, but only a small portion of the notch scattering lobe would be quantified

because the notch scattering lobe is largely overlapped with through-hole scattering.

(a) (b) (c)

(d) (e) (f)

Figure 5.8: 18.8 µs wavefield snapshots for scans A1-A3 and B6-B8 with phase velocity
and −15◦ directional filtering

Alternatively, residual energy can be used to show the difference between current and

reference wavefields for each observer direction. Different from the 0.5 skip behavior,

residual curves in Figures 5.9(b) and 5.10(b) indicate that scattering energy is distributed

similarly between the 2 mm and 4 mm notched cases for both the single and bonded plate

specimens. 4 mm notch scattering in both the single plate and bonded specimens has higher

amplitude backscattering, which is expected considering the 1.5 skip. Furthermore, the

ratio of notch backscattering energy to forward scattering energy loss (negative residual) is

higher in the single plate specimen than in the bonded specimen. This likely indicates that

the addition of a second layer reduces the amount of notch-scattered energy that returns to

the top (scanned) surface.

1.5 skip scattering in Figures 5.8(e) and 5.8(f) is not as clean as the 0.5 skip scattering

in Figures 5.5(e) and 5.5(f), but it appears as though the notch-scattering lobes in Figure
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(a) (b)

Figure 5.9: Radial energy analysis for 1.5 skip scattering in the single plate specimen with
(a) snapshot radial energy curves and (b) residual energy

(a) (b)

Figure 5.10: Radial energy analysis for 1.5 skip scattering in bonded specimen #3 with (a)
snapshot radial energy curves and (b) residual energy

5.10(b) are larger than those in Figure 5.7(b). This makes sense because notch scattering

from the 1.5 skip should be greater in amplitude than 0.5 skip notch scattering since it

corresponds to the nominal refracted angle of shear wave energy. The wider scattering
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lobe for the 4 mm notch at 1.5 skips combined with potential phase cancellation between

overlapped through-hole and notch-scattered waves in Figure 5.8(f) could be the cause

of the shift in maximal notch-scattering direction between the 0.5 and 1.5 skips. Notch

shadowing can also be seen in Figure 5.10(b) indicated by the negative residual energy

lobe oriented around 20◦.

As shown in Figures 5.6, 5.7, 5.9 and 5.10, snapshot radial energy provides greater

detail for specific element scattering in a compound scattering scenario than full radial

energy processing. However, the gain in detail comes at a cost as this method of radial

energy calculation only generates energy curves for a single frame.

Bonded Specimen #2

Combining directional filtering and snapshot radial energy is particularly useful for analyz-

ing notch scattering for bonded specimens because notch scattering energy is lower in the

bonded plate scans than in the single plate scans. Directional filtering is used to segregate

waves propagating at −45◦ from the rest of the wavefield; the filter used for the second

bonded specimen is shown in Figure 5.11(b). It is clear in Figure 5.11(c) that directional

filtering is particularly useful for removing unwanted incident waves so that better notch

scattering quantification can be done. The rest of this section applies the snapshot radial

energy analysis to the second bonded specimen (scans B3-B5), and notch scattering due to

the 0.5 skip incident wave is analyzed.

Two separate snapshots were chosen for the radial energy analysis for 0.5 skip scattering

because the “best” scattering frame for the 2 mm and 4 mm notches occurs at different

time snapshots. At 16.6 µs, 2 mm notch scattering (scan B4) is weak and not well visible

in the time-space domain as shown in Figure 5.12(b). 4 mm notch scattering is visible at

this snapshot, but it is not separated from through-hole backscattering, shown in Figure

5.12(c). Despite its lack of time-space separation from through-hole backscatter, 4 mm

notch scattering appears to reach a maximum near 300◦ in Figure 5.13. The residual curves
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(a) (b) (c)

Figure 5.11: −45◦ directional filtering applied to the 2 mm notched-hole in bonded speci-
men # 2 (scan B4); plots displayed on the same color axis

in Figure 5.13(b) present conflicting information; significant negative and positive residuals

exist in both forward- and backscattering directions. This could be indicative of through-

hole wave backscatter misalignment between scans B3 and B5, but it is not clear. The 4

mm notch residual (B5-B3) does show a maximum positive residual near the same observer

direction as the maximal backscatter in Figure 5.13(a), but it also shows a negative peak

residual of near equal magnitude roughly 20◦ from the maximum positive residual.

(a) (b) (c)

Figure 5.12: 16.6 µs wavefield frame for scans B3-B5, displayed on the same color axis

At 17.6 µs, 0.5 skip notch scattering from the 2 mm notched-hole is separated in space

and time from through-hole scattering, shown in Figure 5.14(b), making it an ideal scenario

for scattering analysis. Figure 5.15(a) shows the relative strength of backscattering in scan

65



(a) (b)

Figure 5.13: Radial energy analysis for 0.5 skip scattering in bonded specimen #2 with (a)
snapshot radial energy curves and (b) residual energy

B4 compared to both the no notch and 4 mm notch cases. However, according to Figure

5.15(b), the majority of the backscatter in the 2 mm notch case appears to come from the

through-hole (270◦) and not the notch (around 315◦). Again, this may be due to small probe

displacements in either x or y directions. The local maximum at 315◦ is likely indicative of

notch scattering, as this observer direction corresponds with the −45◦ notch orientation.

(a) (b) (c)

Figure 5.14: 17.6 µs wavefield frame for scans B3-B5, displayed on the same color axis
(different from the color axis of Figure 5.12)

Because 0.5 skip notch scattering occurs at such different times for the 2 mm and 4 mm
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(a) (b)

Figure 5.15: Radial energy analysis for 1.5 skip scattering in bonded specimen #2 with (a)
snapshot radial energy curves and (b) residual energy

notch cases, it is difficult to select a single scattering frame to compare both wavefields. In

the 16.6 µs snapshot 2 mm notch scattering appears to have not reached the top surface yet

and therefore does not appear in the wavefield, yet 4 mm notch scattering is visible because

it arrives to the surface near the same time as the through-hole backscatter. Furthermore,

2 mm notch scattering is time-space separated from through-hole backscatter in the 17.6

µs frame, but 4 mm notch scattering has already dissipated since it was overlapped with

through-hole backscatter. Since the equipment used for acquisition only measures the top

surface of each specimen, interactions in the bulk are not quantified experimentally and the

precise cause for the delay in 2 mm notch scattering is not known. However, it is likely

related to incident waves diffracting from the upper edge of the notch, which is further

from the top surface (i.e., the scan surface) of the plate for the 2 mm notch as compared to

the 4 mm notch. Thus, waves must travel further from the transducer to the upper notch-

through-hole connection point to the top surface in the 2 mm notch case than in the 4 mm

notch case.
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5.2.4 Time-Windowed Radial Energy

Time-windowed radial energy combines the methodologies of full and snapshot radial en-

ergy processing by generating radial energy curves for a range of frames over a specified

temporal window. Time-windowed radial energy (denoted in Eq. 5.7 as TWRE) is calcu-

lated in the discrete time-space domain as:

TWRE(θ) =
∑
i

∑
j

w(ti, rj, θ)
2. (5.7)

Using this formulation, radial energy can be calculated and displayed for a range of indi-

vidual scattering frames or summed across the entire time window for a result equivalent

to full radial energy. Snapshot radial energy can also be generated from this formulation by

excluding the summation over the time index, i, and instead selecting a particular frame.

Figures 5.16 and 5.17 show the radial and residual energy curves for a time window of

16 µs to 19 µs for the single plate and third bonded specimens, which were pre-processed

with shear mode filtering and −15◦ directional filtering. The decrease in energy across all

observer directions from the single plate specimen to the bonded specimen remains con-

sistent as evident in the comparison of Figures 5.16(a) and 5.17(a). The residual energy

curves in Figures 5.16(b) and 5.17(b) follow similar trends as the full radial energy for

single and third bonded specimens in Figure 5.4(c), but time windowing the energy calcu-

lation to focus on notch scattering appears to add more detail to all of the residual curves.

The maximal residual is also likely to correspond more directly with notch scattering since

through-hole backscatter in similar directions that would occur after the time window (16

µs to 19 µs) are not included in the energy calculations; however, lumped time-windowed

radial energy provides less intuitive results than snapshot radial energy because the en-

ergy curves represent scattering effects over a range of snapshots and not just for a single

scattering frame.
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(a) (b)

Figure 5.16: Radial energy analysis for 16-19 µs window in single plate with (a) summed
radial energy curves and (b) residual energy

(a) (b)

Figure 5.17: Radial energy analysis for 16-19 µs window in bonded specimen #3 with (a)
summed radial energy curves and (b) residual energy
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(a) (b)

Figure 5.18: Notch scattering segregation in bonded specimen #1 using an annular spatial
window

5.2.5 Space-Windowed Radial Energy

Time-windowed radial energy calculations can also be paired with spatial windowing to

further segregate and quantify SOI scattering. Figure 5.18 illustrates a simple spatial win-

dow applied to the phase velocity and directional filtered wavefield of the 4 mm notched-

hole of bonded specimen #1 (scan B2) before calculating the radial energy for several

snapshots via the observer and time-windowed radial energy methodologies. The window

spatially restricts energy calculations to the 6.5 mm - 9.5 mm radial distance range so that

resulting energy curves represent notch scattering only. It is important to note that some

work has been done on time-space tracking filters for windowing particular types of scat-

tering that could, theoretically, be applied to notch-scattered waves [41]. However, this

work considers only simple spatial windowing for the application of defect segregation in

bonded specimens.

Effectively, the combination of mode filtering, directional filtering, and time-windowed

radial energy calculations yields better notch segregation and improved notch scattering

quantification results than baseline subtraction. Furthermore, the computation time for the

combined filtering techniques is significantly less than the time it takes for a full baseline
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subtraction algorithm such as GSTA. A spatial windowing and radial energy processing

combination is applied to the first bonded specimen (scans B1 and B2) and second bonded

specimen (scans B3 and B4).

Bonded Specimen #1

Snapshot radial energy was calculated at angles from 180◦ to 360◦ within an annular win-

dow of 3 mm radial width (i.e., the annular spatial window shown in Figure 5.18) for three

scattering frames at 16.32 µs, 17.32 µs, and 18.32 µs and for the current and baseline wave-

field snapshots, which are shown in the top two rows of Figure 5.19. The calculated radial

energy is then used to generate scattering patterns, which are plotted in both polar and rect-

angular presentations in the bottom two rows of Figure 5.19. For both presentations, the

baseline patterns are shown in blue and the current patterns in red. The polar plot helps

strengthen intuition of the scattering direction while the rectangular plot allows for a more

detailed analysis of the precise angle(s) along which the backscattered shear waves are

propagating. The same analysis is performed for both damaged (current) and undamaged

(baseline) through-hole wavefields. All results are shown in Figure 5.19, where each col-

umn corresponds to the same time frame, and from top-to-bottom are shown frames of the

damaged and undamaged through-holes, polar energy plots, and rectangular energy plots,

respectively.

At 16.32 µs, the current and baseline wavefields appear to be very similar and consist

primarily of the weak backscattered first skip from the through-hole; there is no significant

scattering visible from the notch. The energy profile of the current wavefield is close to that

of the baseline, yet the radial energy in almost all directions is stronger in the current. The

reduction in energy is likely due to epoxy residue in the undamaged through-hole; epoxy

filling decreases the reflection coefficient of shear waves incident on the through-hole as

discussed in section 2.2.3.

The frame at 17.32 µs clearly shows a notch-scattered wave that reaches its maximum
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 5.19: Snapshot radial energy methodology applied to multiple frames of damaged
(scan B2) and undamaged (scan B1) wavefields
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value at an angle of 332◦ relative to the center of the through-hole. The larger amplitude

backscattered second skip from the through-hole is also visible in both the damaged and

undamaged through-hole frames. Evidently, the notch-scattered wave, visible in this frame,

has resulted from the first incident skip, but has emerged at a shallower angle than that of

the nominal notch orientation (28◦ compared to 45◦).

The final frame, at 18.32 µs, shows a second backscattered wave from the notch that is

partially overlapped with the backscattered second shear skip from the through-hole. This

backscattered wave, which appears to result from the second shear incident skip, has its

peak amplitude close to 270◦, which is the expected direction of the corner echo. The

notch-scattered wave overlaps with the backscattered second shear skip from the hole for

propagation directions between 270◦ and 360◦, which likely includes both constructive and

destructive interference.

As observed above, the first notch-scattered wave is well-separated from the hole-

scattered wave and has its peak at about 332◦, whereas the second notch-scattered wave

overlaps the hole-scattered wave and the radial energy shows a peak at around 270◦. How-

ever, the peak at 270◦ is a combination of the notch- and through-hole backscattered waves,

so it cannot be directly attributed to notch scattering. Furthermore, this energy maximum

is likely misleading because constructive and destructive interference in the 270◦ to 360◦

region may obscure the primary scattering direction of the notch-scattered wave from the

second skip. In addition, it would be expected that the second incident shear skip, which

is at the nominal refracted angle for a back-surface reflection, should generate a much

stronger backscattered wave than the first skip, which is very shallow. This appears to be

the case for the hole backscattering but is difficult to confirm for the notch since it is not

sufficiently separated from the hole backscattered wave.
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Bonded Specimen #2

Recall that the 0.5 skip notch scattering seen in Figure 5.14(b) is physically separated from

through-hole scattering, yet directional filtering and snapshot radial energy calculations to-

gether yield energy curves and a residual (B4-B3) that contain significantly more through-

hole scattering than notch scattering. A simple spatial window can be applied to the C-scan

of Figure 5.14(b) to segregate notch scattering from through-hole scattering to yield better

notch quantification. Seen in Figure 5.20, an annular spatial window of inner radius 7.5

mm and outer radius 10.5 mm was applied to the phase and directionally filtered wave-

fields from scans B3 and B4. Notch scattering due to the 0.5 skip incident shear energy is

clearly segregated from the rest of the wavefield at 17.6 µs in Figure 5.20 when combining

phase velocity, directional, and spatial filtering techniques. Scan B3 is included as baseline

data for reference. Figure 5.21(a) shows that notch-scattered energy is clearly dominant

in the filtered wavefield; however, the energy curve for B4 is not composed entirely of

notch scattering. It is evident from the small negative residual values in Figure 5.21(b) that

there remains some minimal scattering energy from the through-hole despite the combina-

tion of filtering techniques applied. The residual energy curve shows the contribution of

notch scattered energy to the scattering in the fourth (+x, −y) quadrant of the scattering

wavefield. The maximal 0.5 skip notch scattering energy for the 2 mm notch of the second

bonded specimen occurs along the 315◦ (or −45◦) direction, which corresponds with the

notch orientation for this specimen.
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(a) (b)

Figure 5.20: 17.6 µs wavefield frame with spatial window for the undamaged hole (scan
B3) and 2 mm notched-hole (scan B4)
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(a) (b)

(c)

Figure 5.21: Space-windowed radial energy analysis of bonded specimen #2 with (a)
summed radial energy curves, (b) scattering patterns, and (c) residual energy
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CHAPTER 6

CONCLUSIONS, DISCUSSION AND RECOMMENDATIONS

This thesis describes the development and implementation of experimental procedures and

signal processing techniques to quantify scattering of ultrasonic waves from an element of

a buried compound scatterer. Moreover, the scatterer of interest was a buried crack-like

defect of variable length emanating from a 6.35 mm diameter through-hole in a bonded

6061 aluminum specimen. Ultrasonic wavefields were measured via wavefield imaging,

processed, and analyzed to investigate the effects of notch size and geometry, which are

discussed in this chapter. Radial energy curves were developed from prior work [39, 37]

to estimate scattering patterns of shear waves in two domains utilizing three methods: full

radial energy, snapshot, and windowed calculations.

6.1 Conclusions

This work has shown demonstrable progress on the quantification of ultrasonic shear wave

scattering from buried crack-like defects in layered plates. Multiple methods were pre-

sented for quantifying notch-scattered waves, and in many cases, scattering was shown to

directly correspond with notch orientation. Of the three proposed methods for scattering

quantification, windowed radial energy calculations provide the most relevant scattering

information and offer metrics for comparing incremental scattering in both time and space.

Furthermore, filtering methods for segregating notch scattering from through-hole scatter-

ing to yield more accurate notch quantification were presented and applied to measured

data for three different bonded specimens. However, scattering in layered plates is compli-

cated, and quantifying scattering from an element of a compound scatterer within layered

plates is very difficult due to resulting complexities of the scattering wavefield.

Measuring the wavefield presents more difficulties, as wavefield imaging was shown

77



to contain a significant amount of undesired low frequency components. Data acquired

via wavefield imaging were conditioned to be comparable to typical NDE inspection tech-

niques by applying both time domain and phase velocity filters. Recall that typical NDE

inspections, such as pulse-echo or pitch-catch measurements, contain a significant amount

of “pre-filtering” of shear waves due to incident and received waves occurring past the first

critical angle. However, wave motion here was measured with a broadband LDV on the

surface of the specimen, so measured data contained Rayleigh and longitudinal wave com-

ponents as well as scattering from a broader range of incident angles than would be seen

using conventional probes. Furthermore, the ambiguity between shallow-refracted angle

shear waves and steep-refracted angle longitudinal waves made it difficult to determine a

phase velocity range for filtering shear waves.

In conclusion, this work has largely met its main research objectives and made a contri-

bution to the field of ultrasonic NDE. Wavefield data were obtained for single and bonded

plates with through-holes containing notches of incremental length and geometries. In ad-

dition, four methods for generating angle-beam scattering patterns for shear wave scattering

from 3-D wavefield data were developed and applied.

6.2 Discussion and Recommendations

Although the work covered in this thesis provides a mean of quantifying elemental scat-

tering from a compound scatterer, further work can be done to improve signal processing

methods and apply them to wavefield sensitivity experiments to gain more comprehensive

understanding of scattering behavior in bonded specimens. The remainder of this chapter is

dedicated to further discussing interesting observations from this thesis and providing spe-

cific recommendations for future work to improve the signal processing methods described

herein and apply them to experiments that are likely to produce meaningful results.
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6.2.1 Notch Scattering Segregation

The combination of mode filtering, directional filtering, and windowed radial energy calcu-

lations yielded better notch segregation and improved notch scattering quantification results

than wavefield baseline subtraction or any of the aforementioned techniques alone. How-

ever, this particular processing combination has only been shown to work for the case of

notch scattering that is reasonably time-space separated from through-hole scattering. If

the notch scattering is physically overlapped with through-hole scattering, then there cur-

rently is no practical method of determining how each scatterer contributes to the energy

calculation. Furthermore, this is a general consequence of performing scattering analyses

in the energy domain as opposed to the time-space domain: phase information that may

otherwise be useful to determining the source of scattering is lost when calculating energy

curves.

Improvements can also be made to the simple spatial window. For this work, an annular

shape centered around the through-hole center was used to window the desired scattering

wavefield. Centering the annular window about the notch and through-hole intersection

may yield better windowing, as the notch scattering lobe may be more completely con-

tained within the window. The notch scattering was observed to emanate approximately

from the notch and through-hole connection point, and since the scattering propagates in

a roughly circular pattern, centering a shaped window here should insure that it fits the

scattering lobe better.

Two notch geometries were used in this work: a hand-cut corner notch (i.e., used

in bonded specimen #1) and electrical discharge machined (EDM) notches with quarter-

circular profiles (i.e., used in bonded specimens # 2 and # 3). The variations in experiment

conditions among the three bonded specimens, which are summarized in Table 6.1, make

it difficult to directly compare scans from different specimens for investigating the effect

of either notch geometry or notch orientation.

For instance, data from the first and third bonded specimens are not comparable for
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Table 6.1: Summary of experiment conditions for bonded plate scans.

Scan Notch Type Length Orientation Description
B1 Corner 3 mm −45◦ Good notch-through-hole

scattering separation for
0.5 skip (∼17.5 µs)

B4 EDM 2 mm −45◦ Good notch-through-hole
scattering separation for
0.5 skip (∼17.5 µs)

B5 EDM 4 mm −45◦ Poor notch-through-hole
scattering separation for both
0.5 and 1.5 skips

B7 EDM 2 mm 0◦ Poor notch-through-hole
scattering separation for both
0.5 and 1.5 skips

B8 EDM 4 mm 0◦ Good notch-through-hole
scattering separation for
0.5 skip (∼16.5 µs)

determining the effect of notch geometry on notch scattering separation from through-

hole scattering because the notches were also at different orientations, which could have

additional effects on scattering separation.

The first and second bonded specimens both contained notches at a −45◦ orientation,

but the first bonded specimen notch was 3 mm in length as opposed to the 2 mm and

4 mm notch lengths used in the second bonded specimen. It was observed that notch

scattering due to the 0.5 skip was separated from through-hole scattering for the 3 mm

notched-hole in bonded specimen #1 and the 2 mm notched-hole in bonded specimen #2

but not the 4 mm notch in bonded specimen #2. Because the notch cross-section and notch

lengths were changed from bonded specimen #1 to bonded specimen #2 and increases in

notch length do not necessarily imply improved notch scattering separation, it is difficult

to attribute separation to either of these notch characteristics. Based on the results from

bonded specimen #1 and #2, scattering separation may potentially be more influenced by

notch length and orientation rather than notch geometry.

80



Notch scattering separation was also observed for the 4 mm notched-hole of bonded

specimen #3; however, the separation occurs at a different snapshot time, ∼16.5 µs, than

the separation observed in either bonded specimens #1 or #2.

Attempts to improve notch scattering were also made by altering the probe location

and aim point. However, preliminary efforts made to the probe aiming point and distance

from the scatterer were found to have little effect on the separation of notch-scattered and

through-hole-scattered waves. Work is ongoing to quantify the changes in scattering in

response to shifts in probe location.

6.2.2 Half Skip vs. One-and-a-Half Skip Scattering

Throughout section 5.2 distinctions were made between notch scattering from half skip

(0.5) incidence energy and one-and-a-half skip (1.5) incident energy. From Figure 5.8, it

appeared that it would be much more difficult to quantify notch scattering based on the 1.5

skip as opposed to the 0.5 skip due to overlap with through-hole scattering. Instead, radial

energy residuals seen in Figures 5.9(b) and 5.10(b) for the 1.5 skip appear to represent notch

scattering behavior. It is important to note that radial energy residuals provide information

on the difference between current and reference wavefields, which does not necessarily

imply they accurately represent notch scattering behavior alone. Residual energy curves

may be skewed by time-space variations between the current and reference wavefields for

the snapshot and time-windowed radial energy calculations. However, the sensitivity of

residual energy curves to variations in probe location and through-hole scattering were not

considered for this work.

1.5 skip incident energy theoretically, but inconclusively in an experimental sense, gen-

erates the largest amplitude notch scattering of all skips. This is based on the fact that

experiments were designed to generate primary notch scattering from the 1.5 skip, which

was incident on the notch at the nominal refracted angle. Instead, this work found that

notch scattering due to the 0.5 skip, which coincides with a larger refracted angle (i.e.,
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shallower), was more useful for notch scattering quantification because notch scattering

was better time-space separated from through-hole scattering. Despite the relatively low

amplitude of 0.5 skip notch scattering, reasonable results could still be obtained after the

data were filtered and windowed in both the frequency-wavenumber and time-space do-

mains.

Future work should consider the mechanics behind why notch scattering is better phys-

ically separated from through-hole scattering for the 0.5 skip than the 1.5 skip. Because

wave interactions in the bulk are not recorded when using wavefield imaging to acquire

wavefield data, modeling efforts are likely to be useful to understand further the complexi-

ties of the scattering behavior at the notch and through-hole intersection point. On the other

hand, surface-measured data acquired as a result of this project can be used to validate ex-

isting and future models at the surface of layered isotropic specimens.

0.5 skip scattering is not as visible as 1.5 skip scattering in typical pulse-echo measure-

ments because the probe only receives scattering energy near the nominal refracted angle

and primarily in the direct backscattering direction (i.e., −90◦). In contrast, wavefield

imaging captures the entire wavefield, including a wider range of refracted angles due to

beam spread and forward- and backscattering, so the expectation that the data is dominated

by nominal refracted angle backscattering is often not true. Although wavefield imaging

allows the opportunity to acquire much more detailed wavefields, it comes at the cost of

making direct comparisons to conventional measurements more difficult, and expectations

of scattering wavefield behavior may not agree with the reality of an NDE inspector.

6.2.3 Second Bonded Specimen Scattering Behavior

The notch scattering behavior observed in the second bonded specimen is particularly inter-

esting in contrast to the behavior of scattering in the other two specimens because scattering

behavior changes significantly between the 2 mm and 4 mm notch cases, despite very simi-

lar experimental settings. The exact reason for the significant change in scattering behavior
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is not currently known, but the notch length and orientation relative to the incident wave

direction could be two potentially significant factors. Modeling efforts in conjunction with

experimental data for validation should help improve the ultrasonic testing community’s

understanding of complicated wave interactions such as these.

6.2.4 Notch Orientation

Although not done in this work, effects of the notch orientation should also be examined.

For example, snapshot radial energy curves of scans B3-B5, from the second bonded speci-

men, could be compared to the radial energy curves of scans B6-B8, from the third bonded

specimen, to determine the effect of notch orientation on scattering. Recall that scans B4

and B5 contain notch scattering from notches oriented at −45◦ with lengths of 2 mm and

4 mm, respectively, and B7 and B8 contain scattering from notches of the same length

oriented at 0◦. It would be reasonable to expect scattering energy in the B4 and B5 scans

would be directed more towards the −45◦ direction and the energy in scans B7 and B8

directed towards the 0◦ direction.

This comparison was not made here because the data contained too many non-controlled

variables between scans B3-B5 and B6-B8 to make a meaningful comparison. For exam-

ple, experimental settings, such as the transducer (i.e., transducer A was used for scans

B3-B5 and transducer B for scans B6-B8) and probe aim point (i.e., the probe was aimed

differently for scans B3-B5 than for scans B6-B8), were changed between acquiring scans

B3-B5 and B6-B8. Although the comparison between the −45◦ and 0◦ notch orientations

was not made directly, observed differences in scattering behavior between the two orienta-

tions, such as those discussed in Section 6.2, indicate that it may be beneficial to investigate

the effect of notch (or probe) orientation on notch scattering further. The Quantitative Ul-

trasonic Evaluation Sensing and Testing Laboratory at Georgia Institute of Technology is

currently working on wavefield sensitivity studies such as these.
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APPENDIX : EXPERIMENT EQUIPMENT

All equipment used for the work completed in this thesis is included below.

• Agilent 33250A (Function Generator)

• Tektronix TDS5034B (Phosphor Oscilloscope)

• Cleverscope CS328A (Digitizer)

• Polytec OFV-5000 Vibrometer Controller (LDV Controller)

• Polytec OFV-551 Fiber Vibrometer (Fiber-optic LDV Head)

• Custom Rexroth/Bosch Group XYZ Translation Stages

• Panametrics 5072PR Pulser/Receiver

• Panametrics ABWM-4T 60◦ Acrylic Angle-Beam Wedge

• Panametrics 5 MHz × 0.25” Transducer A (Model # C543-SM, SN 867921)

• Panametrics 5 MHz × 0.25” Transducer B (Model # C543-SM, SN 1007263)
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