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CONTRIBUTION OF AUTHORS

This thesis includes seven chapters. Chapter 1 introduces the problem statement and motivations, the
research objectives and summary of approach, contributions, and summary of the research. In Chapter
2, the relevant background literatures are presented that includes the general understandings of the non-
destructive evaluation (NDE) methods, nonlinear ultrasonic testing, signal processsing methods, non-
linear wave propagation in fluids, immersion nonlinear ultrasonic testing and phononic crystals. The
literature research presented in this chapter was partially published in the Journal of the International
Measurement Confederation (IMEKO) with the title of "Wavelet Based Harmonics Decomposition of
Ultrasonic Signal in Assessment of Plastic Strain in Aluminum" in collaboration with Negar Kamali,
Niloofar Tehrani, and Professors Didem Ozevin, Sheng-Wei Chi, Ernesto Indacochea [1], at the journal
of Applied Physics Letter with the title of "The Integration of Superlattices and Immersion Nonlinear
Ultrasonics to Enhance Damage Detection Threshold" in collaboration with Minoo Kabir, and Professor
Didem Ozevin [2], in the proceeding of the IWSHM conference, Structural Health Monitoring 2017 with
the title of "Enhancing the Robustness of Nonlinear Ultrasonic Testing by Implementing 1D Phononic
Crystals" in collaboration with Minoo Kabir, and Professor Didem Ozevin [3], and in AIP Conference
Proceedings with the title of "The Application of Water Coupled Nonlinear Ultrasonics to Quantify the
Dislocation Density in Aluminum 1100" in collaboration with Negar Kamali, Niloofar Tehrani, and Pro-
fessors Didem Ozevin, Sheng-Wei Chi, Ernesto Indacochea [4]. In Chapter 3, wavelet based harmonic
decomposition method is introduced and experimental studies are presented. The content presented in

this chapter was partially published in the Measurement Journal with the title of "Wavelet Based Harm-
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onics Decomposition of Ultrasonic Signal in Assessment of Plastic Strain in Aluminum" in collabo-
ration with Negar Kamali, Niloofar Tehrani, and Professors Didem Ozevin, Sheng-Wei Chi, Ernesto
Indacochea [1]. Kamali performed the theoretical studies, Tehrani prepared the experimental specimens
and Mostavi performed the nonlinear ultrasonic testing experiments and analyzed the data. Ozevin, Chi
and Indacochea supervised and reviewed the experiments and the results. In chapter 4, the enhancement
of damage detection through the integration of superlattices and immersion nonlinear ultrasonic testing
is described, which includes numerical studies on the design of the superlattices structure and the ex-
perimental studies on the validation of the enhancement of damage detection. The content presented in
this chapter is partially published at the journal of Applied Physics Letter with the title of "The Integra-
tion of Superlattices and Immersion Nonlinear Ultrasonics to Enhance Damage Detection Threshold" in
collaboration with Minoo Kabir, and Professor Didem Ozevin [2], and in the proceeding of the IWSHM
conference, Structural Health Monitoring 2017 with the title of "Enhancing the Robustness of Nonli-
near Ultrasonic Testing by Implementing 1D Phononic Crystals" in collaboration with Minoo Kabir,
and Professor Didem Ozevin [3]. Kabir performed the numerical simulations to design the superlat-
tices structure and Mostavi prepared the immersion nonlinear ultrasonic testing experiments, prepared
superlattices and analyzed the data, the experiments are preformed by Ozevin, Mostavi and Kabir, and
Ozevin reviewed the results. Chapter 5 presents the application of wavelet based harmonic decompo-
sition method to analyze the nonlinear ultrasonic testing data to detect creep damage in stainless steel

410. This chapter will be partially published in a journal with the title of "Assessing Creep Damage in
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410 Stainless Steel using Acoustic Micro Imaging" in collaboration with Niloofar Tehrani, Negar kamali
and Professors Didem Ozevin, Sheng-Wei Chi, J. Ernesto Indacochea. Tehrani performed the creep
specimens and literature studies. Mostavi performed the nonlinear ultrasonic testing, analyzed the data
and performed literature review. Kamali, Ozevin, Chi and Indacochea supervised and reviewed the
experiments and the results. Chapter 6 presents the immersion nonlinear ultrasonic testing integrated
with superlattices to detect creep damage in stainless steel 410. The content presented in this chapter
will be partially submitted to a journal with the title of "Assessing Creep Damage in Stainless Steel 410
using Integrated Immersion Nonlinear Ultrasonic Testing and Acoustic Metamaterials" in collaboration
with Minoo Kabir, and Professor Didem Ozevin. Kabir performed the numerical simulations to design
the superlattices structure and Mostavi prepared the immersion nonlinear ultrasonic testing experiments,
prepared superlattices and analyzed the data, the experiments are preformed by Ozevin, Mostavi and

Kabir, and Ozevin reviewed the results. The conclusions and future work are summarized in Chapter 7.
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SUMMARY

Over the last decades, nondestructive evaluation (NDE) of materials has been implemented to assess
the structural integrity by detecting structural flaws, such as fatigue crack, creep, corrosion, and thermal
aging. Different NDE methods are developed and employed, including electromagnetics, eddy currents,
acoustic emission and ultrasonics. Ultrasonic testing (UT) is a well-established NDE method that me-
asures materials state by monitoring the propagation of high frequency elastic waves within materials.
UT can be categorized as linear and nonlinear methods. The linear UT detects flaws by measuring wave
velocity, attenuation, time of flight reflection from flaws or linear resonance frequency. Although it is
successfully applied in detecting defects on the order of wavelength, the sensitivity of this method is
limited to the wavelength of ultrasonic signal. On the other hand, nonlinear UT (NLUT) is sensitive
to the microscopic imperfections in sub-wavelength that nucleate in the early stages of damage. One
of the well-known NLUT methods is called second harmonic generation (SHG), which is based on the
distortion of a single frequency wave confronting the micro-structural features as it passes through the
material. This distortion arises from the deviation from Hooke’s law in a nonlinear medium that genera-
tes higher frequency components of the fundamental frequency. The amplitudes of the fundamental and
second harmonics are used to calculate the acoustic non-linearity parameter () and the amplitudes of
the fundamental and third harmonics are used to calculate the third order acoustic non-linearity parame-
ter (). The correlation between the acoustic non-linearity parameter and the extent of micro-structural
features in materials has been reported in literature; however, the major challenges of this method are

high sensitivity of harmonic amplitudes to the signal processing method and the experimental variables,
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SUMMARY (Continued)

such as coupling condition and instrumental non-linearities (e.g. arbitrary function generator and am-
plifiers can introduce significant non-linearity), which introduce significant variability in the reported
non-linearity parameters representing different defects. The objective of this research is to minimize
the variability of non-linearity parameter in relation to damage by introducing wavelet-based signal de-
composition approach, and blocking the non-linearity in medium and instruments by phononic crystals
(PCs). The research has two major components: (i) understanding the major drawback of the most pre-
valent signal processing method and formulating a more robust harmonic decomposition method, and
evaluating the proposed method in the NLUT experiments to detect plastic strain and creep damage;
(ii) blocking the non-linearity generated in instrument and couplant (water for the case of immersed
NLUT) by implementing one-dimensional PCs, known as superlattices (SLs). It is demonstrated that
the wavelet-based signal decomposition reduces the variability of harmonic amplitudes as compared to
Fourier transform-based signal decomposition. SLs are numerically modeled to block higher harmonics
selected in this research, and tested experimentally. It is shown that non-linearity in water and electro-
nics in the transmission side of data acquisition equipment can be blocked while the NLUT method can
be used with immersion method with the reduced coupling effect. The NLUT method integrated with
SLs is demonstrated on detecting plastic deformation in aluminum with the second harmonic approach

and creep damage in steel with the third harmonic approach.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement and Motivation

Ultrasonic Testing (UT) is a well-established nondestructive evaluation (NDE) method of materials
and structures. The method can detect the presence of flaws in materials by studying the interaction
of high frequency ultrasonic waves with microstructure and defects. The method has been developed
in many applications to detect the presence of various defects (e.g., crack, corrosion, delamination) in
materials [5; 6; 7]. The requirement that the wavelength of ultrasonic signal should be smaller than
the size of defects when the linear UT is implemented limits the capability of assessing materials state
involving micro-structural defects, such as early stages of fatigue and creep damage. On the other
hand, the nonlinear characteristics of wave motion have been utilized to investigate micro-structural
defects [8; 9; 10; 11]. These methods commonly rely on observing small changes of elastic wave
motion in frequency and/or time domains. The materials non-linearity can be measured by two means:
stress-dependent ultrasonic wave velocity known as acoustoelasticity [12; 13; 14] and the detection of
higher harmonics [15; 16; 17; 18]. Nonlinear ultrasonic testing (NLUT) method is able to detect the
micro-structural features (e.g. dislocation density and porosity) in the order of magnitude smaller than
ultrasonic wavelength [19]. The acoustoelastic effect is negligibly small when the stress level is far
below the yield point, which is beyond the scope of this research. When a single-frequency elastic

wave propagates in a material, the interaction of single-frequency wave mode with micro-structural



defects generates higher frequency components known as higher harmonics. The excitation frequency is
referred in literature as the fundamental wave frequency and the higher harmonics are integer multiples
of the excitation frequency.

The most common NLUT method is called second harmonic generation (SHG) method. This met-
hod is based on measuring the acoustic non-linearity parameter, , which is proportional to the ratio
of the second harmonic amplitude A, to the square of the first harmonic (fundamental frequency) am-
plitude Ay, (2‘—?) [1; 19; 20]. To date, there are several applications of NLUT to assess micro-structural
changes in metallic alloys, such as fatigue damage [21; 22], dislocation density [23; 24], creep damage
[25; 26; 27], radiation damage [18], thermal aging [28; 29], and cold work [30]. Various wave types can
be utilized for detecting micro-structural damage using nonlinear ultrasonics such as longitudinal waves
[27; 31; 32], Rayleigh waves [18; 33; 34], or Lamb waves [22]. Matlack et al. [35] have presented a
comprehensive review of the SHG method for detecting micro-structural damage.

The SHG method has received significant interests recently, as the reliability and integrity of structu-
ral components become increasingly important, and the recent developments in the accuracy of ultraso-
nic data acquisition systems make high precision measurements possible. However, while f is sensitive
to material micro-structural features, consequently, the error tolerance in the NLUT method, from both
experimental variables (i.e., couplant material and thickness, amount of force to couple sensors with
structure) and signal processing methods, is more stringent than that the linear UT method [36].

The most common harmonic decomposition method is to transform time-domain signal into fre-
quency domain using fast Fourier transform (FFT), and read the amplitude of each frequency from the

frequency spectrum [25; 33; 37; 38]. The major drawbacks of this approach are that temporal infor-



mation is not preserved and the transformation is ineffective in dealing with truncated signals or ones
with discontinuity. Pruell et al. [22] applied the short time Fourier transform (STFT) to obtain time-
frequency images. However, STFT has a fixed window size, and it cannot yield good resolution based
on time and frequency simultaneously. Kim and Kim [37] compared STFT and wavelet transformation
(WT) and discovered that the WT is a promising method to analyze the acoustic signals. In general,
the acoustic non-linearity parameter 3 rises with an increase in the density of microscopic heterogenei-
ties, e.g., dislocation density, precipitates, or porosity. However, significant variations in the reported
data and high errors in repeated measurements show the inevitability of more robust signal processing
tools to decompose harmonic frequencies. This research presents a wavelet-based signal decomposi-
tion aiming to more accurate extraction of frequency components in the NLUT method with minimum
variance.

Immersion UT reduces the influences of couplant and pressure applied to transducers to harmonic
amplitudes with comparatively low acoustic attenuation [39; 4; 40]. However, when a period of finite
amplitude sinusoidal wave propagates in water, high pressure zone (the crests of the wave) travels fas-
ter than low pressure zone (the troughs of the wave). This phenomenon leads to wave distortion and
transfer of energy to higher harmonics [41; 42; 43]. Consequently, water generates high non-linearity
that can mask the weak non-linearity in solid. This fact adversely affects the applicability of immersion
NLUT [44]. While eliminating the system non-linearity in contact NLUT has been studied through
non-collinear and collinear wave mixing [45; 46], an approach to prevent the system non-linearity in
immersion NLUT has not been investigated yet. This research aims to enhance immersion NLUT by

means of removing the non-linearity generated in water and instruments. The non-linearity blocking



is achieved by implementing phononic crystals (PCs). PCs or acoustic metamaterials are a class of
metamaterials that provide unnatural features to manipulate the propagation of elastic waves [47; 48].
PCs are developed to control the elastic waves in solid inspired by the concept of photonic crystals that
control electromagnetic waves [49]. Both of phononic and photonic crystals are based on the idea that
periodic structures can affect the wave propagation and generate unnatural features, such as band gap
formation. As a result of the band gap, certain frequencies are blocked while others are allowed to
propagate (pass band). This feature comes from different acoustic properties of layers and the periodic
placement of layers compared to bulk materials [50]. The dispersion behavior of PCs can be tuned to
exhibit band gaps that restrict the propagation of particular frequency and wave mode [51]. In literature,
PCs have been studied in different applications, such as wave guiding [52], filtering [53] and rectifying
[54] the acoustic waves. The periodic structure of PCs can be arranged in one, two or three dimensions.
The one-dimensional PCs are called superlattices (SLs). The SLs structure is composed of two or more
periodically repeated layers, which are placed along the SLs growth direction. Each unit cell of SLs can
be made of solid-solid layers or solid-fluid layers [50]. In literature, the solid-fluid SLs composed of
limited number of periodic cells are shown experimentally and numerically to exhibit large band gaps
[55; 56].

1.2 Research Objective and Summary of Approach

The objective of this research is to enhance damage detection using NLUT by addressing two major
challenges introduced in section 1.1. The challenges are aimed to be overcome by attaining a robust
signal decomposition method, and generating an strategy to mitigate the NLUT experimental varia-

bles including inconsistent coupling condition and instrumental non-linearity. The components of the



research to achieve the research objective are presented in Figure 1. The research has two major compo-
nents: (a) the enhancement of contact NLUT through wavelet-based signal decomposition method and
(b) the enhancement of coupling condition in NLUT through the integration of immersed NLUT with
SLs.

(a) In NLUT method signal processing is a major process of damage detection. A wavelet-based
signal decomposition method is introduced to better extract higher harmonics from time-history sig-
nals and thus more accurately obtain the acoustic non-linearity parameter. WT uses functions that are
localized in both real and Fourier spaces, called mother wavelets. In higher-frequency components,
the window size becomes smaller to maintain higher-frequency resolution, while in signals with lower
frequency higher frequency resolution is obtained by a larger window size. By using wavelet harmonic
decomposition method, spectral amplitudes over time is obtained for the fundamental and higher harmo-
nics frequencies. In this study, two wavelet-based algorithms are introduced to analyze the ultrasonic
waveforms: time-dependent and time-invariant. In the time-dependent algorithm, f varies with each
discrete point along the time history signal, while in the time-invariant algorithm, the maximum ampli-
tudes of fundamental and second harmonic waves, within a period of time, are selected for calculating
a constant 3 value for each time history signal. Both of the proposed methods employ complex Morlet
mother wavelet function. The algorithms are implemented to determine the variation of the acoustic
non-linearity parameter due to different levels of plastic deformation and creep damage. The traditional
fast Fourier transform (FFT) is also used to acquire the acoustic non-linearity parameter for comparison.
The NLUT experiment in this part is implemented in contact mode and light lubrication oil is used as

the couplant between the transducers and the specimens.



(b) Coupling condition is a major source of error in NLUT. In order to provide a consistent coupling
force and minimize the coupling error due to surface condition of the specimens, immersed NLUT is
applied in this study. To eliminate the non-linearity generated in water and instruments in the excitation
side, it is proposed to integrate immersed NLUT with SLs. The SLs structure is designed to provide a
band gap range that includes the second and third harmonic frequencies used in this study, and placed
right before the solid medium facing to the transmitter. The SLs made of binary layers of solid-solid
and solid-fluid are numerically modeled using COMSOL Multiphysics to study the wave transmission
loss, employing the pressure acoustics module. The performance of the designed SLs to enhance the
immersed NLUT is experimentally demonstrated on two sets of specimens with different levels of plastic
deformation and creep damage.

1.3  Contribution to Knowledge

The major contributions of this research to the knowledge are the followings:

e The accuracy of harmonic decomposition of nonlinear wave signal due to plastic deformation
and creep damage is improved by applying the wavelet-based algorithms. Good correlation bet-
ween the increase of  and the increase in plastic deformation or creep damage is obtained using
the contact NLUT method. The developed signal processing algorithm enhances the minimum

detectable micro-structural changes in materials using nonlinear ultrasonics.

e For the first time in literature, the integration of SLs into the immersion NLUT is demonstrated
in this research. SLs are numerically designed to remove the non-linearity generated in water
and instruments. The results reveal that the SLs with a band gap tuned to higher harmonic fre-

quencies and a pass band that includes the fundamental harmonic frequency enhances the damage
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detection sensitivity of immersion NLUT as compared to the current practice. The approach re-
duces the errors introduced by couplant and instruments and enhances the minimum detectable

micro-structural changes in solids.

1.4 Organization of Dissertation

Following this introductory chapter, the remainder of this thesis is organized as follows:

Chapter 2 presents the background literature related to this research. The chapter begins with the
introduction to the linear and nonlinear ultrasonic testing, higher harmonic generation method, and
their advantages and limitations. Then, the nonlinear wave propagation equations and the generation of
higher harmonics are presented. The chapter continues with presenting the signal processing methods
implemented to perform the harmonic decomposition in NLUT method. Next, the immersion NLUT
and the non-linearity generated in water are discussed, and finally phononic crystals and acoustic me-
tamaterials are introduced. Chapter 3 presents the formulation of the proposed SHG method based on
the wavelet-based harmonic decomposition method. The approach is experimentally applied to detect
different levels of plastic deformation in aluminum 1100 specimens. In chapter 4, the enhancement of
immersion NLUT by exploiting superlattices (SLs) is presented. The wave propagation through the SLs
is numerically studied to tailor the periodic geometry and tune the band gap to the second and third
harmonic frequency. The desired SLs are fabricated and the band gap formation is validated through an
immersion NLUT experimental setup. The improvement in the sensitivity of the NLUT is demonstrated
through detecting the plastic strain in aluminum 1100 specimens. In chapter 5, the developed wavelet-
based SHG method is applied to study the micro-structural changes in metals due to creep damage. The

changes in B for different levels of creep and thermal damages in stainless steel 410 are measured using



the contact NLUT. In chapter 6, the integration of the immersed NLUT and SLs using the third harmonic
generation method is employed to detect the creep damage in stainless steel 410 specimens. The results
of the immersed NLUT in two cases, (i) without the presence of SLs, and (ii) with the presence of SLs

are reported. Finally, in chapter 7, the major conclusions and future work of this research are presented.



CHAPTER 2

BACKGROUND LITERATURE

The content presented in this chapter is partially published at the Journal of the International Me-
asurement Confederation (IMEKO) with the title of "Wavelet Based Harmonics Decomposition of Ul-
trasonic Signal in Assessment of Plastic Strain in Aluminum" in collaboration with Negar Kamali,
Niloofar Tehrani, and Professors Didem Ozevin, Sheng-Wei Chi, Ernesto Indacochea [1], at the journal
of Applied Physics Letter with the title of "The Integration of Superlattices and Immersion Nonlinear
Ultrasonics to Enhance Damage Detection Threshold" in collaboration with Minoo Kabir, and Pro-
fessor Didem Ozevin [2], in the proceeding of the IWSHM conference, Structural Health Monitoring
2017 with the title of "Enhancing the Robustness of Nonlinear Ultrasonic Testing by Implementing 1D
Phononic Crystals" in collaboration with Minoo Kabir, and Professor Didem Ozevin [3], and in AIP
Conference Proceedings with the title of "The Application of Water Coupled Nonlinear Ultrasonics to
Quantify the Dislocation Density in Aluminum 1100" in collaboration with Negar Kamali, Niloofar

Tehrani, and Professors Didem Ozevin, Sheng-Wei Chi, Ernesto Indacochea [4].
2.1 Introduction

The aim of this chapter is to present and outline of the linear and nonlinear ultrasonic testing, higher
harmonic generation method, and their advantages and limitations. The chapter continues with studying

two major challenges of NLUT method, (i) signal processing and (ii) coupling condition. The signal

processing methods implemented to perform the harmonic decomposition are introduced. The immer-

10
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sion NLUT and the non-linearity generated in water are discussed, and finally phononic crystals (PCs)

are introduced.

2.2 Nonlinear Ultrasonic Testing (NLUT)

Structures are exposed to different types of loads (e.g., dead, live, wind, thermal) which may lead
to structural defects, such as fatigue crack [33; 57], creep [25], corrosion [58] and thermal aging [28].
The defects at critical size influence the structural integrity and may lead to an unexpected failure. It is
important to detect them before they reach to critical stage by nondestructive evaluation (NDE) methods.
In the last decade, diferrent NDE methods are developed and implemented to detect the presence of
defects, including electromagnetics, eddy currents, acoustic emission and ultrasonics [59; 60; 61].

Ultrasonic Testing (UT) is an active NDE method that is based on detecting the properties of pro-
pagating waves in materials generated by a transmitting transducer. UT can be categorized as linear
and nonlinear methods [22; 7]. The linear UT detects flaws by measuring wave velocity, time of flight
reflection from defects, attenuation or linear resonance frequency [33; 62], and has been applied for
damage assessment of structures, such as pipelines, railroads and aircraft components [63; 64].

While the linear UT method has been successfully developed in many applications to detect the pre-
sence of various flaws (e.g., crack, corrosion, delamination) in materials [5; 6], it faces a major limitation
that the wavelength of ultrasonic signal should be smaller than the size of defects. On the other hand,
on account of the advancement of UT instrumentation and the theory of nonlinear wave propagation,
the nonlinear characteristics of wave motion has been utilized to investigate micro-structural defects
[8; 9; 10]. These methods commonly rely on observing small changes of the elastic wave motion in

frequency and/or time domains. The nonlinear ultrasonic testing (NLUT) method is able to detect the
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microstructural features, (e.g., dislocation density, porosity), in the order of magnitude smaller than the
ultrasonic wavelength [8; 9; 10].

The materials non-linearity can be measured by different NLUT methods. The stress-dependent
ultrasonic wave speed known as acoustoelasticity is based on the fact that ultrasonic velocity is stress-
dependent [65]. Nonlinear elastic wave spectroscopy (NEWS) method uses the nonlinear hysteretic
nature of materials such as concrete and rock. This method is implemented in two modes. The first
mode measures the shifts in the resonance frequency due to the change in the excitation amplitude,
known as nonlinear resonant ultrasound spectroscopy (NRUS). Second, the nonlinear wave modulation
spectroscopy (NWMS) method mixes a very low frequency and high frequency ultrasonic waves, and
measures the modulation of frequencies [66; 67; 68; 69]. To detect surface defects in geophysics ap-
plications, nonlinear time reversal is applied [70]. Higher harmonic generation method is based on the
generation of higher harmonics of the excitation frequency propagating in a nonlinear medium due to
micro-structural defects. This method is shown to be sensitive to defects in their early stages before the
nucleation of macroscopic damage [35]. In this research, higher harmonics-based NLUT is studied.

The higher harmonics NLUT method is based on the theory that, when a single-frequency (i.e., the
excitation frequency) elastic wave propagates in a material, the interaction of single-frequency wave
with micro-structural defects distorts the wave and generates higher-frequency components of the exci-
tation frequency, called higher harmonics. This distortion arises from the deviation from Hooke’s law in
a nonlinear medium that generates higher frequency components [71]. The amplitudes of the fundamen-
tal and higher harmonics are used to calculate the acoustic non-linearity parameters [72]. The excitation

frequency is referred in the literature as the fundamental wave frequency and the higher harmonics are
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integer multiples of the excitation frequency. The wave motion in solids is governed by the following
equation:

%Dtv =A.0 2.1

where p is the material density, v is the particle velocity, D denotes the material time derivative, and
the body force is neglected. ¢ is the Cauchy stress tensor and can be obtained from the strain energy
density function. Considering the longitudinal wave, u, with a sinusoidal excitation u(0,7) = ugpsin(ot),
the solution of Equation 2.1 is given as follows [73]:

ﬁ/
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where ¢; is the propagation speed of longitudinal wave.

A subset of higher harmonic methods is the second harmonic generation (SHG) method which mea-
sures the acoustic non-linearity parameter, 3. B is calculated based on the ratio of the second harmonic
amplitude to the square of the fundamental harmonic amplitude [30; 71; 74]. In Equation 2.2 let A; and
Aj be the fundamental and second harmonic amplitudes of the ultrasonic signal while converted to the

frequency domain.  can be quantified by Equation 2.3:

A2 sz
=2 _ ﬁli

= (2.3)
Al

where k = C—“l’ is the wave number of the fundamental wave and x is the propagation distance [19; 30].
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Recently, the generation of third harmonics is reported in literature to characterize the defects in
materials [75; 76]. Narayana et al. [77] compared the second and third harmonic generations to detect
creep damage in pure copper specimens and reported that third harmonic generation is more sensitive
to detect the creep damage. Third harmonic generation method is based on the measurement of funda-
mental and third harmonic amplitudes of the ultrasonic wave to calculate the third order non-linearity
parameter Y as presented in Equation 2.4 [78].

6A3 . Aj

Y xk3AT A3 .

where 7 is the third harmonic non-linearity parameter, A; and Az are the fundamental and third
harmonic amplitudes of the recieved signal, respectively, k is the wave number of the fundamental wave

and x is the propagation distance [78].

2.2.1 Limitations of NLUT using Higher Harmonics

Second and third harmonic-based NLUT methods have been studied to investigate the micro-structural
defects in materials. However, as the methods depend on the measurement of ultrasonic amplitudes,
error due to measurements and signal processing is higher than that the linear UT [79; 80]. The me-
asured non-linearity is originated from two different sources: (i) materials related non-linearity due to
the micro-structural changes in solid, and (ii) measurement related non-linearity, which originates from
experimental variables (for example, measurement instruments such as amplifiers, transducers, and the
arbitrary function generator (AFG) can introduces non-linearities). The materials related non-linearities
can be orders of magnitude smaller than the measurement related non-linearities, which may hinder the

correlation between the non-linearity parameters and defects [79].
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Liu et al. [79] studied the key experimental variables that affected the nonlinear ultrasonic testing
such as coupling conditions, instrument non-linearities, transducer natural filter effect, transducer loca-
tion and measurement angle, signal processing and windowing type. They showed that relative trans-
ducer position, coupling condition and signal processing are the major variables affecting the nonlinear
ultrasonic testing [79]. Despite these limitations, the sensitivity of nonlinear harmonic generation to
the micro-structural changes in materials has motivated the researchers to study further enhancement of
NLUT. The enhancement of contact and immersion NLUT methods depends on two variables: (i) signal
decomposition method to determine the amplitudes of fundamental and higher harmonic frequencies,

and (ii) the influence of coupling condition between transducers and specimen.

2.3  Signal Processing Methods for Signal Decomposition

In this section, the basic theories and equations of commonly used signal processing methods for
the ultrasonic signal decomposition are reviewed to illustrate their advantages and disadvantages in the

extraction of higher harmonic amplitudes.

2.3.1 Fast Fourier Transform (FFT)

FFT is the most commonly used signal processing method to find the frequency content of transient
signals based on the Fourier series expansion. The Fourier series of a time-dependent signal 4(r) within
the limit of —7 <t < T is [81]:

h(t) = i che T’ (2.5)

n—=-—oo



16

1 T _inn
= ﬁ/_rh(t)e T 'dt (2.6)

where ¢, corresponds to the n'" coefficient in the Fourier series. To process a signal with finite
discrete values, discrete Fourier transform (DFT) is used. In DFT, the sequence #, with N values is
transformed to the frequency domain as [81]:
N—1

Ho=Y he 3, k=0,..,N—1 Q2.7)
n=0

where k is the wave number and H; is the corresponding sequence in the frequency domain. Due
to the large computational cost of calculating DFT for large N, this method is seldom used. Instead, by
rearranging some multiplications and sums, a simple yet effective algorithm called FFT, which decre-
ases the computational cost by reducing N, the number of points needed for computation from 2N? to
2logN. If frequency is constant in time, FFT works effectively [82]. However, in nonlinear ultrasonic
testing, the objective is to find the complex non-stationary higher-order harmonic signals, which po-
tentially poses a challenge for FFT. Moreover, some inherent characteristics of FFT affect the accuracy
of signal harmonic decomposition. FFT uses global basis functions, and any perturbations in the tran-
sient signal in the time domain can dramatically affect the frequency spectrum [83]. Therefore, FFT is
less accurate to handle local discontinuity in the time-varying signal with transient properties [84]. To
solve this problem, Dennis Gabor introduced the STFT method to embed the temporal information into
the frequency-domain analysis [85]. In this method a fixed length analysis window is introduced that

slides through the time axis and computes the time-localized Fourier transform [86]. While the STFT
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approach is introduced to overcome the limitation of FFT that the temporal information is excluded, in
this method, an implicit assumption is that the signal within the processing frame is repetitive and that
the signal can only be sampled for a limited time [87]. In STFT, the time resolution can be improved
by decreasing the window size to calculate FFT, but the frequency resolution is reduced when the FFT
window has limited data points [88]; thus STFT cannot provide good resolution in time and frequency
simultaneously [84; 86; 89]. In conclusion, FFT is ineffective to decompose non-stationary transient
signal accurately, and it is important to apply a more robust signal decomposition approach to calculate

the acoustic non-linearity parameter.

2.3.2 Wavelet Transform (WT)

In contrast to FFT, WT uses functions that are localized in both real and Fourier spaces, called
wavelets [90]. By reconstructing signals into the mother wavelets, y(t), frequency components with the
window of each wavelet can be identified. As discussed before, STFT requires a constant window length
(called window size), which slides through the time axis to calculate the FFT in each window and to
add the temporal information of the signal into FFT [86]. Unlike the STFT method, the window size in
WT is not constant, and it is a function of frequency. In higher-frequency components, the window size
becomes smaller to maintain higher frequency resolution while in signals with lower frequency, higher
frequency resolution is obtained by a larger window size [89; 91]. WT has been successfully applied
in obtaining time-frequency images in both linear and nonlinear systems and the other applications in
signal/image processing and damage detection [90; 92; 93; 94; 95; 96].

The fundamental equation of wavelet transform can be expressed as [81]:
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W (s, 7) = / " ()t 2.8)

where A(t) is the time-domain signal, (*) denotes the complex conjugate, and y; ¢ is called the daug-
hter wavelet and can be characterized with the dilation and translation parameters, s and 7, respectively,
as:

1 t—71

Wialt) = \7W(7) (2.9)

N s

The dilation and translation parameters, s and 7, vary continuously to represent different times in
the time-domain signal and different contractions and dilations of the mother wavelet. The wavelet
function should have zero mean and be localized in both time and frequency [97]. Additionally, the

mother wavelets y(¢) must satisfy the following admissibility conditions:

/°° ()

o do <o,  Plo)= / w(t)e " dr. (2.10)

Among many wavelets, the Morlet wavelet have the best temporal and spatial resolutions [96]. A wave-
let function can be either real or complex. A complex wavelet is advantageous to represent oscillatory
waves as it preserves the information for both amplitude and phase [98]. In this study, the complex
Morlet wavelet obtained by the product of a complex exponential, and a Gaussian function is selected as
the mother wavelet. The exponential decay in complex Morlet results in very precise time localization.

This wavelet provides the best resolution in time and frequency; therefore, it is the most suitable wavelet
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Figure 2. Complex Morlet with central frequency of 1.5 Hz and bandwidth of 1 Hz, (a) time domain,

(b) frequency domain.

for spectrogram analysis [99; 100]. The complex Morlet wavelet has the following forms in the time

and frequency domains [101]:

1
‘I’M(t)*\/?wb

12
27O " (2.11)

Y (0) = @ (@0 2.12)

where @, and o, are the parameters controlling the frequency bandwidth and the central frequency,

respectively. Figure 2 shows the complex Morlet wavelet with the central frequency of 1.5 Hz and

bandwidth of 1 Hz.



20

2.4 Second Harmonic Generation (SHG) Method using Immersion NLUT

The ultrasonic wave in the immersion NLUT propagates through water, solid and water to reach to
the receiving transducer. The wave confronts two solid-fluid interfaces through its propagation path.
The surfaces reflect and transmit a portion of both fundamental and higher harmonic waves. It is impor-
tant to understand the contributions of each propagating medium as well as the influence of solid-fluid
interfaces to the measured non-linearity. In this section, the non-linearity generated in water is described

and then the influence of solid-fluid interfaces to SHG is discussed.

2.4.1 Nonlinear Acoustics in Fluid

To explain the propagation of high intensity sound in air, Nonlinear acoustics was first introduced by
Euler (1766). The studies by J.M. Burgers in nonlinear acoustics led to one of the most important equa-
tions in the field of nonlinear acoustics in viscous fluids and in thermo-viscous gases [102]. Bjgrng [41]
developed the nonlinear wave propagation equations in fluids based on the equations of continuity, mo-
tion, energy and state. Solving these equations and simplifying the solution result in three dimensional
nonlinear acoustics wave equation called Kuznetsov’s equation as shown in Equation 2.13.

P b

1 2
27(2)(7“”(@) +%Aq>], (2.13)
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where b is fluid dissipation constant caused by viscosity and thermal conductivity and defined as:
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where @ is the velocity potential which is introduced as p = p f%—‘f, and p is acoustic pressure, K is
heat conduction number, 11 and & are viscosity coefficients, ¢, and ¢y are "capacities per unit mass of the
fluid of constant pressure and volume respectively, p is density and 7 is temperature. The number y — 1
in the coefficient of the second term of right-hand side of Kuznetsov’s equation (Equation 2.13) is called
the parameter of non-linearity of fluid" [102]. Some of the most important wave equations in nonlinear
acoustics are derived out of Kuznetsov’s equations, such as the "Burgers’ equation describing plane
waves in homogeneous space, the generalized Burgers’ equations describing cylindrical and spherical
waves in homogeneous space and the Khoklov-Zabolotskaya-Kuznetsov (KZK) equation describing the

propagation of sound beams" [102; 103].

2.4.2 Ultrasonic Wave Distortion in Fluid

When a finite-amplitude ultrasonic signal propagates in a fluid, it is exposed to two different effects
influencing the time domain signal. First, dissipation which is caused by heat conductivity and visco-
sity and second, medium non-linearity due to wave distortion, which leads to the generation of higher
harmonics of the fundamental frequency. Figure 3 shows the distortion of a sinusoidal wave through
the space during its propagation in fluid. ¢ is a dimensionless distance parameter describing relative
distance between ultrasonic source and measurement point. ¢ = 1 is the distance that the wave is dis-
torted enough to form the first vertical tangent. The distance x, where o = 7 = 1, is called discontinuity

distance. The discontinuity distance is calculated in Equation 2.15.

(= ((%Jrl)kM)*l (2.15)
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Figure 3. Wave distortion due to the propagation of finite-amplitude monochromatic wave in fluid.
[41,p. 9]

where M = % is acoustic Mach number (u is particle velocity, and ¢y is linear speed of sound), & is
wavenumber and g is called the second-order non-linearity parameter that quantifies the fluid acoustic
non-linearity. [41].

In the range of 0 < o < 1, the dissipation is small and the dominent effect is the fluid acoustic non-
linearity which leads to an increasing distortion in the sinusoidal wave and steepens the wave resulting
in shock formation [41]. The distortion in time-domain signal shown in Figure 3 is represented in fre-
quency domain by the formation of higher harmonics of the fundamental frequency. In Figure 4, the
second and third harmonics along the propagation distance are shown. Figure 4 dipicts a typical varia-
tion of dimensionless amplitude (Fourier coefficient) as a function of ¢ for the fundamental frequency

wave B and second and third harmonic frequencies B, and B3, respectively. Equations 140 and 105
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Figure 4. The variation of dimensionless Fourier coefficient as a function of o.
[41, p. 11]

refer to the Fubini and Fay solutions, respectively [41]. While the amplitude B; reduces continuously
as the wave propagates through fluid, which is caused by the dissipation and energy transformation to
higher harmonics, the amplitudes of higher harmonics show an increasing trend up to o = 1, then a
decreasing trend due to dissipation.

The exact solution of Kuznetsov’s equation (Equation 2.13) in the pre-shock regime is given by the
Fubini solution and in the post-shock regime is given by the Fay solution [104]. The Fubini solution is

given by:

p(x,t) = po i %Jn(ni)sin(nw’c) (2.16)
n=1
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where J,(x) is the Bessel function of order n, and ¥ = 7 and T =1 — % The Fay solution is:

= sin(noT)
; Sinh(n(1 1 0T) (2.17)

where I is the ratio of the absorption length to the shock formation distance [104]. Equation 2.16 and
Equation 2.17 are used to calculate the second harmonics generated in water as the ultrasound wave

propagates through water before reaching to the solid interface.

2.4.3 The Contribution of Solid-Fluid Interface in the Measured Non-linearity

Landsberger et al. [44] theoretically investigated the second harmonic generation due to the propa-
gation of wave through the immersed solid, and compared that with the second harmonic generated in
the surrounding fluid considering the reflection and transmission at the interfaces. Assuming that the
ultrasonic wave propagation is normal to the solid-fluid interface, they theoretically calculated the ratio
of the second harmonic amplitude generated in solid to the amplitude of the second harmonic generated
in fluid as shown in Equation 2.18. In this formulation, they ignored the absorption in the fluid and the
non-linearity generated in fluid on the back surface of solid. The second assumption is reasonable as the
fundamental wave gets weaker due to the absorption in solid and the reflections at interface, and also
the receiver can be placed very close to the back surface of the solid.

|P£t| ZAS h & (Q)Z

L (1+2/Zs) di" B G

(2.18)

where P5, and PZJ; are the transmitted waves through solid due to the incident wave generated in solid

and in fluid, respectively. Z; and Z; are the specific impedances of fluid and solid, respectively, d; is
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distance from the transmitter to the first interface with solid, 4 is solid thickness, By and B, are non-
linearity parameters in fluid and solid, respectively. Cy and Cy are longitudinal ultrasonic wave velocity

in fluid and solid, respectively and Ay is an absorption parameter that is calculated by Equation 2.19.

plos=2a)h _

Ag=———
(a5 —208)h

(2.19)

where a and @ are absorption coefficients at the fundamental and second harmonic frequencies,
respectively. The absorption parameter is approximately equal to one if either of , =0 or o = 20y.
In Equation 2.18, the incident wave is assumed as normal to the solid-fluid interface and the receiver
is assumed to be placed very close to the second interface of solid. Landsberger et al. [44] calcula-
ted the ratio for an aluminum specimen and showed that the second harmonic generated in a 60 mm
thick aluminum plate placed 100 mm away from the transmitter is only 4% of what is generated in the
surrounding water. This implies that the contribution of the non-linearity of aluminum is negligible,
compared to the non-linearity generated in fluid. This hinders the detection of micro-structural changes
in materials using the immersion NLUT. However, major advantage of immersion NLUT is consistent
coupling facilitating the comprehensive volume scanning, which motivates this research to investigate

an approach based on phononic crystals to block the non-linearity in fluid.

2.5 Introduction to Phononic Crystals (PCs)

Phonon is a unit of vibrational energy in which a lattice of atoms uniformly oscillates at a single
frequency within a crystal. Due to the bonds between atoms, the displacement of one atom leads to vi-
bration of next atom and results in the propagation of the elastic waves [105]. Simply, one may consider

a mechanical wave made of particles, known as phonons [106]. The idea of controlling the dispersion
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relation for phonons has been studied by many researchers, by knowing the range of band gaps in which
vibration or phonons are restricted [51]. PCs are developed to control the elastic waves in solids inspi-
red by the concept of photonic crystals that control electromagnetic waves in air [49]. Both of phononic
and photonic crystals are based on the idea that periodic structures can affect the wave propagation
and generate unnatural features such as band gap formation. PCs, also known as acoustic metama-
terials, are artificial composite, man-made periodic systems creating new responses through physical
constraints in the constituent materials [50; 107]. The superior property of the acoustic metamaterial
is attributed to its engineered geometry and artificially induced inhomogeneity [108]. The periodicity
or the lattice constant, and composite behavior of resonating unit cells control the scattering of elastic
waves, as a consequence, the wave properties. The reflections can be destructive or constructive based
on the periodic geometry and the wave frequency. The destructive reflection attenuates the propagating
wave and formes the band gap in PCs [49; 50; 109]. By tailoring the band structure, these materials
can exhibit band gaps that attenuate particular frequencies and wave modes while passes other frequen-
cies [51]. The band gap of the metamaterial can be controlled by the contrast of elastic constants, the
filling fraction and the lattice (i.e., periodicity) of the constructed element, and the thickness of the
base plate [110; 111]. The band gap formation offers many applications such as wave field focusing
[112; 113; 114], wave filtering [2; 115], and acoustic rectification [116]. In structural applications, the
global periodicity is considered to reduce structural vibrations from earthquakes [117; 118; 119], and
noise reduction in residential structures [120].

The band gap forms through two different mechanisms, known as Bragg’s scattering and local re-

sonance. The Bragg’s band gap is formed by destructive interface of waves through the periodic media
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[50; 3]. The wavelength associated with the Bragg type is in the same order as the periodicity of the
structure. In contrast, the local resonant type exhibits band gaps at wavelengths much larger than their
lattice size, which makes this type preferable for low frequency applications [121]. The band gap results
from the local resonators in the medium, such as stubs that are periodically placed on the surface of a
plate [122].

The periodic structure can be arranged in one, two or three dimensions. The one-dimensional pe-
riodic phononic crystals (PCs) are called superlattices (SLs). The SLs structure is composed of two or
more periodically repeated layers which are placed along the SLs growth direction. Each unit cell of

SLs can be made of solid-solid or solid-fluid layers [50].

2.5.1 One-Dimensional Mono-Atomic PCs

The basic concept of wave propagation through a periodic structure is theoretically studied by Hus-
sein et al. [123], and briefly described in this section. The discussion starts from the case of 1D mono-
atomic crystals and is followed by the case of 1D bi-atomic crystals. First, consider a one-dimensional
periodic system in the form of a spring-mass chain as shown in Figure 5(a). The sequence of masses,
m, are connected by linear springs, o, at distance a.

In the absence of an external load, the wave equation of motion for the n" mass is presented by

Equation 2.20 [50]:

= 0t(Up+1 — Un) — O (Up — Up—1) (2.20)
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(a)

(b)

Figure 5. Schematics of (a) 1D mono-atomic PCs and (b) its dispersion curve.
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where u, is the displacement of mass number # in reference to the rest position. The solution of the
equation of motion can be found in the form of a harmonic plane wave as presented in Equation 2.21

[50]:

U, = Ae'kna—iot (2:21)

where k is the wave number and @ is the angular frequency of the wave. The spatial part of the
solution, as presented in Equation 2.22, represents the Bloch-Floquet theorem, which describes the

plane wave propagation in a periodic medium.
i, = Ae'*™ (2.22)

The imaginary component in this expression designates the spatial decay as the wave propagates
through the lattice. After substituting the spatial solution in the wave equation of motion and finding the

nontrivial solutions, one can find the dispersion relation for the 1D lattice as:
a
(k) = a)0|sink§\ (2.23)

The dispersion relation for propagating wave in a 1D mono-atomic crystal is illustrated in Fi-
gure 5(b), where wy = 2\/g is the highest angular frequency. Equation 2.23 is considered in the

symmetric period of k = [—Z, +Z] which is called the first Brillouin zone of the 1D PCs [50].

a’
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2.5.2 One-Dimensional Bi-Atomic PCs

The bi-atomic crystals consist of two different masses, m; and m, in a lattice that are connected
by spring a, as shown in Figure 6(a). In this case, there are two equations of motion for two adjacent

masses (with displacements u and v) inside a lattice, in the absence of an external load expressed as

[124]:
d*u
lidtzn = (Vo + Vi1 —2uy)
(2.24)
d*v,
mzﬁ = Oc(u,,_H —+u,; — 2Vn)

The solution of periodic system with the elementary cell size as D is defined as [124]:

U, = UenkDfa)t
(2.25)

Vv, = VenkD—(l)l‘
=

The dispersion equation that shows the relationship between @ and k is obtained by substituting

Equation 2.25 into Equation 2.24 as [124]:

2 _ —
o = o™ +my + \/(ml +mp)? —2mymy(1 — cos(kD)) (2.26)

mymy

The corresponding dispersion diagram obtained from Equation 2.26 is shown in Figure 6(b). The

dispersion relation has two branches: (i) optical branch that corresponds to the ” +” part of Equa-

E3]

tion 2.26 and (ii) acoustic branch that corresponds to the ” —” part of Equation 2.26. In a non-
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Figure 6. Schematics of (a) 1D bi-atomic PCs and (b) its dispersion curve.
[124]

homogeneous 1D bi-atomic crystals (m; 7 my) there is a separation between the two branches which is

called band gap.



CHAPTER 3

WAVELET-BASED HARMONIC DECOMPOSITION OF NONLINEAR

ULTRASONIC SIGNAL IN ASSESSMENT OF PLASTIC STRAIN IN ALUMINUM

This chapter is partially published at Measurement Journal with the title of "Wavelet Based Harmo-
nics Decomposition of Ultrasonic Signal in Assessment of Plastic Strain in Aluminum" in collaboration
with Negar Kamali, Niloofar Tehrani, and Professors Didem Ozevin, Sheng-Wei Chi, Ernesto Indaco-

chea [1].

3.1 Introduction

This chapter presents the wavelet-based signal decomposition approach to determine the amplitudes
of fundamental frequency and its harmonics. The approach is experimentally demonstrated on alumi-
num 1100 samples with different levels of plastic deformation, and compared with the conventional
Fourier transform-based approach. The NLUT is employed in contact mode using lubricant oil as the

coupling between the specimen and transducers.

3.2 Wavelet-based Harmonic Decomposition Method

Figure 7 shows the schematic of the proposed method to extract the amplitudes of the first and se-
cond harmonic frequencies. A typical received time-domain signal obtained from a pristine specimen is
shown in Figure 7(a). The Fourier spectrum of the received signal shows that the fundamental frequency
is 2.014 MHz and the second harmonic frequency is 4.028 MHz. The time-frequency spectrogram is

then obtained with the selected mother wavelet (complex-Morlet mother wavelet function with the cen-
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tral frequency of 1.5 Hz and bandwidth of 1 Hz) (Figure 7(b)). The fundamental and second harmonic
frequencies are marked in the wavelet spectrogram using red dashed lines. The amplitudes of the fun-
damental and second harmonics with respect to time, A;(¢;) and A;(#;), respectively, related to the red
lines and extracted from the wavelet spectrogram, are shown in Figure 7(c). Here the subscript i de-
notes the i’ data point. In this study, unless otherwise indicated, the time history signals consist of

2048 discrete points. Using the time histories of the fundamental and second harmonics, the acoustic

max|A(t;)|

non-linearity parameter is obtained by two different schemes: (i)time-invariant: B(z;) = maxlA2(1)| and
1\k
oy . ) Ay (i)
(ii) time-dependent: B(;) = 200
1\

In the time-invariant approach, the peak amplitudes of the fundamental and second harmonics
are identified from their time history signals, while in the time-dependent approach the acoustic non-

linearity parameter is calculated over time and averaged in the stable time interval.

3.3 Materials Preparation

Aluminum 1100 is used in this investigation with a chemical composition shown in Table I. Nine
tensile specimens are machined from a 6.3 mm (0.25 in.) thick cold rolled plate according to ASTM
standard E8 to the dimensions shown in Figure 8. All samples are stress relieved at 250 °C for 15
minutes prior to tensile testing. An MTS tensile machine, model 1125 is used for the tensile tests using
a strain rate of 2.54 mm/min. The samples are plastically deformed between 0.5% and 4% at 0.5% strain
increments to produce different uniform plastic strains through the strain gauge to avoid non-uniform

plastic deformation.
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Figure 7. Schematic to obtain the acoustic non-linearity parameter 3 using WT.
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TABLE I

NOMINAL CHEMICAL COMPOSITION OF ALUMINUM 1100

Aluminum Al Cu Mn P Si+ Fe n Others
1100
Weight?%o 99 min 0.05- 0.05 0-0.03 0.95 0.1 max 0.15
0.2 max max total
- 2000 »
-—62.0—--]901- - 62.0
- h4:0 - 200
pradt® ‘
‘ a-l 6.0

Figure 8. Tensile test sample dimensions (All dimensions are in mm).
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3.4 Contact NLUT Method

There are two modes of ultrasonic testing: through-transmission and pulse-echo. Separate trans-
ducers are needed for transmitting a signal to a structure and receiving the propagating waves in the
structure for the through-transmission mode. The transmitting transducer is placed on one side of the
structure, and the receiving transducer is placed on the opposite side of the structure. For the pulse-echo
mode, the same transducer is used as both transmitter and receiver. As nonlinear ultrasonic method
is based on detecting higher-harmonic signals, the through-transmission mode should be selected for
tuning the receiving transducer to the higher harmonics of the transmitting transducer (Figure 9(a) and
(b)). The schematic ultrasonic testing setup in through-transmission mode is shown in Figure 9(b). In
order to provide a consistent coupling force and minimize the coupling error as discussed by Liu et
al. [36] a weighted grip (24.5 N) is used to hold the transducers aligned to each other (Figure 9(c)).
Light lubrication oil is used as the couplant between the transducers and the test specimens. The experi-
ments are repeated three times with recoupling the ultrasonic transducers between each measurement to
check the repeatability. The transmitting and receiving transducers used in this study are piezoelectric
transducers manufactured by Olympus and have effective diameter of 0.95 cm (0.375 inch) with the
central frequencies of 2.25 MHz (transmitter) and 5 MHz (receiver), and the calibration curves shown
in Figure 9(d).

The major inputs to the data acquisition of NLUT operating in through-transmission mode are input
voltage, excitation frequency, and cycles in harmonic loading. In this study, the input signal is a 10-
cycle 100-volt tone burst at 2.25 MHz, which is generated by the Pocket UT system manufactured by

MISTRAS Inc. The time-history signal of the 5 MHz receiver is recorded using the same UT system
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Figure 9. Ultrasonic testing of aluminum specimens: (a) experimental setup, (b) schematic diagram, (c)
ultrasonic transmitter and receiver in through-transmission mode, and (d) transducer calibration curves.
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with the sampling frequency of 100 MHz and a band-pass filter of 1 MHz-20 MHz. To improve the
signal to noise ratio (SNR), twenty signals are averaged. The signal processing is performed using
MATLAB software. It is important to note that the specimen thickness is smaller than the spatial length
of 10-cycle tone burst signal, which causes the interference of incident and reflected waves. However,
as the experimental conditions are preserved for testing each sample, the change in the acoustic non-

linearity parameter is correlated with the presence of plastic deformation.

3.5 Experimental Results Using FFT

Once the aluminum specimens are loaded up to different strain levels and released with different
permanent plastic strains, they are tested using longitudinal ultrasonic waves in a through-transmission
mode to correlate the plastic deformation with the acoustic non-linearity parameter. An example of
time-domain and frequency-domain signals is shown in Figure 10. The waveform is obtained from the
pristine, 2% strained, and 4% strained samples and the frequency domain obtained by applying FFT. The
amplitude of the second harmonic signal ( 1.5 dB) near 4 MHz is significantly lower than the amplitude
of the first harmonic signal ( 65 dB) near 2 MHz.

When FFT is applied to perform the harmonic separation, it is observed that the amplitudes of
harmonic frequencies highly depend on the window selected in the time domain. Figure 11 shows the
normalized acoustic non-linearity parameter calculated using the Al and A2 amplitudes obtained by
conducting FFT by selecting different time windows. The gray dashed lines show the window selected
to compute the Fourier transform. As the ultrasonic non-linearity due to plastic deformation is weak,
the slight changes in the amplitudes of harmonic frequencies significantly affect the result. As shown in

Figure 11, when the window is selected as (a) 0-15 us, the acoustic non-linearity parameter increases
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Figure 10. Typical time-domain waveforms and their frequency spectra for (a) pristine specimen, (b)
2% strain specimen, and (c) 4% strain specimen.
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with the increase of plastic strain. However, when the window is changed to (b) 0-9us, (c) 1.2-7.0us, or
2.0-5.5 us, the correlation between the acoustic non-linearity parameter and the plastic strain does not
exist.

Table II shows the values of the acoustic non-linearity parameter obtained by different time win-
dows. The last row in Table II shows the maximum percentile variation of the calculated non-linearities
for each specimen compared to the mean value of the calculated non-linearities of that specimen. For
the same data set, the acoustic non-linearity parameter can change more than 100% by varying the time
window. Therefore, identifying the acoustic non-linearity parameter by FFT introduces significant er-
ror in the measurement. Therefore, identifying the acoustic non-linearity parameter by FFT introduces

significant error in the measurement.

3.6 Experimental Results Using WT

Figure 12 shows the time histories of wavelet coefficients for the first and second harmonic frequen-
cies for four different plastic strains. The second harmonic amplitude is almost one order of magnitude
smaller than the fundamental amplitude. Figure 13 shows the stress-strain curve for the aluminum 1100
specimen together with the normalized acoustic non-linearity parameter of each sample calculated using
time-invariant approach. As the thickness changes in different plastic strain levels, the thickness of each
sample is measured and taken into the account to calculate acoustic non-linearity parameter. These
parameters are plotted as a function of strain as shown in Figure 13. It is observed that the acoustic
non-linearity parameters exhibit stationary behavior up to 1% strain. A rapid increase in the acoustic

non-linearity parameter occurs between 1% strain and 3.5% strain, but then saturation in the acoustic
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Figure 11. The variations in the acoustic non-linearity parameter corresponding to time-domain
windows calculated by FFT: (a) 0-15us, (b) 0-9 us, (c) 1.2-7.0us and (d) 2.0-5.5us.
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TABLE II

ACOUSTIC NON-LINEARITY PARAMETER OBTAINED BY FFT

Start Finish

Acoustic Nonlinearity Parameter

Time(ps) Time(ns)  prigtine 0.01 0.02 0.03 0.04
0 15 0.272 0.287 0.293 0.359 0.414

0 9 0.147 0.154 0.140 0.169 0.180

1 8 0.106 0.111 0.104 0.124 0.132

1.5 TE: 0.092 0.095 0.088 0.102 0.111

2 7 0.091 0.091 0.084 0.091 0.090

25 6.5 0.088 0.089 0.083 0.091 0.092

3 6 0.114 0.116 0.104 0.115 0.117

%change  109.193 113.293 128.937 139.126  155.042

non-linearity parameter ensues near 3.5% strain, which is close to the necking point. The ultrasonic
measurement is repeated three times for each sample.

The second approach to identify the acoustic non-linearity parameter using the time histories of
wavelet coefficients for the first and second harmonics is based on obtaining the wave envelopes at each
frequency, and calculating acoustic non-linearity parameter to the entire time-history data as shown
in Figure 14 for the pristine specimen. While the peak amplitudes of each frequency component do
not occur at the same time, the acoustic non-linearity parameter shows a constant regime within the
time interval 2.0 - 5.5 us. The same approach is repeated for the rest of the specimens that underwent

different levels of plastic strain as shown in Figure 15. In general, the time-dependent acoustic non-
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Figure 12. Fundamental and second harmonic waveforms extracted from the spectrograms
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Figure 14. (a) Time-history waveform of the first harmonic, (b) time-history waveform of the second
harmonic, and (c) change in acoustic non-linearity parameter with time (for pristine specimen).

linearity parameter increases with the increase of plastic strain while some fluctuations are observed in
the data set.

All the acoustic non-linearity parameters are averaged in the time interval of 2.6 -3.6 us and plotted
as a function of the amount of strain as presented in Figure 16, along with the stress-strain curve for a
pristine aluminum 1100 sample. The results of both wavelet-based algorithms, time-invariant and time-

dependent, link the acoustic non-linearity parameter and plastic strain in the material. The acoustic non-
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linearity parameter increases by 55% in the time-invariant algorithm, and 45% in the time-dependent

algorithm.

3.7 Summary

The measurement of 8 using the most common signal processing method, FFT, shows significant

variation depending on the selection of different time windows of the ultrasonic waveform. It is shown
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that the measured 3 can change more than 100% by varying the time window. Therefore, identifying
B by FFT can introduce significant error in the measurement. Two wavelet-based algorithms are in-
troduced to obtain 3: time-dependent and time-invariant. The developed wavelet based schemes are
employed to investigate the change of acoustic non-linearity parameter 3 caused by plastic deforma-
tion for validation. The accuracy of harmonic decomposition of nonlinear wave signal due to plastic
deformation is improved by applying the wavelet-based algorithm. Although a good correlation with
the reduced error between 8 and plastic deformation is obtained in both wavelet-based algorithms, the

time-dependent algorithm is employed in the next chapter as it provides more data points.



CHAPTER 4

THE INTEGRATION OF SUPERLATTICES AND IMMERSION NLUT TO

ENHANCE DAMAGE DETECTION THRESHOLD

The content presented in this chapter is partially published at the journal of Applied Physics Letter
with the title of "The Integration of Superlattices and Immersion Nonlinear Ultrasonics to Enhance
Damage Detection Threshold" in collaboration with Minoo Kabir, and Professor Didem Ozevin [2],
and in the proceeding of the IWSHM conference, Structural Health Monitoring 2017 with the title of
"Enhancing the Robustness of Nonlinear Ultrasonic Testing by Implementing 1D Phononic Crystals" in

collaboration with Minoo Kabir, and Professor Didem Ozevin [3].

4.1 Introduction

While chapter 3 studies the improvement of contact NLUT through applying wavelet-based signal
processing method, this chapter presents the enhancement of immersion NLUT by exploiting superlatti-
ces (SLs). SLs are proposed to remove the non-linearity arisen from water and experimental instruments.
The chapter begins with introducing to the technical approach. Then, the wave propagation through the
SLs is numerically studied to tailor the periodic geometry, and tune the band gap to the second har-
monic frequency. The chapter continues with experimentally studying the band gap formation in SLs
through the immersion NLUT setup. The improvement in the sensitivity of the NLUT is demonstrated
through detecting the micro-structural changes associated with plastic deformation in aluminum 1100

specimens. Subsequently, a solid-solid SLs are introduced with the purpose of removing the instru-
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ment non-linearity in the contact NLUT. The solid-solid SLs are numerically designed and the band gap

formation is experimentally demonstrated.

4.2 Technical Approach

As discussed above, the SHG method is based on the measurement of fundamental and second
harmonic amplitudes of the ultrasonic wave to calculate the acoustic non-linearity parameter 3. Non-
linearity is generated in every stage of the NLUT experiment. For instance, function generator and
amplifiers can induce large non-linearities [79]. Additionally, in the case of immersion NLUT, water
also introduces high non-linearity to the measured signal, which obscures the weak non-linearity in so-
lids [41; 44]. To remove the ambient non-linearity generated in the immersion NLUT, SLs are integrated
with the measurement system. SLs are designed to provide a band gap range that includes the second
harmonic frequency (4.5 MHz) while passing the fundamental frequency (2.25 MHz) as used in the
NLUT in this specific research. Figure 17(a) shows the immersion NLUT setup. The transducers are
immersed into the water tank. The central frequencies of transmitter and receiver are 2.25 and 5 MHz,
respectively. The solid medium (the same specimens as Chapter 3) is placed in the ultrasonic propaga-
tion path, and the SLs are placed right before the solid medium facing to the transmitter. Figure 17(b)
shows the frequency domain of a typical received signal with the black line, and the desired band gap,
presented by a transmission loss, with a blue shade. Aj; is placed in the band gap frequency range. As
a result of this, SLs can remove the second harmonic frequency generated by water and instruments in

the transmitting side.
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Figure 17. The approach to integrate the SLs with the immersion NLUT (a) NLUT setup with the
presence of SLs, (b) the designed band gap tuned to the second harmonic frequency.

4.3 Numerical Results

Numerical simulation of the SLs structure is performed to study the wave transmission loss. The
SLs structure made of binary layers of solid-fluid is numerically modeled using COMSOL Multiphysics.
The structure is modeled using solid mechanics module, and a frequency domain study is implemented
in the frequency range of 100 kHz to 10 MHz. The numerical model of the solid-fluid SLs is shown
in Figure 18(a). A unit boundary load is applied on the left layer for excitation and the displacement
is measured on the right layer. The ratio of the average boundary displacement on the received and
transmitted sides of the SLs is then calculated as the transmission loss through the periodic layers.

The perfectly match layers (PML) are introduced to prevent the boundary reflections. Free triangular
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elements are used to mesh this model. In general, denser mesh provides more accurate results in the nu-
merical simulations; however, it makes the computation more expensive in terms of time and computer
resources. In order to achieve acceptable accuracy as well as high efficiency, the mesh resolution is kept
at least 20 elements in one wavelength of the second harmonic frequency [125; 126; 127]. In this re-
search, receiver and transmitter frequencies provide responses as 2.25 MHz and 4.5 MHz, respectively.
Therefore, the SLs are tuned to a pass band including 2.25 MHz and a band gap consisting of 4.5 MHz.
Binary composite structures made of different solid materials and water as presented in Table III are
numerically studied [56]. It is observed that layer thickness (lattice size) and materials properties can
affect the position and width of the band gap frequency. After trying different geometries and materials,
the final geometry is selected as periodic layers of 100 pm water and 100 um glass. Figure 18(b) shows
the numerical result of the through transmission study for the designed SLs. The dark shade shows the
band gap range, and it contains 4.5 MHz while 2.25 MHz is in the pass band range. Figure 19 shows
the displacement field at the fundamental and second harmonic frequencies through the simulated SLs
(2.25 MHZ and 4.5 MHz, respectively). The 4.5 MHz signal cannot propagate through an array of 100

um thick glass and 100 um thick water while 2.25 MHz signal propagates through the designed SLs.

4.4 Experimental Study

In this section, the acoustic non-linearity parameters measured using two different immersion NLUT
setups ((i) without the SLs and (ii) with the SLs) are presented. The SLs fabrication, ultrasonic measu-
rement procedure and experimental setup are discussed. The specimens used in this study are the same

as the specimens used in section 3.3.
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Figure 18. (a) Numerical model, and (b) transmission loss through SLs (100 m glass-100 pm water).

TABLE III

BINARY MATERIALS CONSIDERED IN NUMERICAL STUDIES

Density  Young's Modulus Longitudinal

Materinl (Kg/m?) (GPa) Velocity (m/s)
Water 1000 22 1500
Glass 2210 60 4500
Aluminum 1100 2720 72 6320

Low Carbon Steel 7850 200 5850
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Figure 19. The displacement field through the designed SLs at two different frequencies (a) 2.25 MHz,
and (b) 4.5 MHz.

4.4.1 Solid-Fluid SLs Fabrication

Based on the numerical study, the desired SLs have periodic layers of 100 um glass and 100 um
water. The SLs geometry made of six layers of water and glass is prepared in laboratory, as shown
in Figure 20(a). To evaluate the band gap formation, the SLs is tested in the immersion NLUT setup.
Figure 20(b) shows the experimental setup of the immersion NLUT. The transducers implemented to
transmit and receive the longitudinal ultrasonic waves are commercial piezoelectric transducers with
the effective diameter of 6.35 mm (0.25 in) manufactured by Olympus. The SLs is placed near the
receiving transducer of 5 MHz while the transmitting transducer is tuned to 2.25 MHz. Tablet UT

device manufactured by Mistras Group Inc. is used to generate the 15-cycle tone burst input signal
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at the frequency of 2.25 MHz and amplitude of 100 V. The recieved signal is recorded by the same
Tablet UT device at the sampling rate of 100 MHz. A band pass filter of 0.5-20 MHz is then applied
to the received signal and 200 received signals are averaged to improve signal to noise ratio [128]. The
frequency response is calculated using MATLAB software by applying the FFT. The frequency spectra
of the two cases ((i) without and (ii) with the SLs) are shown in Figure 21. It can be seen that 2.25 MHz
is completely passed through the SLs, and the 4.5 MHz is blocked when SLs is placed near the receiving

transducer.

4.4.2 Ultrasonic Measurement Procedure

As compared to the experiments discussed in section 4.4.1, aluminum samples with different plastic
strains are placed between transmitter and receiver. The experiments are repeated without the SLs
and with the SLs when they are placed right before the specimen, facing the transmitting transducer
(Figure 22(a) and (b)). The presence of solid medium in the wave propagation path decreases the
transmitted wave energy. Therefore, the amplitude of input signal is increased to 400 V to improve
signal to noise ratio.

A typical measured time-domain signal for the pristine specimen without the presence of SLs is
presented in Figure 23(a). The first 15 cycles of the signal is selected to perform the FFT. Figure 23(b)
shows the Fourier spectrum of the selected 15 cycles of the received signal. The fundamental and
second harmonic amplitudes are plotted in two different scales. Figure 24 shows a typical time-domain

signal and its frequency spectrum for the pristine specimen with the presence of SLs. The ratio of

Ay

the second harmonic amplitude to the square of fundamental harmonic amplitude ( P) results in the
1

acoustic non-linearity parameter 3. The second harmonic amplitude measured for the pristine specimen
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Figure 20. Testing the band gap formation of the designed SLs (a) the fabricated SLs made of glass and
water, (b) the immersion NLUT setup.



without SLs

Amplitude(V)

Frequency(MHz)

Figure 21. Frequency spectra of immersion NLUT for two cases: (i) with the SLs and (ii) without the
SLs (there is no specimen in the path of transmitter and receiver).
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Figure 22. Immersion NLUT setup, (a) schematic diagram of immersion NLUT without the presence
of SLs, (b) schematic diagram of immersion NLUT with the presence of SLs.

with the presence of the SLs is 24 times lower than the second harmonic amplitude measured for the
same specimen without the presence of SLs as the second harmonic generated in water is blocked by

the SLs.

4.5 Results

This section presents the measured f using the immersion NLUT with the specimens between trans-
mitter and receiver for two cases: (i) without the presence of SLs and (ii) with the presence of SLs. The
effectiveness of the SLs to detect only non-linearity in solid is further unveiled through the measurement

of B for the pristine specimen by changing the transmitter position with respect to receiver.



59

(a) (b)
E‘ 15 Cycles 5
06r ; 0.08} A1 {o.014
1 I
1 1
04r | i 0.05}
i i -
)
F 1
< 02 | = ool
Y Iﬂ £
a ! 5 0.03}
E 1 o]
< -0.2f 1 g
i T 002}
1 1
04t | !
i i 0.01
b L 1 1
0.6 ' !
L I | 0 A |
35 40 45 50 0 1 2 3 4
Time (us) Frequency (MHz)

Figure 23. Immersion NLUT without the presence of SLs, (a) the time-domain signal, (b) frequency
spectrum obtained by applying FFT on the selected 15 cycles of the time-domain signal of pristine
specimen.
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Figure 24. Immersion NLUT with the presence of SLs, (a) the time-domain signal, (b) frequency
spectrum obtained by applying FFT on the selected 15 cycles of the time domain of pristine specimen.

4.5.1 Immersion NLUT Without the Presence of SLs

Figure 25 shows the results of immersion NLUT without the presence of SLs using the specimens
subjected to different plastic strains. The left vertical axis presents the value of % normalized by the
average f% of the pristine specimen and the right vertical axis presents the measured value of [%. The
measurement is repeated three times for each specimen. In Figure 25, each red square represents the
mean values of the three measurements, and the corresponding error bar represents the range of variation
in the measured values. Spline curve is fitted to the mean values to show the trend of %. Spline curve

applies piecewise-polynomial interpolation that lowers the interpolation error [129]. In general, the
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Figure 25. Normalized 8 (solid black line) and absolute § (dashed gray line) versus plastic strain
resulted from immersion NLUT without the presence of SLs.

results show an increasing trend in value of % by increasing the plastic deformation. The value of %
1 1

increases by 42% from 2% to 3.5% plastic strain, and there is a small drop from 3.5 to 4%.

4.5.2 Immersion NLUT With the Presence of SLs

Figure 26 shows the results of immersion NLUT with the presence of SLs placed near the specimen
facing the transmitter. The left vertical axis presents the value of % normalized by the average % of
1 1

the pristine specimen and the right vertical axis presents the measured %. Similar to the experiments
1
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Figure 26. Normalized 3 (solid black line) and absolute 8 (dashed gray line) versus plastic strain
resulted from immersion NLUT with the presence of SLs.

without SLs, measurement is repeated three times for each specimen and the average value is plotted as
the red square, and the variation is presented by the error bars. The value of f% increases by 420% from
the pristine specimen to 4% plastic strain. The measured :—122 decreases as compared to the case of wit-
hout the presence of SLs as the influence of water non-linearity is blocked. However, the relative change
in ;‘—122 increases higher with the increase of plastic deformation. Additionally, error in measurement is

reduced by implementing the SLs into immersion NLUT experiments.
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Figure 27. Measured non-linearity versus propagation distance (a) without the SLs, and (b) with the
SLs for the 2% strained specimen.

4.5.3 The Influence of the Propagation Distance in the Immersion NLUT

To demonstrate the effectiveness of the SLs, the immersion NLUT is repeated by keeping everything
constant and changing the wave propagation path by moving the transmitting transducer. These tests is
performed for two cases, first without the presence of SLs, and second time with the presence of SLs.
The 2% strained specimen is used in this test and the first propagation distance is set to be the same
as the distance used in section 4.4.2, and it is incrementally decreased by 0.5 cm. Figure 27 shows the
changes in the measured non-linearity while the propagation distance is changing. The results show
that, in the case of without SLs (Figure 27(a)), decreasing the propagation distance from 5 cm to 2.5 cm
decreases the measured non-linearity by 43%, while the measured non-linearity in the case of with the

SLs (Figure 27(b)) is almost unchanged with the propagation distance change.
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4.5.4 Third Harmonic Generation NLUT

The integration of SLs with the immersion NLUT using the third harmonic non-linearity parameter
Y is applied to assess the plastic strains of aluminum 1100 specimens. 7 for different specimens is
measured for two cases: (i) without the SLs and (ii) with the SLs. No correlation is found between y
and the level of plastic strain in aluminum 1100 specimens when the immersion NLUT is employed
with the SLs.

4.6 Solid-Solid SLs for the Contact NLUT

While sections 4.2-4.4.2 study the enhancement of immersion NLUT by exploiting solid-fluid SLs,
this section presents a method to improve the contact NLUT by applying solid-solid SLs. By placing
the SLs between the transmitter and the specimen, it is considered that the non-linearity generated in
the transmission side of the experimental setup would decrease. Figure 28 shows the schematic diagram
of the test setup. The SLs structure is placed between transmitter and specimen, and the receiving
transducer is placed at the other surface of the specimen normal to the transmitting transducer.

4.6.1 Numerical Results

Similar to the immersion NLUT, the SLs structure is designed to provide a band gap range tuned
to the second harmonic frequency using solid-solid layers. The range and width of the band gap de-
pend on materials properties and geometric dimensions of the periodic structure. Numerical studies
are conducted to find the proper geometries and materials. Here, one-dimensional PCs are simulated
in COMSOL Multiphysics software to study the transmission loss of the propagating wave through the
PCs. For the contact NLUT, the periodic layers are made of glass and steel, and the effects of different

material properties and lattice sizes are studied. The final geometry is made of periodic layers of 254
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Figure 28. Schematic diagram of the contact NLUT setup integrated with the solid-solid SLs.

(um) steel and 200 (um) glass to generate a band gap including 4 MHz. Figure 29 shows the numerical
result of through transmission study of the designed SLs. The blue shade indicates the band gap range,
which includes the required 4 MHz frequency. The design allows complete passage of 2 MHz, which
is the fundamental ultrasonic frequency utilized in this research. Figure 30 shows the pressure field at
the fundamental and second harmonic frequencies through the simulated SLs. 4 MHz signal dissipates
through an array of 200 um thick glass and 254 pm thick steel while 2 MHz signal propagates through

the designed SLs.
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4.6.2 Experimental Results

The same contact NLUT setup as presented in Chapter 3 is employed in this study. Ten periodic layer
SLs consisting of 254 (um) steel and 200 (um) glass are fabricated in laboratory. Light lubricant oil is
applied between the surfaces as couplant. To evaluate the band gap formation, the NLUT experiment is
implemented without the presence of SLs and with the presence of SLs. Figure 31 shows the frequency
spectra of the received signals for two experiments. Figure 32 shows the WT results of the contact
NLUT experiments. The fundamental and second harmonic frequencies are indicated by two red lines
on the spectrograms. The spectral amplitudes over time, related to the red lines, are shown in Figure 32
(c) and (d). The presence of SLs allows the passage of 2 MHz, which is the fundamental frequency,

while it blocks the majority of 4 MHz.
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Figure 30. The pressure field through the designed SLs at two different frequencies (a) 2 MHz, and (b)
4 MHz.

4.7 Summary

The integration of SLs into the immersion NLUT is studied to remove the non-linearity generated
in water. The numerical results show that the SLs consisting of periodic layers of 100 pm thick water
and 100 um thick glass can block 4.5 MHz while it allows 2.25 MHz to pass. We observed experimen-
tally that integrating the SLs into the immersion NLUT on plastically strained aluminum specimens can
enhance the sensitivity of damage detection by about 9 times (from 45% change in the case of without
the presence of SLs to 420% in the case of with the presence of SLs). Implementing SLs in the im-

mersion NLUT overcomes the influence of strong non-linearity generated in water. The results reveal
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Figure 31. The frequency spectra of the received signals for two cases, (i) with and (ii) without SLs.
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Figure 32. Contact NLUT, (a) and (b) the spectrograms of the received signals for the cases without
and with the presence of SLs, respectively, (¢) and (d) the harmonic waveforms extracted using WT,
respectively.
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that the SLs with a band gap tuned to the second harmonic frequency, and a pass band that includes
the fundamental frequency make the immersion NLUT as an alternative to measure the micro-structural
changes in materials with minimizing the coupling effect and allowing volumetric scanning of structu-
res. Moreover, no correlation was observed between the plastic strain level and the third order acoustic
non-linearity parameter ¥ using the immersion NLUT with the SLs.

To remove the instrument originated non-linearity in the contact mode NLUT, solid-solid SLs are
designed. Numerical studies show that the periodic layers of 254 ((m) thick steel and 200 (um) thick
glass can pass 2 MHz frequency and block 4 MHz frequency. The SLs structure is experimentally tested
and shown that the band gap formation agrees with the numerical results. More experimental studies are
required to demonstrate the improvement of defect detection by applying the SLs to the contact NLUT.
Additive manufacturing method will be utilized to achieve a more accurate geometry and acceptable

bonding between the periodic layers.



CHAPTER 5

ASSESSING CREEP DAMAGE OF STAINLESS STEEL 410 USING NLUT AND

WAVELET TRANSFORMATION

This chapter will be partially submitted to a journal with the title of "Assessing Creep Damage
in 410 Stainless Steel using Acoustic Micro Imaging" in collaboration with Niloofar Tehrani, Negar

Kamali, and Professors Didem Ozevin, Sheng-Wei Chi, J. Ernesto Indacochea.

5.1 Introduction

This chapter presents the measurement of creep damage using the contact NLUT with the second
harmonic and the wavelet-based harmonic decomposition method presented in Chapter 3. Two sets of
stainless steel 410 specimens are exposed to different levels of creep and thermal aging. The chapter
begins by a brief introduction of creep damage. The materials preparation and NLUT experimental

setup are discussed. The contact NLUT results in relation to creep strains are presented.

5.2 Creep Damage

Creep is defined as the time dependant deformation of material exposed to both mechanical stress
and high temperature. This phonomena is one of the mostly reported damages responsible for the fai-
lure of structural materials operating at elevated temperatures such as the components in the power
generation industry [130]. Considering the change in strain with creep time, three stages of creep can
be identified in creep-induced damage process [27]. The primary stage starts with a sudden increase in

strain because of initial loading, followed by a decrease in the strain rate. The secondary stage shows
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constant plastic flow and usually the longest part of the creep life. During the tertiary stage, the strain
rate starts to increase exponentially until the failure of the component [130]. Creep deformation is asso-
ciated with several mechanisms such as precipitation of carbides, strain hardening, recovery, etc [130];
however, the most notable mechanism responsible for the creep failure in the engineering applications is
the nucleation and coalescence of micro-voids [25]. Micro-voids are created because of the dislocation
or wedge cracks attributable to the grain boundary sliding [131]. The applied stress gravitates the nucle-
ated micro-voids orthogonally to the direction of the stress. This will lead to coalescence of micro-voids
into the micro cracks which may grow quickly to macro-cracks and eventually lead to failure [130; 131].
It is important to detect flaws before they reach to critical stage by NDE methods.

In literature, different types of NDE methods such as eddy current, acoustic emmision, ultrasonic
attenuation and velocity, and infrared thermography are applied to assess creep damage [132]. Ultra-
sonics velocity meaurement is one of the means to monitor creep damage nucleation in the materials.
However, the linear UT is only sensitive to defects greater than the ultrasonic wavelength and are not
able to detect the microstructural changes that exhibit in the early stages of creep [8; 25; 133; 134].
Instead, as discussed above, NLUT can detect the micro-structural features in the order of magnitude

smaller than the wavelength of ultrasonic signal [8; 35].

5.3 Experimental Procedure

5.3.1 Materials Preparation

The material used in this investigation is stainless steel 410. Two sets of stainless steel 410 speci-
mens are studied in this chapter, (i) dog-bone specimens exposed to different levels of creep damage,

and (ii) rectangular specimens exposed to thermal aging. Six dog-bone specimens are machined from a
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Figure 33. Tensile test sample dimensions (All dimensions are in mm.)

single plate with the thickness of 7.1 mm (0.28") with the dimensions according to the ASTM E139 stan-
dard as shown in Figure 33 and six rectangular specimens are machined out of the same plate with the
dimensions of 76.2x12.7x7.1 mm>. Before applying creep loading, all the specimens are austenitized
for 30 minutes at 980°C temperatures followed by air cooling. The air cooled samples are subsequently
tempered at 650°C for two hours. The dog-bone specimens are subjected to creep loading of 150 MPa
and 620°C for different duration of 290 hr, 335 hr, 437 hr, 451 hr and 590 hr that results in 0.85%,
2.1%, 3.7%, 3.2%, 2% creep strains, respectively. Six thermal aged specimens with the same thermal
condition as the creep specimens without tensile loading are prepared.

5.3.2 Contact Nonlinear Ultrasonic Testing (NLUT)

The NLUT experimental setup is illustrated in Figure 34(a) and (b). Through transmission ultra-

sonic testing is applied to perform the contact NLUT. The same transducers and experimental setup as
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Chapters 3 are utilized (as presented in Figure 34(c)). Stainless steel specimens with different levels
of creep and thermal aging damage are placed between transmitter and receiver. Light lubrication oil
is used to couple the transducers to the specimen. Tablet UT device manufactured by Mistras Group
Inc. is used to generate the 10 cycle tone burst input signal at the frequency of 2.25 MHz and amplitude
of 100 V. The received time-domain signal is recorded by the same Tablet UT device at the sampling
rate of 100 MHz. A band pass filtre of 0.5-20 MHz is applied to the received signal. To improve the
signal to noise ratio 200 received signals are averaged, recorded and sent for post processing in MAT-
LAB software. The acoustic non-linearity parameter is calculated using time-dependent wavelet-based
approach presented in chapter 3. A typical received time-domain signal for a pristine specimen is shown
in Figure 35(a). The Fourier spectrum of the received signal shows that the first harmonic frequency is
2.25 MHz and the second harmonic frequency is 4.5 MHz (Figure 35(b)). WT is achieved by applying
complex-Morlet mother wavelet function with the central frequency of 1.5 Hz and bandwidth of 1 Hz
(Figure 35(c)). The first and second harmonic frequencies are marked in the wavelet spectrogram using
red dashed lines (Figure 35(c)). The first and second harmonic spectral amplitudes over time, extracted
from the wavelet spectrogram, are shown in Figure 35(d). Using the time-history signal of the first and
second harmonics, the acoustic non-linearity parameter is calculated over time (Figure 35(d)), and S is

calculated by averaging the non-linearity in constant plateau (in this research 2.0-2.5 us).

5.4 NLUT Results

The measured 3 for the specimens with different levels of creep and thermal aging are shown in Fi-
gure 36. For each specimen, the measurement is repeated three times. Each point in Figure 36 represents

the mean value, and the corresponding error bar represents the range of variation in three measurements.
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Figure 34. NLUT experiment, (a) experimental setup, (b) schematic of experimental setup, and (c)
transducer calibration curves.
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Figure 36. The change in  with, (a) creep damage, and (b) thermal aging.

It is observed that, 3 increases nearly 100% after 450 hours of creep damage (Figure 36(a)); however,

B does not change significantly for the specimens subjected to thermal aging (Figure 36(b)).

5.5 Summary

The SHG method integrated with wavelet-based harmonic decomposition method is employed to

detect the creep damage in stainless steel 410. Six specimens with different levels of creep strains are

prepared. Moreover, six thermal aged specimens with the same thermal condition as the creep specimens

without tensile loading are prepared. It is determined that 3 increases nearly 100% after 450 hours of

creep damage, while 8 does not change significantly for the specimens subjected to thermal aging.



CHAPTER 6

INTEGRATING SUPERLATTICES AND IMMERSION NLUT TO ASSESS CREEP

DAMAGE OF STAINLESS STEEL 410

The content presented in this chapter will be partially submitted to a journal with the title of "As-
sessing Creep Damage in Stainless Steel 410 using Integrated Immersion Nonlinear Ultrasonic Testing

and Acoustic Metamaterials" in collaboration with Minoo Kabir, and Professor Didem Ozevin.

6.1 Introduction

This chapter presents an integrated immersed NLUT and SLs setup to characterize the creep damage
in stainless steel 410 using the third harmonic generation method. The specimens used in this investiga-
tion are the same as the dog-bone specimens with different levels of creep damage prepared in chapter
5. The chapter begins with an introduction of the technical approach. Then, the experimental setup is
discussed. The measured third harmonic coefficient is compared for two cases: (i) without the SLs and

(i1) with the SLs.

6.2 Technical Approach

As discussed in chapter 2, the third harmonic signal is more sensitive to creep damage. However,
it is also more sensitive to the experimental variables, such as coupling condition and instrumental
non-linearities than the second harmonic signal due to smaller wavelength. To remove the undesirable
non-linearity generated during the immersion NLUT process, SLs are integrated with the measurement

system. Figure 37(a) shows the immersion NLUT setup. The transducers are immersed in the water
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tank. The central frequencies of transmitter and receiver are 2.25 and 5 MHz, respectively. The solid
medium (stainless steel 410) is placed in the ultrasonic propagation path, and the SLs are placed right
before the solid medium facing to the transmitter. In this research, the same SLs as in chapter 4 are
implemented. The band gap of SLs includes the third harmonic frequency. Figure 37(b) shows the
frequency domain of a typical received signal with the black line, and the designed band gap, presented
by a transmission loss, with a blue shade. A3 is within the band gap frequency range. By blocking the
third harmonic generated in water and instruments, it is expected that the calculated non-linearity in the
received signal consists of only the non-linearity of micro-structural features in solid. Consequently, the

sensitivity of the immersion NLUT using the third harmonics is expected to be improved.

6.3 Experimental Setup

Based on the numerical study in chapter 4, the desired SLs have periodic layers of 100 um glass and
100 um water. The SLs geometry of six layers of water and glass is prepared in laboratory, as shown
in Figure 38(a). To evaluate the band gap formation, the SLs are tested in the immersion NLUT setup
without any specimen between transmitter and receiver. Figure 38(b) and (c) show the experimental
setup and schematic diagram of the immersion NLUT. The immersion NLUT setup is the same as the
one used in section 4.4; however, 10 cycles of tone burst are utilized. The calibration curves of the
employed transducers are presented in Figure 38(d). The sensitivity of the receiving transducer to 4.5
MHz (second harmonic frequency) is nearly the same as its sensitivity to 6.75 MHz (third harmonic
frequency). The frequency spectra of the received signal in two cases ((i) without and (ii) with the SLs)
are shown in Figure 38(e). It can be seen that 2.25 MHz (fundamental harmonic) completely passes

through the SLs, while the 6.75 MHz (third harmonic) is blocked.
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Figure 37. Proposed approach to block the third harmonic signal (a) the immersion NLUT setup with
the presence of SLs, (b) the designed band gap tuned to the second and third harmonic frequencies.
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Figure 38. Testing the band gap formation of the designed SLs (a) the fabricated SLs made of glass and

water, (b) the immersion NLUT setup, (c) schematic diagram of experimental setup to test the SLs, (d)

the calibration curves of ultrasonic transducers, and (e) frequency spectra of ultrasonic signals for two
cases as without and with the SLs.
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Figure 39. Immersion NLUT setup using stainless steel specimens, (a) schematic diagram of
immersion NLUT without the presence of SLs, and (b) schematic diagram of immersion NLUT with
the presence of SLs.

Once the formation of band gap at the third harmonic frequency is numerically and experimentally
confirmed, stainless steel specimens are placed between SLs and receiving transducer to measure the
third non-linearity parameters.

As compared to the experiment above, stainless steel specimens with different levels of creep da-
mage are placed between transmitter and receiver. Because the presence of solid medium in the wave
propagation path decreases the transmitted wave energy, the amplitude of input signal is increased to
400 V. The experiments are repeated for two cases: (i) without the SLs and (ii) with the SLs facing the

transmitting transducer (Figure 39(a) and (b)).
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6.4 Third Harmonic Non-linearity Parameter with the Immersion NLUT and SLs

A typical measured time-domain signal for the pristine specimen without the presence of SLs is pre-
sented in Figure 40(a). The first 10-cycle of the signal is selected to calculate the frequency spectrum
as shown in Figure 40(b). The fundamental and higher harmonic amplitudes are plotted in two different
scales. Figure 41 shows a typical time-domain signal and its frequency spectrum for the pristine spe-
cimen with the presence of SLs. It is observed that although the second harmonic (4.5 MHz) is visible
in Figure 40(b), it is not detectable in Figure 41(b). Therefore, the third harmonic generation method is
utilized to detect the creep damage. The ratio of the third harmonic amplitude to the cubic fundamental
harmonic amplitude (2—%) results in the acoustic non-linearity parameter . The third harmonic ampli-
tude measured for the pristine specimen with the presence of the SLs is 20 times lower than the third
harmonic amplitude measured for the same specimen without the presence of SLs as the third harmonic
generated in water is blocked by the SLs.

The ultrasonic measurement is performed at the middle point of the specimens, and the measurement
is repeated three times. Figure 42 shows the third harmonic non-linearity parameters obtained without
and with the SLs. The vertical axis presents the value of measured y normalized by the average measured
7 of the pristine specimen. Each red square represents the mean values of three measurements, and the
corresponding error bar represents the range of variation within the measured values. It is observed that
for the immersion NLUT without the presence of SLs, the measured 7 has no correlation with the creep
damage (Figure 42(a)). On the other hand, the results from the immersion NLUT with the presence of
SLs show that 7y increases almost 200% as the creep strain increases from 0% to 3.8% (Figure 42(b)).

This result indicates that the non-linearity generated in water dominates such that it masks the non-
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Figure 40. Immersion NLUT without the presence of SLs, (a) time-domain signal, (b) frequency
spectrum using the first 10 cycles of time-domain signal.
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Figure 41. Immersion NLUT with the presence of SLs, (a) time-domain signal, (b) frequency spectrum
using the first 10 cycles of time-domain signal.
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Figure 42. Normalized Y versus creep strain resulted from (a) the immersion NLUT without the
presence of SLs, and (b) the immersion NLUT with the presence of SLs.

linearity due to the creep damage. By removing water non-linearity using the SLs, a good correlation
between Y and creep damage is obtained.

6.5 Summary

The integration of SLs with the immersion NLUT using the third harmonic nonlinear parameter is
applied to assess the creep damage of stainless steel 410 specimens. The SLs are applied to block the
strong non-linearity generated in water through designing its band gap at the third harmonic frequency.
The numerical results show that the SLs consisting of periodic layers of 100 pm thick water and 100
Wm thick glass can block 6.75 MHz (third harmonic frequency) while it allows 2.25 MHz (fundamental

frequency) to pass. It is experimentally observed that the immersion NLUT without the presence of
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SLs is not sensitive to the creep damage due to dominant non-linearity in water, while the experimental
setup with the immersion NLUT and the SLs shows an increase of 200% in 7y due to the change in
creep strain from 0% to 3.8%. The presence of SLs between transmitter and specimen reduces the
influence of strong non-linearity generated in water. The results reveal that the SLs with a band gap tuned
to the third harmonic frequency, and a pass band that includes the fundamental harmonic frequency
considerably enhance the creep damage detection using the immersion NLUT. Comparing the results of
¥ calculated in this chapter with the non-linearity parameters calculated for aluminum 1100 in chapter
4, it is concluded that y shows a good correlation with the creep damage in stainless steel 410, while it
is not sensitive to the plastic strain in aluminum 1100 specimens. On the other hand, 8 shows strong
correlation with plastic strain in aluminum 1100 specimens, while the second harmonic is not observed

for the stainless steel 410 creep specimens using the integrated immersion NLUT with SLs.



CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

Nonlinear ultrasonic testing based on measuring fundamental and higher harmonics generated within
materials is highly sensitive to the micro-structural changes in materials, hence there is significant po-
tential for this method to be applied for the early state damage detection in energy, transportation, and
aviation industries. However, weak non-linearity due to micro defects is highly influenced by the post-
signal processing to decompose the ultrasonic signal into its harmonics and the coupling condition of
transducers. The objective of this research is to enhance the NLUT method by introducing wavelet-
based signal processing method to minimize the error due to post-processing signal decomposition and
superlattice design to block non-linearity in coupling medium and electronics. The major conclusions

of this study are as follows.

e Enhance the post-signal processing using the wavelet-based harmonic decomposition met-

hod

The wavelet-based algorithms were introduced to obtain the acoustic non-linearity parameter 3.
The FFT-based and wavelet-based signal decomposition methods were applied to aluminum 1100
specimens strained up to different levels of plastic deformations. The calculated 8 resulted from
the FFT-based signal decomposition exhibit strong dependence on the waveform window se-

lection. Two wavelet-based algorithms were introduced to analyze the waveform in nonlinear
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ultrasonic testing: time-dependent and time-invariant. The error of harmonic decomposition of
nonlinear wave signal due to plastic deformation was reduced. Consequently, a good correla-
tion between the increase of the acoustic non-linearity parameter § and the increase in plastic

deformation was obtained.
Implementing immersion NLUT to remove the influence of inconsistent coupling condition

Another challenge introduced by the contact NLUT method is coupling condition. The materials
used as couplant and the force applied to provide good contact between transducers and spe-
cimen introduce error in ultrasonic amplitude measurements. To provide a consistent coupling
condition, water is proposed as a suitable couplant with comparatively low acoustic attenuation.
The immersion NLUT provides a coupling condition which does not depend on coupling force
and thickness, and it facilitates the movement of the transducers to perform a complete volume
scan of materials. When a period of finite amplitude sinusoidal wave propagates in water, high
pressure zone (the crests of the wave) travels faster than low pressure zone (the troughs of the
wave). This phenomenon leads to wave distortion and transfer of energy to higher harmonics.
The non-linearity in water adversely affects the sensitivity of immersion NLUT and masks the

weak non-linearity in solids.

The integration of superlattices with immersion NLUT to address coupling issues and elec-

tronic non-linearity

Superlattices (SLs) are one-dimensional phononic crystals that provide unnatural features to ma-
nipulate propagation of elastic wave. The dispersion behavior of SLs can be tuned to exhibit

band gaps that restrict the propagation of particular frequency and wave mode through the path
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of PCs. The SLs structure was integrated with the immersion NLUT to remove the non-linearity
generated in water and instruments. The SLs structure consisting of periodic layers of 100 um
thick water and 100 pm thick glass was designed to block higher harmonics while they passing
the fundamental frequency. The non-linearity experiments of plastically strained aluminum 1100
specimens were repeated using the immersion NLUT, and the SLs structure was placed in the path
of transmitter and solid surface. The results revealed that the sensitivity of NLUT was improved
by an order of magnitude as compared to the contact NLUT method. The approach eliminated the
errors introduced by coupling condition and instruments and increased the minimum detectable

micro-structural changes in solids.
Apply the developed methods to detect creep damage in 410 stainless steel specimens

Six dog-bone specimens subjected to different creep strains were prepared to apply the wavelet-
based signal decomposition using the contact NLUT and then the immersion NLUT with the SLs
structure. The contact NLUT showed 100% increase in acoustic non-linearity parameter 3 as the

creep strain increased from 0% to 3.8%.

The same specimens were tested using the immersion NLUT integrated with the SLs. It was
observed that the second harmonics were very weak, and did not exhibit any correlation with the

creep strain. The NLUT method based on the third harmonic amplitude, ¥, was applied.

The results revealed an increase of about 200% in ¥ as the creep strain increased from 0% to
3.8%, while the immersion NLUT without the presence of SLs was not sensitive to detect the
creep damage in the specimens due to strong non-linearity effect in water masking weak non-

linearity in solid.
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7.2 Future Work

Further research is required to exploit the full potentials of NLUT. The followings are the directions

that the research will be expanded.

e The implementation of solid-solid SLs to remove the non-linearity generated in contact NLUT
will be studied. Solid-solid SLs provide a narrower band gap compared to the solid-fluid SLs.
This requires a very precise manufacturing technique. The multi-layer additive manufacturing

method will be applied to achieve precise layer geometries and good bonding between the layers.

e The analytical and numerical models will be built in order to study the acoustic metamaterials
that can remove the non-linearity generated in experiments for different wave modes (such as
Rayleigh waves, shear waves). The structure will be a two dimensional PCs made of periodically
arranged pillars as both transmitter and receiver will be placed on the same side for conditions

such that access to both sides of structure is not possible.

e The NLUT method will be expanded to the cases where the linear UT method fails. One example
is to detect porosity in welded samples. The contact NLUT with the SLs and the wavelet-based

signal decomposition will be applied to porosity detection in welded specimens.
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