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Abstract

The study on artificially created materials has much evidence of naval properties.
Phononic Crystals (PCs) are new class of artificially constructed materials. They have a large
number of scattering inclusions that are embedded in a homogeneous host material. These
scatterers are arranged in periodic lattice structures. The scatterers and host materials are usually
either solids or fluids. Phononic materials are useful due to their ability to hinder the existence of
certain frequencies over which the propagation of elastic and acoustic waves are forbidden. The
formation of phononic band gaps (PBGs) in PCs is determined by the material properties and the
geometry of the periodic lattice structures. Some PCs have full band gaps [14, 55] while others
have partial band gaps [35]. Although the study of PCs is an attractive area for many researchers,
the investigations on PCs are just emerging.

The aim of the thesis is to study on perform fabrication and experimental characterization
of 2-D PCs having eccentrically layered scatterers. In addition, the influence of the eccentricity
of the layered scatterers on the amplitude spectrums are experimentally observed. Hence, the
main objective in this work is to characterize the influence of the eccentricity orientation angles
on the transmitted amplitude spectra. The layered scatterers were created by inserting the
paraffin-coated stainless steel rods into the cavities. Two sets of stainless steel rod diameters (2
mm and 2.5 mm) were used. The eccentricity orientation angles of scatterers were changed from
0 degree to 90 degrees at the increment of 22.5 degrees. Ultrasonic waves were introduced into
the test pieces to observe the propagated waves through the material. The ultrasonic Through
Transmission Test (TTT) followed by signal processing techniques was employed to produce the
transmitted spectra of PCs. The frequency dependent amplitude spectrums were observed at the
chosen frequency ranges with the help of MATLAB and Fast Fourier Transformation (FFT)
function. The results show that the geometry and the material parameters change the attenuation
of amplitudes by hindering the wave propagation. This leads PC as a good candidate for a sound
barrier for controlling the wave propagation or vibrations within the chosen frequency ranges.

Keywords: Phononic Crystal/s (PC or PCs); Phononic Band Gap/s (PBG or PBGS);
Through Transmission Test (TTT), Fast Fourier Transformation (FFT), Square array, Triangular

array, Amplitude spectrum/ Spectra, Eccentrically layered scatterers
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CHAPTER 1 - Background of Phononic Materials

1.1 Introduction

Phononic Crystals (PCs) are new class of artificially constructed materials. They are
created by embedding a large number of scatterers in homogeneous host materials having
periodic lattice structures. The host materials are usually either solid or fluid. Phononic materials
are able to prevent the propagation of acoustic or elastic waves at certain frequencies within the
material. As a result, the study of PCs is an attractive area for many researchers over the last two
decades. Band gaps in which the propagation of waves are forbidden at certain frequencies are
called Phononic Band Gaps (PBGSs). The creation of PBGs has much evidence of naval
properties.

The formation of PBGs in PCs is determined by material properties and geometry of the
periodic lattice structures. Some PCs have absolute or full band gaps [14, 55], while others have
partial band gaps [35]. Band gaps are called absolute band gaps, if the wave propagation in any
direction is restricted within the material. Materials with partial band gaps restrict the wave
propagation only in certain directions. Some materials can be distinguished by their band
structure related properties [40, 46]. Similarities exist in the electron waves in ordinary electronic
crystals and the electromagnetic waves in photonic crystals. Likewise, similarities exist in elastic
waves of both phononic and photonic materials. Band related properties of electronic, photonic,
and phononic materials are shown in Table 1-1.

Table 1-1: Comparison of band related material properties [33, 40]

Property Electronic crystal Photonic crystal Phononic crystal
. . . Consists of at least two Constitute of at least two
Material Crystalline solid . . . . .
dielectric materials elastic materials
. E/M permittivity, .
Parameter(s) Atomic numbers P . Y Mass density, sound speed
permeability
0.1pum-1cm

Lattice constant | 1-5 °A (microscopic) > 0.1 um (macroscopic)

(macroscopic)

Vibration or sound

Wave type Electrons EM (photons) (phonons)
Polarization Spin Transverse Shear, compression
Spectral region Radio waves, Microwaves, Optical o <1GHz

Microwaves, Optical,




| | X-rays | | |
According to Table 1-1, one can observe that the electromagnetic waves in photonic

crystals possess only transverse displacements. In semi-conductor materials, the electrons occupy
only certain energy gaps. Although the physical behaviors of phononic and photonic crystals are
different, the origination of band gaps in both materials are similar. The band gaps in photonic
crystals depend only on refractive index, which is the measure of speed of a substance with
respect to light. Different refractive indices can be observed in photonic crystals as they
composed of different dielectric materials. As a result, they are able to pass light waves only
within a certain frequency range. Similarly, PCs are comprised of different refractive indices due
to artificially embedded solid or fluid materials. In addition to different refractive indices, the
PCs can have large mass density variations. They may also have different elastic or sub-elastic
constants within periodically distributed structures. Consequently, PCs show a large velocity
contrast and a strong combination of longitudinal and transverse waves. The sound waves in
elastic solid support both longitudinal and transverse speeds. Conversely, acoustic waves in fluid
propagate at a single longitudinal speed.

As a result of two wave speeds, the propagation and excitation of waves through solid
PCs can change dramatically. These materials can control sound waves from low (audio) to high
(THz) frequency ranges. Based on the frequency of operation, PCs are categorized into the
following three classes [47, 52]: sonic (1 Hz — 20 kHz), ultrasonic (20 kHz — 1GHz), and
hypersonic (>1GHz). In comparison with the photonic crystals, phononic crystals are difficult to
model accurately. The multiple-scattering theories, which are originally applicable for the
electronic structure, have been used to model phononic or photonic crystals [49, 2, 32, 40].

However, the investigations on PCs are just emerging. Further research is required for PC
fundamentals that govern their behaviors as well as their potential applications. The main goal of
this thesis is to study on 2-D eccentrically layered scatterers in homogeneous aluminum, Teflon,
and LDPE hosts. The remainder of this chapter is organized as follows: The important possible
applications of phononic materials are introduced in section 1.2. In section 1.3, the experimental
and theoretical evidence of absolute and partial PBGs in 2-D PCs are reviewed briefly.
Moreover, various theoretical methods to compute PBGs are also discussed in the same section.
The goals of the thesis are explained further in section 1.4. Subsequently, thesis organization is

presented in the last section of this chapter.



1.2 Applications
The important property of phononic materials is their ability to hinder the wave
propagation at certain frequencies within the material. This feature is called acoustic or elastic
band gaps depending on the medium where it is propagated. The elastic or acoustic band gaps
make PCs potential candidates for developing new applications and materials. Since the major
prospect of PCs is to control sound waves, they are useful in applications such as acoustic filters,
improvements in noise control in the design of transducers, and signal processors [44]. Carefully

designed PCs with accurately calculated band structures leads novel properties in the structure.

1.2.1 Sound and Vibration Management
The sound plays a vital role in the communication and information transfer systems.
Also, the sound is important as a creative aspect to demonstrate music and rhythm. Audible
range for a human’s ear is from 20 Hz to 20 kHz. If PCs are constructed with appropriate lattice
constants in the audible frequency range, they act as barriers for the sound transmission.
Sculpture (refer to Figure 1-1), by Eusebio Sempere exhibited at the Juan March Foundation in

Madrid is such an example for a sound barrier [42].

i {1 1] i | i L

Figure 1-1: Sculpture, by Eusebio Sempere in Madrid [42]
After being motivated by the band structures in the sculpture [42], M. S. Kushwaha [37]

carried out a computational work on infinite square arrays of rigid cylinders constructed in air. A

stop band was uncovered in the frequency range between 200 Hz and 23 kHz. This computation



was based on the assumption that the rigid cylinders cannot penetrate sound waves and
propagation of waves occur only through surrounding air.

The low frequency applications of phononic crystals are called sonic crystals. B. C.
Gupta et al. [7] numerically computed multiple-scattering theories based on focusing effect of
sonic crystals formed by arranging rigid cylinders in the air. The lattice parameters, filling
fractions, acoustic frequencies, and the shapes of the sonic crystals considered as the variables in
the computation. Later, 2-D sonic crystals were effectively investigated to use as acoustic
barriers [52]. Hypersonic PCs are difficult to construct due to their small lattice parameters. The
wave length in such materials is analogous to that of light. In 2005, T. Gorishny and coworkers
[47] explained the application of hypersonic PCs to control the lattice vibrations at very high

frequencies.

1.2.2 Wave Guides and Filters

Guiding and confining the acoustic waves have been studied theoretically and
experimentally by several groups. Anything introduced into the band gap as a defect would
change the generation of vibration, sound, or phonons. The elastic waves can either be localized
or propagated along the point defect or linear defect within the band gap [1, 2, 31, 40, 4, 44, 54].
Khelif et al. [2, 4, 3] carried out an experimental and theoretical research on trapping and
guiding acoustic waves across defect modes. In this investigation, 2-D phononic crystals were
consisted of steel cylinders immersed in water. Linear defect modes were introduced into the
wave guide by removing one or more steel cylinders from the structure. The elastic wave
equation was computed and the results were compared with the experimental measurements. A
full band gap of decreasing bandwidth was observed as the increased inter-cavity separation [4].
Following the marked success in their former work [2], the same research team investigated the
guiding and bending of 2-D PCs experimentally and theoretically.

Pennec et al. [54] investigated the filtering and the multiplexing capabilities within the
band gap of 2-D phononic crystals. The wave guides were made within the band gap by
removing a chosen layer of cylinders. The lattice parameter of the 2-D square arrays was selected
as 5 mm and the measurements were performed by varying the diameters of the hollow steel
cylinders. The longitudinal and transverse velocities of the steel were taken as 5,825 m/s and

3,226 m/s. When the spectrum was examined by changing radii of cylinders in the air, a band gap



was observed in the frequency range 110 kHz - 215 kHz. Also, the presence of two narrow pass
bands observed at the frequencies 161 kHz and 194 kHz [54] within the gap. In 2009, the
filtering properties of PCs were investigated by J. Wang et al. [22].

1.2.3 Negative-Refraction

Negative-refraction occurs due to the multiple scattering at solid-air interface of PCs.
Generally, the speed of the sound depends on the refractive indices of the respective media
where the wave is traveled. When a sound wave incident onto a PC, two components of waves
can be observed at solid-air interfaces. One component travels normal to the interface while the
other travels parallel to the surface. The negative-refraction occurs in PCs, if the direction of the
wave component parallel to the surface is reversed while the direction of normal component is
unchanged. Ke et al. [39] observed the negative-refraction in 2-D phononic crystals consisted of
triangular array stainless steel rods in water. In this study, focusing properties of a flat crystal
was also investigated [39]. In 2008, Sukhovich et al. [6], experimentally demonstrated and L. Y.
Wau et al. theoretically explored the existence of negative-refraction [29]. More recently (2010),

C. Y. Huang and coworkers [11] fabricated Lamb wave resonators using 2-D PCs.

1.2.4 Thermal Tuning
Investigations on thermal tuning of ferroelectric ceramic-epoxy composite PCs in the
ultrasonic range was carried out by K. L. Jim and coworkers [30]. This investigation was based
on tuning the band structure of the composites made of Barium Strontium Titanate-epoxy around
the Curie temperature. This led many applications such as non-destructive testing, medical
diagnoses and imaging.

1.3 Evidence of Phononic Band Gaps (PBGs)

It is important and essential to recall appropriate studies on PCs to date in the literature.
Numerous research efforts show that the complete or partial band gaps are mostly occur in 2-D
or 3-D PCs. In 1993, Kushwabha et al. [2, 33] reported the first theoretical investigation on
acoustic band structure in PCs. The computed band gaps for elastic composite structures were
composed of parallel metallic rods arranged hexagonally in host elastic media. Elastic composite
materials demonstrated to give rise for the formation of band gaps. Again in 1994, Kushwaha et

al. [35] reported a theoretical computation of band structures for 2-D nickel alloy cylinders in



aluminum host. In this study, the band gaps were proved to be a function of filling fraction and
material type. However, the computation was restricted only to freely vibrating elastic materials.
When the filling fraction was approximately 0.33, the largest band gap were reported in nickel
alloy cylinders in aluminum matrix. Similarly, the largest band gap for aluminum cylinders in
nickel alloy matrix was reported at the filling fraction of 0.7854 [35]. Later, several theoretical
investigations on the wave propagation through elastic PCs were reported by researches [59].

Goffaux et al. [10] proposed a different approach for the formation of tunable phononic
band gaps. Square-section rods that arranged in a square array in air theoretically analyzed in this
effort. Also, widening properties of band gaps were explored by means of Plane Wave (PW)
method. The PW method is inappropriate for solid-fluid incorporated PCs. However, the
difficulties related to low and high filling fractions overcome in this experiment [10]. A Similar
investigation is reported by F. Wu et al. [15]. For this study, specimens were constructed by
arranging square mercury (Hg) rods in water. The relationship between the bandwidth and the
rotation angle was discovered by rotating the square rods at an angle. In 1996, Sigalas et al. [36]
experimentally investigated acoustic wave propagations in 2-D PCs constituted of steel cylinders
in air. Full band gaps were observed while increasing the diameters of the steel cylinders. Sound
attenuation in 2-D simple structures of phononic materials is introduced in this experiment. After
this remarkable effort, many researchers motivated to explore attenuation properties of PCs later
[36].

Good representations for sound attenuation and phononic band gaps were experimentally
reported by Sanchez Perez et al. [21] in 1998. In this work, 2-D square and triangular arrays of
rigid cylinders were arranged in air with different lattice parameters. Experimentally-observed
band gaps were fairly similar to theoretically predicted values for the square array. However, the
effective band gap for the triangular array was not observed in the theoretically predicted
frequency range in this experiment [21]. In the same year (1998), a group of researchers [14]
reported full band gaps in aluminum alloy plates having 2-D cylindrical holes. No wave
propagation was observed within a certain frequency range even if the measurement direction
was changed [14].

Analytical and numerical approaches are being used by many researchers to determine
the specific requirements in the designing of PCs. Among them, plane wave expansion method
(PWE) [56], transfer matrix method (TMM) [13], finite difference time domain method (FDTD),



multiple scattering theories (MST) [52], and variation method (VM) [8] are the most popular
techniques. In addition to these methods, FFT can be used to analyze the waves that have
propagated through PCs. In 1998, the transmission of longitudinal waves across the single layer
of lead (Pb) spheres embedded in a polyester matrix was experimentally studied by Kinra et al.
[51]. In this experiment, the ultrasonic through transmission test was followed by spectrum
analyzing with FFT algorithm. However, all of those methods have unique advantages and
disadvantages.

PWE method has a problem of convergence for dispersion relations if a liquid material is
inserted into host solid material. Also, the materials with large contrast in elastic modulus and
density are difficult to analyze using the PWE method [8, 10, 29]. In 2007, Wen et al. [17]
studied the directional propagation behavior of flexural waves through two dimensional thin
plate PCs made of steel cylinders in square periodicity in host Lucite. The PWE method was
employed to determine the wave propagation characteristics. Garcia Pablos et al. [12] reported
the existence band gaps in square arrays of cylindrical holes filled with Hg, air, and oil in finite
slab of aluminum hosts. At the I'X and I'M symmetry points, the directional band gaps, which
existed along (100) and (110) directions, were computed by FDTD method [12]. Tanaka et al.
[55] studied numerical examples to resolve the dispersion relations of the acoustic waves in 2-D
phononic structure using FDTD method. The dispersion relationships were numerically
computed for 2-D PCs arranged in an aluminum matrix. Contrasted to previous experiments [12,
14], which claimed full band gaps in some regions, no full band gaps were observed for Hg
cylinders in an aluminum matrix [55].

The previously described investigations [12, 14, 55] on 2-D phononic materials consisted
of Hg filled cylinders in the aluminum matrix were critically evaluated by Torres et al. [32].
Amplitudes of the signal were verified that they decay along (110) direction more than (100)
direction. The FDTD was again employed by a group of researchers to discover the band gap in
square arrays of air-filled polymer tubes arranged in water media [41]. The same test was
implemented for water-filled polymer tubes in air. For the former test, the results were obtained
by selecting the lattice parameter for square arrays less than the wave length of the band gap. The
authors concluded that the sonic band gaps are dependent of air filling fraction, transverse

velocity of the tube material, thickness of the tube, and longitudinal speed of the sound [41].



In 2001, Vasseur et al. [18] observed band gaps in the structures made of 2-D triangular
arrays of steel cylinders in an epoxy matrix. Experimental evidences were theoretically verified
that band gaps are independent of the waves propagated in the plane normal to the steel
cylinders. FDTD and PWE methods were employed in determining the acoustic transmission
coefficient. Transmission power spectrum was evaluated using ultrasonic through transmission
followed by FFT. Authors reported that 2-D triangular arrays of parallel cylinders in a given
matrix are expected to show the largest acoustic band gap. This test suggested a more
guantitative analysis to compare the theoretical and experimental results with other samples and
with different thicknesses, etc. [19].

In the following year (2002), Vasseur et al. [20] again comprehensively researched on 2-
D square arrays of filled and hollow circular copper cylinders surrounded by air. The PWE and
FDTD were employed to compute transmission coefficients. The FDTD helped them distinguish
the filled and hollow cylindrical scatterers. At the lower frequencies, similar results were
reported for the theoretically and experimentally measured transmission coefficients. The authors
concluded that if copper cylinders were filled with water, the transmission coefficients are
dependent on the thickness of the copper tubes [20]. Zhang et al. [45] investigated the existence
of broad acoustic band gaps experimentally and theoretically. For this study, the 2-D PCs were
created by embedding rubber-coated square arrays of solid steel cylinders in an epoxy matrix.
The transmitted power spectrum was produced using real time FFT and FDTD methods. Despite
the lack of evidence, they concluded that the forbidden gap became wider due to soft elastic
coating [45]. Attenuation of sound in the audible frequency range is a tradeoff between the
dimension of the sonic crystals and the direction of the wave propagation. Unlike the usual sonic
crystals, Hirsekorn et al. performed numerical simulations to compute sound attenuation of
silicone-rubber-coated hollow steel cylinders arranged in an epoxy matrix [38].

L. W. Cai in 2003 [25] numerically analyzed multiple-scattering (MS) in single
multilayered scatterers. This novel method proposed new means to analyze scattering in more
complicated internal geometries. In the same year, this study [25] was extended further to realize
the existence of resonance at low frequencies. The resonance frequency was known to be
influenced on the properties of band gaps in multilayered cylindrical scatterers embedded in
linearly elastic medium [26]. In 2008, a team of researchers consisting of J. H. Wen and co-

workers tried to determine band gap phenomenon and the attenuation properties in 2-D PCs. The



band gaps were reported to be manipulated by the density and elastic modulus of scatterers.
Wide and low frequency band gaps were observed in light hosting materials with heavy
scatterers [18]. A novel approach to research on eccentrically layered scatterers was carried out
by L. W. Cai [28]. The effect of the eccentricity on single and multiple scattering of an incident
anti-plane shear wave (SH) were numerically analyzed and influences of eccentric orientation
on the scattered wave field were studied in this study. A simple explanation of these findings is
that if the outer diameter of the cylindrical scatterer is the same as the wave length (1) of the
matrix material, then there will be a substantial influence of eccentricity on the propagation
pattern of the scattered wave. Numerical computations for phononic crystal structures with a
fixed band gap were again carried out by L. W. Cai. The author concluded that the relative

strength of the signals is influenced by the effect of eccentricity in the layered scatterers [27].

1.4 Thesis Goals

Numerous numbers of research on phononic materials showed that band gap properties
are largely decided by the material properties and the geometry of the phononic crystal structure.
Many investigations appear on 2-D PC systems, as they need relatively large lattice parameters
and simple fabrication techniques. Researchers identified that PCs have novel properties and
applications. PCs consist of different shapes and sizes of scatterers such as air-filled, liquid-
filled, or coated. These PCs then require novel fabrication methods. Some studies showed that
due to the anisotropy and complex structural parameters in the layered scatterers, the wave
propagation becomes complex in PCs. As a result, the theoretical principles are difficult to
implement in practice. Hence, the appropriate experimental techniques need to be developed to
characterize the influence of eccentricity on the elastic or acoustic wave propagation patterns.
Such experimental studies then allow understanding the effect of the internal features of the
scatterers. However, a considerable experimental study has not been carried out so far to
determine the existence of band gaps in such PCs.

In contrast to those numerous investigations reported in section 1.2 and 1.3, the primary
goal of this research is to perform fabrication and experimental characterization of 2-D PCs
having eccentrically layered scatterers. Low density polyethylene (LDPE), aluminum and Teflon
are the chosen three host materials. Square and triangular array cylindrical cavities were drilled
in three solid host materials in advance. Hence, 2-D PCs are arranged by inserting cylindrical



stainless steel rods at different orientations of eccentricities. Scatterer orientation angles are
changed by inserting the paraffin-coated stainless steel rods into the cavities. Two sets of
stainless steel rod diameters (2 mm and 2.5 mm) were used in the experiments. The main
objective in this work is to characterize the influence of the eccentricity orientation angles on the
transmitted amplitude spectra. The frequency dependent amplitude spectrums are anticipated to
observe at the chosen frequency ranges. The amplitude spectrums are produced using the
ultrasonic Through Transmission Test (TTT). Signal processing is carried out using Fast Fourier
Transformation (FFT) function with the help of MATLAB.

1.5 Thesis Organization
This thesis presents a study on fabrication and experimental characterization of

eccentrically layered scatterers in PCs. It is organized into four chapters. Chapter 1 introduced
the background of PCs and the goals of the thesis. Chapter 2 establishes the experimental
methodologies and limitations for experimental investigation of PCs. The fabrication procedures
of PCs with eccentrically layered scatterers in different hosts are explained in Chapter 3. In
addition, the importance of the intended experiment, the experimental setup, and the measures
taken in the experiments present in Chapter 3. Chapter 4 of the thesis presents the results
obtained from the experiments in the time and frequency domains. Conclusions are summed up
at the end of the Chapter 4. On the basis of the results, the possible future research works are also

discussed under the conclusions.
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CHAPTER 2 - Methodology

2.1 Introduction

This chapter explains the concept of wave propagation and different mechanisms, which
cause the formation of band gaps in phononic materials. The methodologies and the design
criteria involved in the experimental study of such materials are also discussed in this chapter.
Moreover, a discussion on important factors that govern the width, location, and shape of the
band gaps in phononic materials are explained using simple theories of Bragg reflections. The
fundamental concepts of elastic, acoustic, and ultrasonic wave propagation in materials are also
highlighted. Finally, the concept of frequency response of the spectrum analysis techniques is
presented.

2.2 Design of Phononic Band Gap Materials

According to the literature, Bragg scattering, and local resonators [8, 11, 13, 31, 32, 38,
53, 56] are the two mechanisms for the formation of phononic band gaps (PBGs). Bragg’s theory
says that the superposition of reflected waves takes place in materials having large acoustic
mismatches. The local resonators are useful in the case of sonic applications, as they have strong
attenuation at their resonant frequencies. The experimental results of the locally resonant sonic
materials proved to have strong attenuation at lower wave lengths than those predicted by the
Bragg’s theory [38, 57].

2.2.1 Bragg-Scattered PBGs

Bragg-scattering occurs due to the interaction of periodically arranged lattice structures in
materials. In periodically arranged solids, the individual atoms cannot move freely as they
interconnected with chemical bonds. When the forces are applied, atoms move from their
equilibrium positions. Then, the atoms exert forces on the neighboring atoms, which cause
adjacent atoms to move through the material. Lattice distortions propagated through the solid
materials are referred as phonons. At very high frequencies, phonons show strong interactions.
Generally, the resultant wave forms become very complex as they involve a large number of
parameters [40, 18]. Consider a 1-D crystal made out of several alternating layers of dissimilar

substances. When a sound wave travels through such a crystal, at every interface, a portion of the
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incident wave reflect back and a part of the original wave transmit through the crystal. As a
result, these secondary portions of the incoming waves may interact with each other.
Constructive interference occurs if the path difference between two interfering waves are equal
to an integer multiple of their wave lengths. Otherwise, destructive interference wherein the
propagation of waves through the material can be observed [40]. If there are a number of
interfaces and if constructive interferences occur within the material, then reflection of all the
energies of the original wave take place. Subsequently, the wave cannot propagate across the
material. Hence, band gaps are created in the case of constructive interferences. The path
difference between two interfering waves is determined by the lattice parameter (a) and the wave

length (1) of the material. The wave length of sound is inversely proportional to the frequency;

A= &)

where C is the sound velocity and f is the frequency. Interferences occur when,

axi, 2)
According to Bragg’s theory, the relationship of the center frequency of the band gap to the
center distance between two adjacent scatterers (a), and the longitudinal sound velocity (v) of the

host material can be written as,
1%
f=n.— (n=12, ...). 3
” ( ) 3)

Eqgn. (1), (2), and (3) show that the center frequency of the band gap is inversely proportional to
the lattice parameter [13, 20, 38, 40]. This gives an exciting idea that a band gap [49, 45] can be
created at any frequency or at any wave length by changing the lattice parameter of a solid. Thus,
the geometry and the dimensions of the materials are influenced on the formation of phononic

band gaps within which propagation of waves are restricted.

2.2.2 Local Resonators
Sound attenuation bands in the audible frequency range can only be achieved using large
structures. Under a certain frequency range, scatterers in PCs will act as resonators. These local
resonators can bring the attenuation frequencies into the audible range. They react with elastic
travelling waves that have large wave lengths. This behavior lead the restriction of wave

propagation at certain frequencies [9, 18]. M. Hirsekorn et al. [38] analyzed PCs with local
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resonators made of silicone rubber-coated steel cylinders in the matrix of epoxy. Attenuation
obtained at very low frequency range from 0.3 kHz to 6 kHz. This yielded a strong attenuation at
low frequencies than those predicted by Bragg-scattering. Recently, the Bragg reflection and
local resonator methods were extensively studied by D. Yu et al. [13]. Both methods applied
effectively to control the vibration of the fluid carrying pipe system arranged in regular lattice

pattern.

2.2.3 Effect of Geometry and Material Parameters

Investigations on PCs having various scattering inclusions and host materials are being
carried out by many researchers. Generally, Bragg-scattering relates to material properties such
as density, Young’s Modules, stiffness and structural parameters such as filling ratio, lattice
parameter, and geometry [18]. The formation of PBGs in PCs is determined by the material
properties and the geometry of the periodic lattice structures [14, 55]. It is assumed that no band
gaps are formed in homogeneous elastic media. On the contrary, the band gaps appear in
inhomogeneous structures when the density and the sound velocity are adjusted [10]. The larger
the variations between material parameters, the easier the band gap formation. Therefore,
understanding the influences of material properties and geometry on the formation of band gaps
is essential. Simply, the wave propagation mechanisms in both solid and liquid materials are then
easy to realize.

The mechanical waves are of two types: acoustic and elastic. Typically, elastic waves
propagate in elastic solids. Acoustic waves are sort of oscillations travel through a liquid or a
gas. Seismic waves are a type of elastic waves that occur as a result of an earthquake. When a
sound wave propagates in a solid, they can have longitudinal (P or compression waves),
transverse (S or shear waves), and surface (Rayleigh) components of displacements. A
longitudinal wave is characterized by the particle motion in the same direction as the wave
propagation. Transverse waves cause the particle motion perpendicular to the direction of wave
propagation. Rayleigh waves move in an elliptical path as shown in Figure 2.1. In fluids,

acoustic pressure waves are longitudinal.
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Figure 2-1: Types of mechanical waves (a) P, (b) S and (c) Rayleigh

Three conditions: mass continuity, equation of state, and force equation are essential to derive
wave equation for acoustic waves. Elastic wave equation for a homogeneous medium can be
written as [18, 40],

o’u  d%u o(éu ov o%u
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where u and v are displacement along x and y directions respectively, A and p are called Lame’s
constants, and p is the density of the material. They are given in equation (6). It must be noted

that the material properties of £ is the elastic modulus and that of v is the Poison’s ratio. They

are given by,
E vE
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Generally, the classical wave equation [18, 20, 40] is given as follows:
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The incident of a plane wave into the elastic solids can be expected to propagate in two wave
speeds, which associate with displacement components and potentials. When the displacement
component is as the same direction as the wave propagation, they are called longitudinal waves.
The speed of the longitudinal wave C» is given by [32, 53],

C, = [22£, ®)
Yo,

On the contrary, if the displacement component is perpendicular to the direction of wave

propagation, they are called shear waves. The speed of the shear Cs is given by,
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C, =% (9)
o,

Hence, the wave speed ratio k can be defined as follows,

«_Co _ [A+2u _ 2(1—0)_ (10)
C, 7 1-2v

The study of the elastic wave propagation in inhomogeneous media is challenging due to
the combine influence of longitudinal and transverse wave forms [10]. At a given frequency, the
speed of the longitudinal waves is greater than that of the shear waves. For a particular material,
the speed of the wave is changed only when the medium where it propagates is altered. When the
sound energy travels through a material, the propagation relates to the elastic properties and the
wave properties. When waves encounter a boundary or an interface with another material, a
portion of the energies reflects back and the other portion transmits through the material.
Acoustic impedance is a material property, which defined as the density multiplied by the sound
speed.

The amount of energy reflected (reflection coefficient) is related to the relative acoustic
impedance of the two materials. When a sound wave incidences on an interface between two
materials of different acoustic impedances, the direction of the wave propagation may change.
Consider an incident of a P-wave at an interface. When the angle of the incident longitudinal
wave is altered, a portion of the sound energy converts to shear wave (refer to Figure 2-2).

Reflected shear Wave {5V or SH)

Incident P wave Reflected Longitudinal Wave (P)

8- Incidentangle Refracted Longitudinal Wave (P)

& - Refracted angle Refracted Shear Wave (SH or 5%)

Figure 2-2: Different wave patterns observed at an interface

The various boundaries can be observed in materials with periodic structures. As a result,
scattering of the original wave (due to reflection) occur at the interfaces. In a rigid scatterer, there

is no displacement at the interface. In void scatterers, the shear stresses in the longitudinal
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direction of the cylindrical scatterers are zero at the interface. Elastic scatterers can be obtained
in elastic solids with refracted waves. Layered elastic scatterers are the subjects of this thesis.
Depending on the type of materials and scatterers, the speed of the sound causes differences in
the band gap configurations. The studies have also shown that the scattering process will be
influenced by the changes in the geometrical parameters: the eccentric orientation angle and the
inner radius of the scatterers [27].

The path differences change as the direction of propagation is varied at the interfaces.
Depending on the frequency of their operation, it is necessary to maintain the lattice parameter of
the structure in the order of wave length of the incident wave (see Equation 3). In 2001 and 2002,
Vasseur et al. [22, 6] studied experimentally and theoretically on the sound attenuation in two
types of sonic crystals. One structure was made by stainless steel cylinders in air, and the other
was made by copper tubes in the air. It was found that the attenuation is same in both hollow and
filled copper cylinders as the wave length 1 is much greater than the diameters of each
cylindrical scatterer [22, 6].

By integrating materials with large acoustic impendence differences, the width of the
band gap can be increased while the reflectivity at the interfaces is drastically adjusted [18, 38].
If the wave length is too small compared to grain size, the energy losses occur due to reflections
at boundaries. These losses increase linearly with the frequency. If the wave length is greater
than grain size, then the energy losses occur due to the occurrence of surface waves [10]. The
frequency of the band gap continues to reduce if the lattice parameter of the structure is
decreasing. The PCs need large dimensions if the band gaps are needed to produce at very low
frequencies. Therefore, the formation of band gaps with the Bragg scattering mechanism
becomes difficult at low frequencies [18].

The width of the band gap relates to the ratio of the densities and velocities of different
materials. If the ratio of the velocities is increased, the band gap becomes broad and so does the
ratio of densities [55]. PCs are usually constructed by integrating solid or fluid materials. Sonic
and hypersonic crystals are special types of PCs prepared by solid elastic materials in air [56].
Moreover, the band gap properties can be altered by varying the filling fraction and by
embedding foreign materials with different elastic constants and mass densities [18, 31, 46, 35,
40]. Briefly, one can assume that the PCs are being composed of scatterers (liquid or solid)

assembled in a regular periodic pattern. The PCs can be seen as 1-D, 2-D, and 3-D. If the
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periodicity is only along one direction, it is called 1-D PC. 2-D PCs have periodicity in two
directions and they are generally arranged by embedding solid or fluid cylindrical scatterers in
various host materials. The 3-D PCs have periodicity along all three directions. The sspherical
inclusions embedded in a matrix are an example for 3-D PCs.

On the other hand, PCs show macroscopic scale periodicity, which is very similar to the
crystalline structure of solids. In crystallography, the crystalline solids are arranged at the
Bravais lattice points. Many researches assumed that the wave propagation in inhomogeneous
solid-solid structures limited to the XY-plane normal to the circular cylinders that are arranged
parallel to Z-direction [20]. They are usually parallel circular cylinders along Z-axis that are
arranged in the XY-plane in the host material. These cylindrical inclusions act as scatterers and
their orientation in the 2-D structure analogues to lattice structure in the crystallography. They
can be treated as the Bravais lattice points. Most of the 2-D PCs reported in the literature have a
square or a triangular periodicity. If the lattice constant of the square arrays along the side of the
crystal is a, then the lattice constant along its diagonal direction (triangular arrays) is V2a (see
Figure 2-3).

f——
! i

(4]

Figure 2-3: Square and triangular Bravais lattice points.

The band gaps are expected to observe in the square and triangular lattices at the
frequencies proportional to 1/a and 0.707/a respectively. Band gaps are formed due to the
reflections at the surface of dense scatterers. If the gaps are sufficiently wide enough, they are
able to superimpose each other. This happens at various directions in the periodic structure. As a
result, periodic structures will show reflections for any incoming waves at some frequency
ranges in which all the band gaps overlap [19, 49]. This makes full or partial band gaps in PCs.
Experiments in this thesis deal with 2-D structures having solid-solid inhomogeneous structures
as shown in Figure 2-4.

17



(2) (b)

CO000
O0O000O
OO0O0O00O0
0J010I0)0.
ana | OOOOO
T'X Direction O O O O O T

= GEEe ©
QO Gl@® O
COO00O0
CO0O0O
O0O000O
OO0000O
CO0O00

Figure 2-4: 2-D cross section of the scatterers embedded in hosts parallel to Z-direction in the XY-
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plane (a) 65 scatterers in square array (b) 63 scatters in triangular array. Ky and Ky are 2D wave
vectors in the XYZ coordinates system [19, 49, 50, 45, 18, 40].

2.3 Testing of Phononic Materials

Various techniques exist to experimentally investigate phonons in periodic structures.
Brillouin Light Scattering (BLS) and ultrasonic Through Transmission Test (TTT) are popular
methods for testing such structures. Since the lattice parameter and the wave length of the
hypersonic crystals are in nano-scale, experimental observation of their properties is challenging.
The BLS is a powerful non-destructive testing tool for detecting the properties of periodic
composite structures that operate at high frequencies (GHz range). The BLS is also useful for
detecting the dispersion relations of hypersonic PCs at high frequencies [48]. Phononic band
gaps are undetectable if the band gap frequencies are well below the maximum detection limit of
BLS.

On the contrary, in TTT, the ultrasonic waves are operable at high frequencies than the
audible range. Furthermore, the practical use of ultrasonic frequencies for the assessment of
materials is between 50 kHz and 10 MHz [55]. This method is a type of non-destructive test and
it is often performed in examination of material properties. The ultrasonic transmission technique
is capable of producing the transmitted spectra with either pulses or continuous waves [4, 19,

51]. Therefore, the ultrasonic TTT can be used to evaluate the attenuation and to assess the
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frequency response of a transmitted wave passing through a material. Materials in which the
lattice parameters are in the millimeter range, can be tested very effectively using ultrasonic
waves. The intended dimensions of the PCs in this experiment are in millimeter scale, which is
comparable with the frequency of the ultrasonic range. Therefore, in this experiment PCs can be
tested by the ultrasonic TTT.

2.3.1 Ultrasonic TTT
An ultrasonic TTT system essentially includes a pulse generator, a transmitting
transducer, a receiving transducer, and a data acquisition system in which a means for recording
the signals enclosed. It involves sending an ultrasonic wave from an external surface into the
material and receives the wave from its opposing surface of the material as shown in Figure 2-5.

Transmitting Transducer

- hdaterial to be tested

Receiving Transducer

-

Figure 2-5: Schematic of Transmitting and Receiving Transducers

In the through transmission method, the primary quantity to be measured is the amplitude
[10]. In such a test, the amplitude of the waves decreases as the ultrasonic waves pass through a
given thickness of the material. The wave propagation involves with the disturbances in the
medium. When the amplitudes of the received and transmitted signals are recorded, the
attenuation can be obtained through signal analysis [5]. If A; and A, are the amplitudes of the
transmitted and received signal respectively, the relative amplitudes of two ultrasound waves can

be expressed as,

Relative amplitude = % : (11)
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When the relative amplitudes are expressed in terms of the logarithm of amplitude ratio, they are
specified in units of decibels (dB). The relative pulse amplitude in decibels is related to the actual

amplitude ratio by:

Relative amplitude (dB) = 20 Log% . (12)

The ultrasonic sound velocity: C can also be evaluated using [16],

Distance between transducers

= . 13
Time it takes to travel that distance (13)

Ultrasonic waves propagate due to the transfer of mechanical disturbances across the

material. Hence, the type of medium is influenced by the speed of the wave propagation.

2.3.2 Transducer Sound Fields

Many types of transducers use for ultrasonic testing such as as direct contact, angle beam,
immersion, delay line, and dual element. These transducers are differentiated by the way they
interact and generate ultrasonic waves into the specimens. A piezoelectric transducer can convert
the electrical energy into the mechanical energy and also the mechanical energy into the
electrical energy. As a result, a piezoelectric transducer can receive or transmit sound energy.

Among the various types of transducers, there are two main types of transducers : straight
and angle beam. The straight beam contact transducers introduce sound energy perpendicular to
the surface where it contacts. Due to the direct contact with the material, these transducers have
been constructed in a wear resistant case. Direct contact transducers have advantages such as
close acoustic impedance matching to most materials, testing of wide variety of materials, and
preferring penetration through thick materials. The angle beam transducers utilize shear or
longitudinal waves depending on the angle of contact.

Based on the way the particles oscillate, ultrasonic waves can propagate in solids in four
principle modes: longitudinal, shear, surface, and plate waves. The longitudinal and shear waves
are two principle propagations modes widely use in ultrasonic testing. The ultrasound that is
generated by transducers propagates into a solid through the transfer of energy from one particle
to another. At a given frequency and energy level, the distance that the sound wave propagates
depends largely on the nature of the materials. In general, the materials that are hard and

homogeneous will transmit sound waves more efficiently than those that are soft and
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heterogeneous. The shape of the transmitted sound field is greatly affected by the transducer
element diameter. Both reflection behavior and the shape of the sound fields are influenced by
the transducer center frequency. At the megahertz frequency range, the sound energy does not
travel efficiently through air or other gasses, but it travels freely through most liquids and
common engineering materials. Two factors govern the distance that a sound wave travels in any

given medium: beam spreading and attenuation.

2.3.2.1 Beam Spreading
The acoustic field of a transducer consists of all the frequencies within the bandwidth.
The sound produced from an ultrasonic transducer originates from many points along the surface
of the piezoelectric element. Figure 2-6 shows a typical transducer sound fields. Many waves

interacting or interfering with each other in a sound field. This is called near field effect.

Different beam

Transmitter
Specimen angles (Beam
Transducer / ‘/ spread out)
—emd Receiver Transducer
Near zone (N) ‘ Far zone

Figure 2-6: Schematic of a transducer wave fields
For a transducer of diameter D, and the wave length /, the near field length N is given by:
2
N=D
41
If materials to be tested are positioned within the near field area, then accurate evaluation of

(14)

flaws becomes exceptionally difficult. Despite such variations, the maximum sensitivity can be
obtained in the near field region. Within the near field, the beam narrows and the overall beam
size remains relatively constant. Therefore, the near field is important when testing very thin
materials. APPENDIX A Table 2.2 shows how the near field length varied with the element
diameter and the frequency of a transducer.

The area beyond the near zone in which the ultrasonic beam becomes more wide and

uniform is called far field. The intensity that refers to the relative strength of a sound beam at a
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certain point is low in the far field. The greatest concentration of the sound energies are at the
center of the beam. The energy decreases as it moves away from the centre. Therefore, at the
beginning of the far field, the beam strength is the greatest at the center of the beam. When the
beam travels further, the edges get wider. Also, the strength of the beam becomes weak as it
spreads outward. This situation is called beam spread. The conversion between the near field and
the far field is sometime referred as the natural focus of a flat contact (or unfocused) transducer.
For a flat faced transducer, the beam spread angle may be calculated approximately using the
transducer diameter (D), wave length (1) in the medium [48].

Spread angle,H:ZSinl[O.S%j (15)

Because of the less concentrated sound fields in the beam spread, the lower amplitudes of
the reflected waves can be observed. Due to the reflections from the other features outside of the
inspection area, beam spread make trouble understanding signals [48]. The beam spread
increases at the lower frequencies. It also increases with the smaller diameters of transducers.

This can be clearly seen in the beam spread table in APPENDIX A.

2.3.2.2 Ultrasonic Attenuation

When the ultrasonic sound waves travel through a material, they begin to break due to the
imperfections in the structure. Then, the organized phonons become random mechanical
vibrations such as heat until the wave front is no longer detectable. Further weakening of the
wave fronts is due to the phonons’ interaction with each other. This is called scattering and
absorption [43]. At this stage, the materials show band gaps at certain frequencies or at certain
wave lengths. The scattering effect is varied when waves meet at different boundaries or at
imperfections. The absorption is the conversion of sound energy into other forms of energy. Both
scattering and absorption can increase as the frequency increases. The combined effect of
scattering and absorption is called attenuation. Therefore, the attenuation always associates with
the energy loss (amplitude) or gain. The attenuation coefficient is specific for a given material [5,
16],

A= Ajexp(-ax) (16)
where x is the distance travelled, o is the attenuation coefficient and Ao is the amplitude when

x=0. Considering x; and x, values,
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2.3.2.3 Wave Length
The distance of sound has traveled during the period of one vibration is known as the
wavelength. The sound wave length is inversely proportional to its frequency as given in
equation (1). The wavelength of the ultrasound is determined by the characteristics of both the
transducer (frequency) and the material through which the sound is passing (velocity). The
longitudinal velocity is independent of sample geometry when the dimensions at right angles to
the beam are large compared to the beam area and wavelength.

2.3.2.4 Frequency

The frequency of a transducer affects the penetration and flaw resolution. As the
frequency increases, the distance that the sound wave travels will decrease through a material.
However, the resolution of small discontinuities will improve. On the contrary, if the frequency
decreases, the penetration of the sound wave will increase. In addition, high sound energy in the
penetrated waves would result. The higher frequencies will be attenuated more rapidly than the
lower frequencies in the medium. Hence, low test frequencies are usually employed in materials
such as low density plastics and rubber where high attenuation coefficients are involved. When
the frequency is too high, the sound waves will scatter at coarse grains. Therefore, a low
frequency transducer is suitable for a material with large grains whereas fine grain structure
needs a high frequency transducer. High frequency transducers usually have a constant diameter
beam while the low frequency transducer has a diverged beam.

In summary, as the frequency goes up, the beam spreading decreases but the effects of
attenuation and scattering are enhanced comparatively. This also means that the amount of
energy provided to the transmitter transducer will be less than the energy travelled toward the
receiver transducer. To optimize these variables, the appropriate transducer frequencies should
be chosen depending on the application.

2.3.2.5 Element Size
In flat faced contact transducers, element size indicates the covering area or width of a

material that can be inspected. Larger diameters of the transducer may decrease the inspection
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time by increasing the coverage area while reducing the reflections at small discontinuities. In
low frequency transducers, a very small element diameter will cause excessive beam divergence.
Smaller element sizes will increase reflection amplitude from small discontinuities. The
inspection may take a longer time as a smaller beam covers less area. A large diameter
transducer has a small beam spread compared to the small diameter transducer. In high
frequency transducers, these conflicting factors must be balanced based on the specific test
requirements. For instance, if a large diameter transducer is used ,the beam divergence is low and
a relatively constant diameter of the sound beam to cover large area can be obtained. It can be
inferred that the long sound paths can be improved using a large diameter transducer with high
frequency. Additionally, when the distance in which the sound path travelled is larger than the

near field distance, the beam diameter will increase.

2.3.2.6 Bandwidth
Bandwidth is the range of frequencies to which a transducer can respond. A range of
frequencies was decided to be used in the experiments. Bandwidth is determined using,

BW = fo_ i (18)

C

Where f. is the center frequency, f; is the lower frequency, f, is the upper frequency, and BW is
the band width of the transducer. By increasing the bandwidth of a transducer, penetration can be
increased without sacrificing the resolution. When a transducer highly damped, it will respond
above and below the central frequency. In converse, it responds poorly around central frequency
if the transducer lightly damped. However lightly damped transducers increase penetration

power through the material [2].

2.4 Data Processing Techniques

In an experimental setup of the ultrasonic TTT, a received signal is obtained in the
receiver transducer. Usually, those signals are viewed in the oscilloscope in the time domain. In
practice, a spectrum is always made over a finite time length (Ts). The time period may include
the full length of a signal or it may compose of small region of a signal. When the time domain
data converted into a frequency domain, it represents the available energy of the signal. There
are many advantages of the frequency domain signals. It helps realizing the quality and
usefulness of the signal. A plot of frequency against the amplitude is called a spectrum.
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Conversion of time domain data into frequency domain is accomplished by means of techniques
such as Fourier transformation (FT), Discrete Fourier transformation (DFT) and Fast Fourier
transformation (FFT). They are capable of identifying various frequencies and characterize the
magnitude of a wave. FFT is capable of producing frequency domain signals efficiently.

2.4.1 Fourier Transformation (FT)
Fourier transformation (FT) is a theoretical transformation of a continuous wave and the

transformed signal will always reveal the frequency content of the signal.
N N
f=a,+ > a,sin(nat)+ > b, cos(nat) (19)
n=1 n=1

where, constant ag is the direct current offset in the y-axis. The coefficients a, and b, are the
constituents of the spectral amplitudes. These constituents are the magnitude of the spectrum that

are written as,

1 T
a, :d f (t)dt (20)
a, =T3l f (t)sin(newt)dt (21)
b, = Tgl‘ f (t)cos(net )dt (22)

Depending on the resolution of the chosen wave, these coefficients are varied. Resolution is the
smallest frequency f(t) taken out from the frequency spectrum. If the resolution changes, the

signal energy is different from one frequency to another by,

fn(t)znf(t)zn%. (23)
where n is the number of points used in the summation. The fundamental frequency, @ can be
written as,

1
w=2r fn=27zn?. (24)

Some received signals from signal generators are complicated. In Fourier transformation
these complex received signals treated as a summation periodic wave of sine and cosine waves.

The Fourier transformation can be represented as
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f(t)= Y c e, (25)

n=-c

where, coefficient C,, relates to the trigonometric coefficients and j is a complex number. These

coefficients can be illustrated by

1} i
C == [f(t —jn(utdt 26
L liwe 2
C,=A + B, 2D
A 17 f(t)ei”wtdtzi(a —jb,) and |A1|=i_\/az+b2 (28)
T ) 2 n n 2 n n
B :1] f(t)e’j””’tdtzl(a +jb,) and [B |=i_w/a2+b2 : (29)
n T : 2 n n n 2 n n

A, and B, are of exponential form, which represent positive and negative frequencies. Therefore,
the magnitude of C,, is the half of the signal amplitude,

C = JA+B’ and |Cn|:%1/a§+bn2 (30)

Frequency domain data show the amplitude of the time domain signal. Frequency domain of
each signal has a fundamental component.

Two sinusoids in their time and frequency domains are illustrated in Figure 2-7. The time
domain signal shows how long the sound is (100 seconds) and how the amplitude varies over the
time. However, it is useful to know how each frequency component of the sound contributes to
the overall amplitude. Therefore, the frequency domain data are also plotted against each

amplitude.
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Figure 2-7: Two sinusoidal signals and their Fourier transformations

All in all, it is obvious that Fourier transformation is made from - o to + o to a periodic
signal. Also, the FT is assumed to apply for periodic wave forms. In reality, signals may not be
periodic at all or periodic signals may not exist. In the real world, a portion (sampling) of a wave
is chosen so that the selected ends of the signal is connected with the periodicity. For a sampled
signal, the Fourier transformation is not valid as it involves discrete samples (N). Therefore, the

acquired discrete signal requires to be periodic before the Fourier transformation is implemented.

2.4.2 Discrete Fourier Transformation (DFT)

When evaluating a real signal in a computer or in a spectrum analyzer, it does not show
the ideal results obtained from the Fourier transformation. In the spectrum analyzer, the
digitizers sample the waves and then transform to discrete values. Therefore, some
approximations are involved in realizing such waves by the digital signal processing. Discrete
Fourier transformation (DFT) is such an approximation of the real world signal. The validity of
such approximation is based on the type of wave form, sampling frequency (Fs) and the sample
length (N) taken in the computation.

The first step in the signal processing in DFT is to convert the original signal into a
number of sample points. This is called sampling the signal. Sampling frequency (sampling rate)
measures how often a pulse or continuous wave is sampled. The quantity sampled is the
amplitude of the original signal. The number of samples (N) is also needed before implementing

signal processing techniques.
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The theoretically expected sinusoidal wave and its sampled wave in the time domain are
shown in Figure 2-8. For the discrete point of the sampled sine waves, N is 100 and Fs is 100.
Theoretically, the signal is expected to be continuous, but in reality the sampled points will
convert the signal into discrete points.

Yo =sin(4z f,t) (31)

According to the sampling theorem, the sampling frequency of the signal under
investigation should be large enough in order to reproduce the original signal from the discrete
sample points. Sample time (dt) is the time interval between samples. If the sampling rate is
equal to 250 mega-samples per second (MSa/s), then the time between each sample is 1/Fs. Then
the sampling time dt is 4 nano-seconds. According to the Nyquist theorem, the maximum

frequency realized by any signal processing technique is represented by

Highest frequency, F,,., = — (32)
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2
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Figure 2-8: Discrete points of a sampled sine wave

When the sampling rate is low, it may fail to reproduce the original signal from the
sampled values. Filtering of the original signal will prevent this kind of error in the signal.
Normally, most of the signal generators and pulsar-receivers have low and high pass filters to

set the target maximum frequency. The sampled signal is needed to separate into a fixed period
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of time. The total length of time is called the total acquisition time. Assuming that there is N
number of samples at the sampling time dt, then the total acquisition time is given by
Total acquisition time=N x dt = Fﬁ (33)

S

If 20,036 data points are taken with the sample time 4 ns, then the length of sampled time is

equal to 82 us. Frequency resolution can be obtained using the total acquisition time as

f
Af = S (34)
Total acquisitiontime N

If N is the number of samples in the sampled signal, then N is the last sample during the sample
length. The sample number is defined as the sample k™ sample at any given time. Here, k is the
frequency index for the discrete transformation. Sample index (n) is defined as the frequencies
that are integer multiples of the fundamental frequency. The frequency of the first harmonic is
given by 1/T. Since T= N/Fs, the frequency of n™ harmonic waves can be determined by

multiplying n with the frequency of the sample,
F
Frequency of n" sample, f, = ans (35)

Harmonic frequencies are defined by the magnitude and the phase of each discrete point in the
wave. If the harmonic magnitudes plotted against the harmonic frequencies in the x and y axis of
the Cartesian coordinates, the result is the frequency spectrum or frequency domain spectrum.
Using the above definitions for the frequency index k(t), the sample length N, and the sample

index n, DFT of a signal x(n), which sampled from continuous signal x(t) is computed by,

N -1 _.2znk

X(k)=Yx()e v k=0,12,..,N-1 (36)

>

The magnitude of the frequency domain data is given as

X (k)= AZN (37)

where A is the amplitude of the real signal. Consider a discrete signal x(n) that has the sample
length of N=5 and the sample index n=0:N-1.

x(n)=fL 1 1 1 1] where n=0,1,2,34 (38)
When a real signal is sampled, it always includes real and imaginary parts. Therefore, the
spectrum contains the negative and positive components of the frequencies after the
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transformation is carried out. Numerical computations for the DFT can be performed using
MATLAB.

2.4.3 Fast Fourier Transformation (FFT)

FFT [19, 45, 51] is a fast way of computing DFT to develop the frequency spectrum. FFT
function takes fewer computations compared to DFT. Output of the FFT is complex in which the
real and imaginary parts of a signal is obtainable. Compared with the DFT equation (refer to
equation 36), the goal of the FFT function is to reduce the number of multiplications and
additions. When the number of samples is large, the computation becomes more complex.
Hence, DFT and FFT are the same concept and FFT is a way of computing the same function
efficiently. Computer FFT algorithm in the signal processing only deal with the sampled signals.
The FFT function can be computed using MATLAB software.

2.4.3.1 FFT Algorithm to Plot the Sinusoidal and Discrete Waves
Before explaining the properties of the FFT algorithm further, a plot of a sinusoidal wave
and it’s discrete points in the time and frequency domains are helpful to examine:

Where fo and t values are given in the FFT algorithm in APPENDIX B. Figure 2-9 shows the
spectrum produced for the sinusoidal signal. The sampling rate is 100 samples per second and
the numbers of samples shown in three frequency domain plots are 128, 256, and 1024.
According to Nyquist theorem, the maximum frequency in the FFT algorithm is Fs/2, which is
50 Hz. The frequencies after the 50 Hz correspond to negative frequency of the signal. When the

numbers of sample points are increasing, the resolution of the signal increases.
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Figure 2-9: Fast Fourier transformation (FFT) of a sinusoid and its time domain signal
Figure 2-10 shows the FFT of the discrete signal x(n), which is given in the discrete
points as
x(nN)=[11111 n=01234 (40)
Where n=0The FFT algorithm can be developed (see APPENDIX A) to compute the frequency
domain spectrum of the discrete signal. The sampling rate is 10 samples/sec. As depicted in
Figure 2-10, the frequency domain is symmetric about the Nyquist frequency of Fs/2, which is 5
Hz. These frequencies are greater than the Nyquist frequency corresponds to the negative
frequencies. Also, when the sampling length is increasing, the resolution of the spectrum
increases. If the value of the sample length increase from N=16 to N=512, the resolution
enhanced while the amplitude spectrum unchanged. When N=16, the spectrum does not cover
the integer number of cycles in the original signal. Therefore, some irregularities present in the

spectrum.
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Figure 2-10 Fourier transformation (FFT) of a discrete signal

2.4.3.2 FFT Window
Similar to the DFT, FFT needs sufficient number of sample points to reproduce the
original signals. If no appropriate numbers of periodic points are chosen, then there will be a
discontinuity at the edges of the time window. This is called spectral leakage. In order to obtain a
better approximation for the signal, various window functions are used. These window functions
allow the edges of the chosen waves approach to zero. There are mainly three window types of

implementing FFT in MATLAB: rectangular, hanning, and flattop.

2.4.3.3 Complex Amplitude
The quantities measured in the FFT function are the amplitude and the phase for each
frequency. Those quantities have real and imaginary components that derive from Euler’s
equation. The complex amplitude generates exponential Fourier series and hence the magnitude
of the spectrum is half of the value of trigonometric series. Therefore, magnitude needs to

compensate by multiplying by 2,
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X =1/2 Sin(27 f,t) (41)
FFT function computes complex amplitudes by scaling the overall length of the input

signal x(n). Therefore, the amplitudes need to divide by the length of input time domain data.

Then, the syntax for the amplitude of the spectrum is represented in MATLAB FFT algorithm as
follows:

2*abs(fft(xn))/length(xn);

2.4.3.4 One-Sided Spectra

If the maximum frequency of the original signal is higher than N/2, the frequency
spectrum cannot reproduce from the original signal. Figure 2-11 shows that the FFT of the
sinusoid plotted only for 50 samples even though it has the sampling length of 100 points (L).
This is because, in the signal analysis, wave forms can only generate N/2 data points. The rest of
the data are negative frequencies generated by the real signal. The frequency domain shows both
negative and positive frequencies. Only one-sided spectra can be generated by cutting off
negative frequencies (see APPENDIX B for MATLAB algorithm).

y(t)=sin(4*pi*fO*t)

y(t)

o 10 20 30 40 50 60 70 80 90 100
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Figure 2-11: One-sided Fourier spectrum of a sinusoid
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2.4.3.5 Zero Padding

Discrete points of the wave forms can only generate N/2 data points using the FFT
algorithm. When there is no power of two in the sampling length N, the FFT will automatically
take the power of two of the N. The general rule for the number of points to be taken in the
spectrum analysis is to take the power of two. The following syntax can be used to get the power
of two.

NFFT = 2"nextpow?2 (L); % Next power of 2 from length of the signal x(n)

If N=10, then DFT compute through FFT algorithm. The power of two of samples can be
obtained in two ways. First, two sample points can discard, then N=8. Then, 8-point FFT can
obtain. Second, six zeros can insert at the end of the discrete points so that N=16. Then it
generates 16-point FFT. In the latter case, the FFT function allows zero padding by means of
adding zeros into the signal at the end. The zero padding gives better resolution but it does not
give much information. Figure 2-12 shows the FFT of a sinusoid and the zero padded spectrum.

FFT of the sinusoid
0.5 T T T T T T T T T
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Figure 2-12: Zero-padded sinusoid for the next power of two
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CHAPTER 3 - Experiments

3.1 Introduction
This chapter consists of three main sections. Section 3.2 puts forward the design and
fabrication techniques of layered scatterers in aluminum, LDPE, and Teflon hosts. The
experimental procedures carried out in the process of ultrasonic transmission technique and the
measures taken in the experiment are described in section 3.3. Specifications, performances,
and functions of each apparatus utilized in the experiment are also included in this section. Data

processing techniques are discussed in the last section of this chapter.

3.2 Design and Fabrication of Test Samples

Poly-Tetra-Fluoro-Ethylene (PTFE), which is popularly known as Teflon, low density
polyethylene (LDPE), and aluminum 6061-T6 were chosen as the host materials for constructing
phononic materials. Nine rectangular shape test pieces having arbitrarily chosen length of 2.5
inches, height of 2 inches, and thickness of 1 inch were produced in each host. As shown in
Figure 3-1, periodic square and triangular arrays of cylindrical cavities were fabricated by
drilling holes on those test pieces. Diameters of the drilled holes were chosen arbitrarily as 3.175
mm. When periodic cylindrical cavities are drilled in advance, the band gaps are fixed as the
lattice parameter is constant. The lattice parameter a was maintained in each unit cell as 1.5xa
inches (0.1875 inch). The equilateral triangular and square array samples consisted of 63 and 65
holes respectively along the length of 2.5 inches. Both arrays composed of 5 holes in the
thickness side (1 inch). The drawings for the custom designed test pieces are given in
APPENDIX C.
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Figure 3-1: Teflon and aluminum triangular, square, and rectangular block test pieces

The circular cylindrical stainless steel (SS) rods were chosen as the hard scatterers to be
embedded into the cylindrical cavities in three different hosts. Eccentric orientation of each
scatterer was created by keeping the test pieces at an angle to the horizontal and then by filling
the surrounding space next to the SS rods with paraffin wax at various angles. Different
orientation angles ranging from 0 degree to 90 degrees at the increment of 22.5 degrees was
accomplished by wooden-supports as illustrated in Figure 3-2.

Figure 3-2 Arrangement for eccentricities 22.5 degrees and 67.5 degrees in aluminum test pieces
The inner diameter of the layered scatterers were changed by means of two sets of
diameters of stainless steel rods: 2 mm and 2.5 mm. The molten wax was prepared by secondary
heating of a solid wax-container. First, a container of solid wax was held in a large water-filled
basin as shown in Figure 3-3. Subsequently, the water basin was kept on a rectangular hot plate
and then heated until the solid wax is melted. The entire structure prepared with the wooden
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supports was then immersed in the molten paraffin wax. Angles of 0 degree and 90 degrees were

obtained by simply holding them inside the flat molten-wax container.

Figure 3-3: Immersing the structure in molten paraffin wax bath

Melting temperature of LDPE is around 95 — 105 °C. Therefore, temperature of the
molten wax maintained well below 100 °C to prevent subsequent melting of LDPE samples. Test
pieces were allowed to solidify under the room temperature for more than 12 hours. Finally the

test pieces were cleaned for the next stage of ultrasonic testing.

3.3 Experimental Setup

The propagation of ultrasonic waves is influenced by material properties through which it
propagates. The ultrasonic TTT was set up by placing one transducer on one surface of a test
material while other transducer on the opposite surface of the same test material. Figure 3-4
shows the experimental setup used for the ultrasonic TTT. The experimental setup consisted of
(1) a pulsar-receiver, (2) a transmitter transducer, (3) a test specimen, (4) a receiver transducer,
(5) an oscilloscope, and (6) a data processing computer.

In the through transmission test, mainly the longitudinal waves were introduced into a
solid block using two pair of matched piezoelectric contact transducers. Those waves were
captured by a receiver from its opposing surface. In such a configuration, transmitter-transducer
transmits the sound waves and waves are captured by a receiver-transducer as shown in Figure 3-
4. The transducers were excited using two pulsar-receivers. One pulsar-receiver was a computer

controlled Panametrics 5900PR pulsar-receiver, and the other was a manually controlled
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Olympus 5072PR pulsar-receiver. High voltage pulses produced by the pulsar-receiver unit were

converted to ultrasonic waves using the transducers.

Figure 3-4: Block diagram of the experimental setup

High attenuating LDPE and Teflon samples were tested using the low center frequency
(0.5 MHz) transducers. The high center frequency (2.25 MHz) transducers were employed to test
low attenuating aluminum samples. The chosen piezoelectric contact transducers confirm near
field lengths of 9.63 inches and 2.14 inches for 2.25 MHz and 0.5 MHz transducers respectively
(see APPENDIX A for the near field table). Since the thickness of the test pieces are 1 inch, the
specimens obviously were placed in the near field region of the transducers. If the materials to be
tested are positioned within the near field region, a maximum sensitivity and complex wave
fronts can anticipate.

The input pulse, which was emitted by the transmitter transducer was perpendicular to the
thickness 1 inch of the PC. The transmitter transducer was connected between the pulsar of the
pulsar-receiver unit and the test piece. The receiver transducer connected in between the
opposing surface (2x2.5 inches surface) of the test specimen and the receiver of the pulsar-
receiver unit. Voltage level of the received signal was enhanced in the pulsar-receiver unit and
then displayed in a oscilloscope. The collected time domain data in the oscilloscope were further

processed in the frequency domain using FFT-algorithm with the help of MATLAB software in
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the personnel computer. Specifications, performances, limitations, and functions of various

components used in the experiment, are explained in detail in sections 3.3.1, 3.3.2, and 3.3.3.

3.3.1 Pulsar-Receiver Unit
The pulsar-receiver is an electronic device used to generate high voltage electrical pulse.
Generally transmitting transducers are driven by the energy generated in a pulsar-receiver .
Electrical responses arriving from receiving transducer are also amplified in the pulsar-receiver.

Two pulsar-receivers: computer controlled Panametrics 5900PR, and manually controlled

Olympus 5072PR are shown in Figure 3-5.

Figure 3-5 Pulsar-receivers for exciting piezoelectric transducers

A high voltage pulsar and a high gain receiver are needed to test high attenuating
materials such as plastics. Therefore, high energy input is needed for exciting the transducers to
test LDPE and Teflon samples. Manually controlled Olympus 5072PR pulsar-receiver is able to
operate in pulse-echo and TTT. Low pass filters that are either full band width 35 MHz or 10
MHz to improve signal to noise ratios are embedded in this pulsar-receiver when working at low
frequencies. The pulse repetition frequency control (PRF) was available from 100 Hz to 5000 Hz
in this pulsar-receiver. This allowed the user to control the frequency at which the pulses are
applied to the transducers. Aluminum samples were tested using The Panametrics 5900PR
pulsar-receiver. The setting for each pulsar-receiver is shown in Table 3-1. These settings were
kept constant throughout all the tests to make the consistency of the time domain spectra.
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Table 3-1: Pulsar-receiver settings for each test

Olympus 5072PR Pulsar- | Panametrics 5900PR

Parameter ; X
Receiver Pulsar-Receiver

Pulse Repetition Rate (PRR) 100 200
[Hz]
Energy [uJ] 52 32
Damping [€Q] 50 50
Attenuator [dB] - 20
Gain [dB] 45 26
LPF [MHZ] 10 20
HPF [kHZ] Out (complete bandwidth) 1
RF output phase 0° 0°

3.3.2 Contact Transducers

When the ultrasonic waves are introduced into the test pieces, the waves are propagated
through the material by means of sound waves. When the sound waves meet disturbances, a
portion of the wave is reflected back and transmitted through the test pieces. The transmitted
portion of such signal was collected using the receiving transducer. Good damping properties are
needed in the receiving transducers to increase the resolution of the received signals. The
transducer performances are mainly dependent on the cabling, the transducer configuration, the
frequency, and the element diameter.

The transducer selection was carried out based on the criteria that the wave length of
ultrasonic wave is equal to the diameter of a cylindrical cavities of the periodic array. Since the
sound velocity is constant for a given specimen, the wave length is dependent on the frequency
of the transducer. In conformity with the ultrasonic sound velocities of the aluminum, Teflon,
and LDPE, the required transducer center frequencies were approximately calculated using,

D=j= VT (42)
where V is the sound velocity and f is the frequency of the material. The maximum frequency
was determined based on the criteria that the wave length is half of the diameter of the

cylindrical holes (D/2). Table 3-2 shows the calculated transducer frequencies.

Table 3-2: Required transducer frequencies for aluminum, Teflon and LDPE
Material Central Frequency, MHz (A=D) | Maximum Frequency, MHz (A=D/2)
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Aluminum 6061- T6 1.984 3.968
Teflon 0.432 0.864
LDPE 0.620 1.240

Standard contact Olympus Videoscan transducers were chosen to get broadband
performances (See APPENDIX B for transducer specifications). They are right angle BNC-
connector style contact transducers with center frequencies 2.25 MHz (part number VV104) and
0.5 MHz (part number VV101). Both of them have the element diameter of 1 inch. The Videoscan
transducers are un-tuned transducers, which provide heavily damped broadband performances
[2]. Transducer specification details are given in APPENDIX A. Even though the test pieces are
made of aluminum, Teflon, and LDPE, two sets of straight beam direct contact transducers with
a wide band width were purchased to be able to test materials with various properties in the
future. Two RG 58A/U cables with the length of 4 feet were also purchased to connect the
transducers with other components in the experimental setup. Figure 3-6 shows the part number

V104 contact transducers and cables.

V104 Contact Transducers

Figure 3-6: Standard contact transducers and RG 58A/U BNC cables

The maximum efficiency of the sound transmission into the material was maintained by a
application of couplant between the transducer and the test pieces. A couplant was used in
between the test pieces and the transducers. In this experiment, two functions were anticipated
using liquid petroleum-jelly as a couplant. First, it was expected to facilitate the medium wherein
ultrasonic energy from the transducer could travel into the test specimen. Second, it was intended
to remove the entrapped air in between the transducer and the test specimen boundaries and to
reduce the impedance mismatch between air and test pieces.
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3.3.3 Data Acquisition in the Oscilloscope

The data acquisition was carried out using HP infinium oscilloscope. Received RF analog
output signals are digitized in the oscilloscope. This oscilloscope has a maximum frequency
input of 500 MHz and the sampling rate of 2 Giga-samples per second (GSa/s). The resolution of
the acquired signal is determined by the sampling rate. The higher the sampling rate, the better
the resolution. Spectral analysis features such as built-in FFT algorithm, vertical scale, horizontal
scale, the sampling rates, and the memory depth can be controlled in the HP infinium
oscilloscope. Moreover, the user can display the wave form and allow to save the data into a file
and recall them back. Therefore, each wave form was recorded at the oscilloscope in the time
domain and then they were stored for further data processing. Through a series of trial and error,
1 giga-sample per second (GSa/s) was selected as the suitable sampling rate for the aluminum
samples. Sampling rates for LDPE and Teflon samples were chosen as 250 mega-samples per
second (MSa/s).

3.4 Data Processing Procedure

This section and upcoming details describe the signals produced in the time domain and
the frequency domain. Generally, a time domain data shows how long the sound is travelled
(time in seconds) and how did the amplitude vary in a particular time window. It can also be very
useful to know how each frequency component of the sound contributes to the overall amplitude.
This can be carried out by transforming the time domain into the frequency domain. Although
there was a built-in FFT function in the oscilloscope the data were processed and presented using
the MATLAB FFT algorithm in the personal computer. The time domain data were multiplied
by a rectangular window function before they transformed. According to the sampling theorem,
the sampling rate should be selected so that it is twice as greater than the maximum expected
frequency of the tested samples. Therefore, with the series of tests, it was found that the
sampling rate of 1 GSa/s is suitable for the PCs made in the aluminum host. Also, the sampling
rate of 250 MSa/s showed much information for the real time signal produced in the oscilloscope
for the PCs made in LDPE and Teflon hosts.

3.4.1 Transducers
As the first step of the data processing, transducer spectra were generated with the help of

FFT function using MATLAB software. The suitable time lengths (Ts) and the sampling rates
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(Fs) for the different PCs were decided after analyzing the transducer spectra. Both transducers
with center frequencies 0.5 MHz and 2.25 MHz were employed for the formation of time domain
spectra for all the PCs made in host aluminum. PCs made in host Teflon and LDPE were tested
using 0.5 MHz transducer alone. Each PC was expected test within the chosen bandwidths.

Expected bandwidth for 0.5 MHz transducers to test aluminum samples was 0.15 MHz-
0.9 MHz. The time domain data collected at two different sampling rates: 1 GSa/s and 500
MSa/s for both 2.25 MHz and 0.5 MHz transducers. Figure 3-7 is the amplitude signal obtained
at the 0.5 MHz transducer in both time and frequency domains. Compared to the sampling rate of
500 MSa/s, the spectrum can be seen as a uniform spectrum for the sampling rate of 1 GSa/s. As
shown in Figure 3-7 (b), the bandwidth for the 0.5 MHz transducer was chosen in the frequency
range of 0.15 MHz -0.9 MHz.
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Figure 3-7: Different sampling rates for 0.5 MHz transducers (a) time and (b) frequency domain

When Fs was 1 GSa/s, the frequency domain sample length (L) was 20,036 and the
number of samples (N) was 500 mega-samples. Hence, the sample index (n) was 20,035. When
the sampling rate was 500 MSa/s, the frequency domain sample length (L) was 10,018 and the
number of samples (N) was 250 mega-samples. Hence, the sample index (n) was 10,017.

The following text explains the procedures used to identify the bandwidth of the 2.25
MHz transducer to test aluminum samples. The chosen frequency range is from minimum 0.9
MHz to maximum 3.2 MHz having the bandwidth of 2.3 MHz. This is shown in Figure 3-8 (a)
and (b). When the sampling rate was 1 GSa/s, the frequency domain sample length (L) was
20,036, the number of samples (N) was 500 mega-samples, and the sample index (n) was 20,035.
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Further, when F¢ was 500 MSa/s, the frequency domain sample length (L) was 10,018 and the
number of samples (N) was 250 mega-samples. Hence, the sample index (n) was 10,017. In this
case, a uniform spectrum was obtained at the sampling rate of 1 GSa/s. Therefore, the sampling
rate for both 0.5 MHz and 2.25 MHz transducers were chosen at 1 GSa/s to test aluminum

samples.
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Figure 3-8: Different sampling rates for 2.25 MHz transducer (a) time and (b) frequency domains

Similarly, the target test frequency range for both LDPE and Teflon samples were chosen
from 0.15 MHz to 0.9 MHz using the 0.5 MHz transducer. This can be seen in Figure 3-9. The
time domain data were produced at the sampling rate of 250 MSa/s to collect maximum number
of discrete points. When Fs was 250 MSa/s, the frequency domain sample length (L) was 20,036
and the number of samples (N) was 125 mega-samples. Hence, the sample index (n) was 10,017.
Further, when Fs was 100 MSa/s, then the frequency domain sample length (L) was 10,018. The
number of samples (N) was 50 mega-samples and the frequency index (k) was 10,017 for the
frequency domain spectrum as depicted in Figure 3-9.

By keeping sampling rates constant, different positions or time lengths from the time
domain data were chosen. Different energy contents of the FFT spectra of the signals at different

sampling lengths are shown in Figure 3-10.
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Figure 3-10: Signal obtained at different time lengths for the transducers (a) 2.25 MHz (b) 0.5 MHz

3.4.2. Solid Blocks
Prior to test the PCs made in each host, the wave forms were obtained for solid block and
square or triangular array samples as the second step. The ultrasonic TTT was carried out for all
the solid blocks and for the square and triangular array samples with no inserts. The data

processing was carried out to generate the frequency domain spectra.

3.4.2.1 Aluminum
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Figure 3-11 (a) and (b) show different sampling rates of the spectra in the time and
frequency domains for the aluminum solid blocks. It was collected (N) 20,036 and 10,018 data
points at the sampling rates of 1 GSa/s and 500 MSa/s respectively. The test was carried out
within the sampling length of 20 us. Although the sampling rates are different, two spectra were
fully aligned with each other. It can be noted that the sampling rate 500 MSa/s is not a very sharp
curve due to the lack of data points.
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Figure 3-11: The signal obtained from aluminum solid block (a) time domain (b) frequency domain

Figure 3-12 shows the spectra obtained at different time lengths at the sampling rates of 1
GSa/s. Figure 3-12 (a) and Figure 3-12 (b) show the time and frequency domain spectra
respectively. The dissimilar amplitudes can be observed at different time intervals as a result of
the different energy content in each signal. Also, it can be noted that as the record length is

increased, the band width of the spectrum is narrowed.
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Figure 3-12: Different time lengths in the signal in (a) time and (b) frequency domains

3.4.2.2 Teflon
The following text explains the spectra obtained from the Teflon solid blocks. The time
domain data produced at the sampling rate of 250 MSa/s within the time period of 126 us. This
can be seen in Figure 3-13 (a). The figure shows the sampling length (N) of 32,768 and the
frequency index (k) of 32,767. Although the original frequency range was £125 MHz, Figure 3-
13 (b) shows the spectrum in the chosen frequency range from 0 to 0.9 MHz.
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Figure 3-13: The signal obtained from Teflon solid block (a) time domain (b) frequency domain
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3.4.2.3 LDPE
LDPE solid blocks were tested using the ultrasonic TTT. The amplitude spectra produced
at the sampling rate of 250 MSa/s within the time period of 126 ps. Figure 3-14 shows the
spectrum in the time and frequency domains. Spectra have reported the sampling length 32,768
(N) and frequency index (k) of 32,767. Although the actual frequency range is £125 MHz, the

spectrum is shown in the chosen frequency range from 0 to 0.9 MHz.

LDPE Solid Block @ 250 MSa/s
0.005 ‘ ‘

N=32768, Fs=250MSa/s

LDPE Solid Block @ 250 MSa/s 0.0045

o
N
al

(b) |
() N\

0.0035

0.003 /

0.0025

o
)

o
s
a

o
[

o
=]
o

Amplitude (V)

0.002

0.0015 /

0.001

=)

Amplitude (V)

o
=)
a

I
2

0.0005

-0.15
'\/\’u\

02 0 1 2 3 4 5 6 7 8 9 10
-10 -8 ) 4 2 0 2 4 Freq (Hz) x 10°

Freq (Hz) x10°

Figure 3-14: The signal obtained from LDPE solid block in (a) time and (b) frequency domain

3.4.3 PCs with Layered Scatterers

PCs, in which eccentrically layered scatterers are embedded, were tested using 2.25 MHz
and 0.5 MHz transducers. Three identical ultrasonic TTT were repeated for each eccentricity
orientation angle ranging from 0 degree to 90 degrees at the increment of 22.5 degrees. A similar
procedure was carried out for the PCs having 2 mm and 2.5 mm diameter SS rods. Then, the
average of the each identical orientation angle was computed in the frequency domain. The
amplitudes of the signals can be changed due to the variations in the film thickness of the
couplant. The forces applied to hold the transducers in contact with the specimen can also be
varied from one test to another. As a remedy, the averages of the each orientation angle were
computed using least square error method. Finally, all the average curves were normalized with

respect to spectra produced by the transducers alone. Results are presented in Chapter 4.
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CHAPTER 4 - Results and Discussion

4.1 Introduction
A brief discussion on the experimental methodology and the selection of materials in
constructing PCs is given in section 4.2. Section 4.3 deals with characterization of time domain
and frequency domain spectra produced by the test pieces with no inserts. Frequency dependent
transmitted spectra produced by the PCs with layered scatterers are presented in section 4.4.
Possible sources of errors and comparison of different phononic materials in the experiments are

discussed in section 4.5. Finally, conclusions are summarized in section 4.6.

4.2 Overview of Materials and Experiments

2-D PCs are assumed to be arranged in XY -plane of the host material as shown in Figure
4.1. The dimensions of both square and triangular array test specimens are 2.5x2x1 inches. Z-
direction was selected as the height of 2 inches which is parallel to the circular cylinders. The
square and triangular array samples comprised of 65 and 63 circular cylindrical holes
respectively. Also, both square and triangular array samples consisted of 5 circular cylindrical
holes in the X-direction.
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Figure 4-1: Directions of ultrasonic wave propagation in (a) square and (b) triangular arrays

L

The parallel circular cylinders in each matrix are expected to act as scatterers. In the
triangular array, the eccentrically layered scatterers are located at the corners of the equilateral
triangles. The scatterers are located at the four corners of a square in the square array. The
diameter of the cylindrical holes was 0.125 inch. The diameter of the cylindrical void (D)
selected to be comparable with the wave length (1=D). Also, the lattice parameter was chosen as
1.5xD for each array. Then, the lattice parameter (a) of each array was computed as 0.1875 inch.
The layered scatterers created inside the cylindrical voids in each matrix. The main feature of the
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layered scatterer was that it consisted of two materials. One material was the circular stainless
steel (SS) rods with diameters 2 mm and 2.5 mm and the other was the paraffin wax coating.
Each test specimen was subjected to ultrasonic TTT followed by signal processing.

In the ultrasonic TTT, a short pulse produced by the transmitter-transducer was sent to
the test specimen along the X-direction. Transmitted signals were captured by the receiver-
transducer and they were sent back to the oscilloscope through a pulsar-receiver. A good
representation of the typical signal energy and strength could be made using a raw time domain
signal, which is displayed in the oscilloscope. The time domain data were obtained by three
identical tests carried out for different eccentricity orientation angles ranging from 0 degrees to
90 degrees at the increment of 22.5 degrees. These data were converted to the frequency domain
using FFT function in MATLAB software. Amplitude spectra for aluminum samples were
produced using 0.5 MHz and 2.25 MHz transducers in the frequency range from 0.15 MHz to 3.2
MHz. Similarly, amplitude spectra for PCs made in LDPE and Teflon hosts were tested using 0.5
MHz transducers in the frequency range from 0.15 MHz to 0.9 MHz. The average curves for
different eccentric orientation angles were prepared by the least square error method. All the

average curves were normalized by dividing the same wave propagated between transducers.

4.3 Transmitted Spectra Produced by PCs with No -Inserts
This section explores time and frequency domain spectra obtained in 2-D PCs with no

inserts. The square and triangular arrays in three different host materials are examined in sections
4.3.1,4.3.2,and 4.3.3.

4.3.1 Aluminum Host
Figure 4-2 (a) and (b) are the time domain signals obtained using ultrasonic TTT. These
signals are shown within the chosen frequency range from 0.9 MHz to 3.2 MHz for the PCs
having square and triangular arrays in the aluminum host. Signal analyses were carried out using

32,768 samples (N) within the sampling length of 32.8 ps.
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Figure 4-2: Time domain signals obtained in the aluminum host.

It can be seen that the signals transmitted through the aluminum square and triangular
array test pieces are strongly attenuated. The normalization of these signals was performed by
dividing each spectrum by the transducer spectrum. Figure 4-3 presents the normalized

frequency domain spectrum obtained within the bandwidth of 2.3 MHz.
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Figure 4-3: Transducer spectrum and normalized amplitude spectra in the aluminum host.
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The total frequency index, k is 32,767 and the sampling frequency is 1 GSa/s. Two
significant amplitude drops in the square array samples can be observed in the frequency ranges
from 0.5 MHz to 1.35 MHz and then from 2.6 MHz to 3.2 MHz. Similarly, in the triangular array
samples, the amplitude spectra are closer to zero at the frequencies centered around 1.8 MHz and
2.1 MHz.

4.3.2 Teflon Host
Figure 4-4 shows the time domain signals produced by the PCs in the Teflon host with no
inserts. The time domain data collected at the sampling length of 200 ps and at the sampling rate
of 100 MSa/s. A strong attenuation of amplitudes can be observed in both square and triangular
array samples.
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Figure 4-4: Time domain signals obtained in the Teflon host.
The time domain data shown in Figure 4-4 were transformed into frequency domain
using FFT algorithm. The normalized frequency domain spectra are shown in Figure 4-5 in the

chosen frequency range from 0 MHz to 0.9 MHz.
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Figure 4-5: Transducer spectrum and normalized amplitude spectra in the Teflon host.

Compared with the square array, the triangular array PCs have a high peak amplitude in

the frequency range from 0.1 MHz to 0.2 MHz. This peak again drops significantly around 0.2

MHz. Amplitudes of both samples attenuated in the frequency range from 0.2 MHz to 0.9 MHz.

4.3.3 LDPE Host

The ultrasonic TTT was employed to identify the spectra of square and triangular array

samples in the LDPE host. The time domain signals obtained from ultrasonic test are shown in

Figure 4-6. The total sampling length and sampling rate are 200 ps and 250 MSa/s respectively.

A strong attenuation can be observed for both arrays. Average of the three identical time domain

signals was transformed into the frequency domain. The amplitude spectra were observed in the

chosen frequency range from 0 MHz to 0.9 MHz. Strong peaks centered at 0.05 MHz for both

arrays can be observed as illustrated in Figure 4-7. Compared to the square array, the triangular

array sample has a high peak amplitude in the frequency range from 0 MHz to 0.1 MHz. Relative

to the peak amplitudes, amplitude of the spectra are decreasing approximately starting at 0.1

MHz and at 0.15 MHz for the square and the triangular array samples respectively. The two

samples are attenuated at the frequency range from 0.1 MHz to 0.9 MHz.
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Figure 4-6: Time domain signals obtained in the LDPE host.
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Figure 4-7: Transducer spectrum and normalized amplitude spectra in the LDPE host.

The amplitude spectra can roughly be compared with each phononic material with no
inserts. The PCs constructed by arranging hollow circular cylinders in LDPE and Teflon host
materials easily attenuate in the ultrasonic testing. The large frequency gaps can readily be

observed in LDPE or Teflon hosts compared with the similar PCs made in the aluminum host.
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4.4 PCs with Eccentrically Layered Scatterers
The important objective in this experiment was to characterize the influences of
eccentricity orientation angles on the transmitted amplitude spectra. This section explains both
time domain and frequency domain spectra produced for PCs having eccentrically layered

scatterers.

4.4.1 Symmetry of the Test pieces

The PCs having eccentric orientations were tested by sending the ultrasonic wave on one
of the sides of the test pieces along X-direction. The direction of the incident ultrasonic wave
was reversed by flipping the samples and then tested along the same direction. Figure 4-8 shows
typical wave propagation through the test piece. By symmetry of the test pieces, the output
signals produced from both sides should be equal. If the samples have prepared without any
entrapped air or irregularities in the wax filling, the waves obtained from each side coincide with
each other. The spectra obtained from such a test are explained in the remainder of this section.
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Figure 4-8: Schematic of a square array sample input side (1% side) and output side (2" side).

4.4.1.1 PCs in the Aluminum Host
The time domain data for PCs in the aluminum host were obtained using 2.25 MHz

transducers at the sampling rate of 1 GSa/s. Figure 4-9 shows a comparison of spectra obtained
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from triangular and square array scatterers made in the aluminum host. The eccentric orientation
angles were chosen arbitrarily as 45 degrees. The Figure 4-9 also includes the different plots for
2 mm and 2.5 mm diameter SS (SS) rods. Both plots have similar number of samples
(N=32,768). The frequency domain spectrum is shown in the frequency range from 0.9 MHz to
3.2 MHz.
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Figure 4-9: Comparison of PCs in the aluminum host along the X-direction.

The output waves of either side of the square arrays coincide each other despite small
deviations (see top two graphs of Figure 4-9). Both 2 mm and 2.5 mm inserts show almost the
same pattern in their amplitude spectra. When the frequency is around 1.2 MHz and 1.9 MHz,
low amplitudes can be observed for the wave propagation through square array PCs. For the
triangular array, a minimum amplitude can be seen approximately from 1.8 MHz to 2.4 MHz
(see the bottom two plots of Figure 4-9). Even though the peak heights are different for the
triangular arrays, the amplitude spectra show a same pattern along the frequency axis. It can be
assumed that the PCs in the aluminum host are perfectly arranged so that the transmitted waves

observed from either side along X-direction are comparable.

4.4.1.2 PCs in the Teflon Host
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This section describes the ultrasonic wave propagation through the X-direction of the
phononic like material composed of eccentricity-layered scatterers in the Teflon host. For the
arbitrary chosen eccentric orientation angle of 67.5 degrees, the spectra for the square and
triangular arrays are shown in the Figure 4-10. Almost all the spectra are similar for each array in
spite of the different inserts of 2 mm and 2.5 mm diameter SS rods. From the spectrum, it can be

inferred that the wave propagation is similar even if the direction of the incident ultrasonic wave

IS reversed.
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Figure 4-10: Comparison of PCs in the Teflon host along the X-direction.

4.4.1.3 PCs in the LDPE Host

Similar to the test pieces in the Teflon host, test pieces in the LDPE host were also tested
using ultrasonic waves. Then the same wave pattern was obtained by interchanging input and
output sides. Figure 4-11 shows the time domain data obtained at the sampling frequency of 250
MSal/s.

Spectra produced by the test pieces in the LDPE host coincide each other. The
normalized spectra with respect to the transducer spectra are also similar. This implies that the
PCs arranged in the LDPE host prepared well for the experiment.
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Figure 4-11: Comparison of PCs in the LDPE host along the X-direction.

4.4.2 Comparison of Normalized Spectra
Five identical test samples, with the eccentric orientation angles ranging from 0 degrees
to 90 degrees at the increment of 22.5 degrees, were tested using ultrasonic TTT. A similar

procedure was carried out for the insertion of 2 mm and 2.5 mm diameter SS rods.

4.4.2.1 PCs in the Aluminum Host
Spectra for each square array scatterers in different eccentric orientation angles are shown
in Figure 4-12 and 4-13. The time domain data for Figure 4-12 was obtained using 0.5 MHz
transducers at the frequency range from 0.15 to 0.90 MHz. The time domain data for Figure 4-13
was obtained using 2.25 MHz transducers at the frequency range from 0.9 MHz to 3.2 MHz. The
frequency domain data for both plots have the sampling rate of 1 GSa/s in the time length of 32.4

1S
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Figure 4-12: Transducer spectrum and amplitude spectra for PCs in the aluminum host.
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Figure 4-13: Transducer spectrum and amplitude spectra for PCs in the aluminum host.
The spectra shown in Figure 4-12 and 4-13 normalized with respect to the transducer
spectra. Figure 4-14 shows the normalized spectra for the square array scatterers in the aluminum
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host. The top two plots of the Figure 4-14 shows the spectra in the frequency ranges from 0.15 to
0.9 MHz and from 0.9 to 3.2 MHz with the insertion of wax-coated 2.5 mm diameter SS rods.
The bottom two plots show the same spectra for the insertion of wax-coated 2 mm diameter SS
rods. The most noticeable attenuation of amplitudes occurs in the frequency range between 0.9
MHz and 3.2 MHz. In the frequency range from 0.15 to 0.9 MHz, there is an overall trend of
high peak amplitudes. Also, due to the different eccentric orientation angles, the amplitudes are
significantly varied at the center frequencies of 0.5 MHz and 2.25 MHz. Both 2 mm and 2.5mm
inserts do not show much difference in their amplitude spectra.
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Figure 4-14 : Amplitude spectra for PCs in the aluminum host.

The amplitude spectra for the PCs having triangular array scatterers are shown in Figure
4-15 and Figure 4-16. Both plots have the sampling rate of 1 GSa/s within the time length of 32.4
us. The time domain data for producing Figure 4-15 was obtained using the 0.5 MHz transducers
in the frequency ranges of from 0.15 to 0.9 MHz. The time domain data for Figure 4-16 was

obtained using the 2.25 MHz transducers in the frequency range from 0.9 MHz to 3.2 MHz.
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Figure 4-15: Transducer spectrum and amplitude spectra for PCs in the aluminum host.
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Figure 4-16: Transducer spectrum and amplitude spectra for PCs in the aluminum host.

The normalized amplitude spectra for the triangular array layered scatterers in the

aluminum host are shown in Figure 4-17. The top two plots in Figure 4-17 show the spectra in
the frequency range from 0.15 to 0.9 MHz and from 0.9 to 3.2 MHz for the insertion of 2.5 mm
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diameter SS rods. The bottom two plots of Figure 4-17 show the same spectrum for the insertion
of wax-coated 2 mm diameter SS rods. Attenuation of amplitudes can be seen in the frequency
range between 0.9 MHz and 3.2 MHz. Also, in the frequency range from 0.15 to 0.7 MHz, there
is an overall trend of high peak amplitudes.

Comparing both spectra for the square and triangular periodicity, a similar behavior can
be observed in the frequency domains. Compared to the square array, the triangular array sample
does not show a significant loss of amplitudes at the frequency range centered around 0.5 MHz.
Instead, it shows a drop in the amplitude at the frequency 0.7 MHz. Also, the overall amplitude
of the triangular symmetry is much less than that of the square arrays. The PCs with 2.5 mm
diameter paraffin-coated SS rods attenuated more than 2 mm inserts. This behavior is common

for both square and triangular arrays in the aluminum host.
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Figure 4-17 : Transducer spectrum and amplitude spectra for PCs in the aluminum host.

On the other hand, the phononic Bragg predicted band gaps can be computed using egn.
(3). Table 4-1 presents the Bragg-scattered band gap frequencies in the aluminum host in the
range from 0.15 MHz to 3.2 MHz.
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Table 4-1: Expected center frequencies of the band gaps for the aluminum host according to the

Bragg theory
Material Band gap number, n Centre frequency of the gap [MHz]
Aluminum 1 0.99
[Lattice parameter, 3.175 mm 2 1.98
and P-wave velocity 6299 3 2.98
-1
ms’] 4 3.97

4.4.2.2 PCs in the Teflon Host

At least three identical PCs in the Teflon host at five different eccentric orientation angles
were tested using ultrasonic TTT. The time domain data obtained at the sampling frequency of
250 MSa/s within the time length of 124 us. The average curves for each square array orientation
angle in the Teflon host are shown in Figure 4-18. The upper plot of Figure 4-18 shows the
spectrum for the transducers with the center frequency of 0.5 MHz. When the eccentricity
orientation angles were changed, the amplitudes of the spectra are altered. This can be observed
for both 2 mm and 2.5 mm diameter SS rods in the Teflon host. Compared with the insertion of 2
mm SS rods, 2.5 mm SS rods make a greater variation in the amplitude spectrum especially at the

frequency centered around 0.5 MHz.
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Figure 4-18: Transducer spectrum and amplitude spectra for PCs in the Teflon host.
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Figure 4-19 shows the normalized spectra for the PCs made in the Teflon host in square

array.
Teflon Square Array with 2 mm SS rods
5 T
ODeg
4 22.5Deg [
- 45Deg
8 3 67.5Deg ||
3 90Deg
2
g 2
< \
N \\
J|\ r [T
0
2 3 4 5 6 7 8 9
Freq (Hz) x 10°
Teflon Square Array with 2.5 mm SS rods
5 T
0ODeg
4 22.5Deg H
e 45Deg
L3 67.5Deg  [H
[} AN
° Y 90Deg
B2 =
£
< N~ — N
1 —
R
\ S D
0
2 3 4 5 6 7 8 9
Freq (Hz) x10°

Figure 4-19: Normalized amplitude spectra for the PCs in square array in the Teflon host.

As depicted by the Figure 4-19, relative strength of the amplitudes are significantly
altered when the frequency is centered around 0.5 MHz due to the presence of various eccentric
orientation of the layered scatterers. If the spectrum is enlarged a little further, the influence of
the eccentricity orientation angle on the band gaps can be observed clearly. However, the noise
of the sound will make the signal amplitude imperfect if the spectrum is enlarged further. Also,
the different eccentricity orientation angles show certain rise and falls only at certain frequencies
for almost every PC made in the Teflon host.
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Figure 4-20: Transducer spectrum and amplitude spectra for PCs in the Teflon host.

Figure 4-20 shows the average of the each orientation angle produced by the triangular
array PCs in the Teflon host. The upper plot shows the spectrum for the transducers with the
center frequency of 0.5 MHz. The lower two plots show the average spectra for the PCs with the
insertion of 2.5 mm SS rods and 2 mm SS rods. The time domain signals for both plots were
obtained at the sampling rate of 250 MSa/s within the time length of 124 us. Figure 4-21 shows
the normalized spectra of triangular array PCs in the Teflon host. Similar to the square array, the
triangular array spectrum shows a significant change of the relative strength of the amplitudes
when the frequency is around 0.5 MHz.

Compared with the amplitude spectra in the square array PCs, the triangular array PCs
have a wide frequency range in which the amplitudes of the spectra tend to zero. This kind of
attenuation can be observed especially in the frequency range between 0.5 MHz and 0.9 MHz.
Compared with the square array, the overall amplitude-drop in the triangular array is relatively
high. Although the scatterer diameters are changed from 2 mm to 2.5 mm, PCs in both triangular

and square arrays do not show any significant change.
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Figure 4-21: Normalized amplitude spectra for PCs in triangular array in the Teflon host.

If Bragg-scattered band gaps are expected in the Teflon host, there should be at least
three gaps within the chosen frequency range from 0.15 MHz to 0.9 MHz (see Table 4-2).
Table 4-2: Expected center frequencies of Bragg-predicted band gaps for the Teflon host

Material Band gap number, n Centre frequency of the gap [MHz]
Teflon 1 0.22
[Lattice parameter, 2 0.43
3.175 mm, P-wave velocity 3 0.65
1380 mS_l] 4 0.87

4.4.2.3 PCs in the LDPE Host

The time domain data for the PCs made in the LDPE host were obtained at the sampling

frequency of 250 MSa/s within the time length of 124 us. Spectra produced for PCs having 2 mm

and 2.5 mm diameter SS rods in the square arrays are shown in Figure 4-22. It can be inferred

that the square array 2 mm and 2.5 mm SS rods have significantly changed the amplitudes of the

signals.
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Figure 4-22: Transducer spectrum and amplitude spectra for PCs in the LDPE host
Figure 4-23 shows the normalized spectra at the chosen frequency range from 0.15 to 0.9
MHz for the PCs having two sets of diameters of SS rods.
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Figure 4-23: Normalized amplitude spectra for the PCs in square array in the LDPE host.
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Compared with the PCs with 2 mm diameter SS rods, PCs with 2.5 mm SS rods are
highly attenuated at the frequency range from 0.15 MHz to 0.9 MHz. The relative strengths of
signal amplitudes are also significantly influenced by the eccentric orientations of the layered
scatterers. This can be clearly seen at the frequency range centered at 0.5 MHz. Also the width
of the attenuation frequency gap is wider for the presence of 2.5 mm SS rods than 2 mm SS rods.

Similar to the square arrays, the amplitude spectra were obtained for the triangular array
test pieces having 2 mm and 2.5 mm diameter paraffin-coated SS rods. Figure 4-24 shows spectra
produced for each eccentric orientation angles. The time domain data obtained at the sampling
rate of 250 MSa/s within the time length of 124 us. It can be observed in Figure 4-24 that the
presence of eccentric orientation has altered the relative strengths of signal amplitudes when the
frequency is centered around 0.5 MHz.
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Figure 4-24 : Transducer spectrum and amplitude spectra for PCs in the LDPE host.
The normalized spectra for the PCs in the LDPE host are illustrated in Figure 4-25. The
upper and lower plots show the spectra obtained with the insertion of 2.5 mm and 2 mm SS rods

respectively.
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LDPE Triangular array with 2.5mm SS rods
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Figure 4-25 : Normalized amplitude spectra for the PCs in triangular array in the LDPE host

Observing the results presented in Figure 4-25, the normalized spectra show the
attenuation of amplitudes at the frequency range between 0.15 MHz and 0.9 MHz. Compared
with the PCs having square array scatterers, PCs having triangular array scatterers significantly
altered the relative strengths of amplitudes. It can also be noted that the amplitude spectrum is
changed due to the presence of different eccentric orientation of the scatterers.

PCs in the LDPE host having triangular and square arrays show a significant change in
their amplitude spectra. This implies that the geometry has significantly influenced on the
transmitted spectra. If the Bragg-scattered phononic band gaps are expected in an ideal LDPE
host, at least one significant gap should exist in the frequency range between 0.15 MHz and 0.9
MHz. The Bragg-predicted band gaps for the ideal LDPE host are given in Table 4-3.

Table 4-3: Expected center frequencies of the Bragg predicted band gaps for the LDPE host

Centre frequency of the gap

Material Band gap number, n [MH2]
LDPE 1 0.31
[Lattice parameter, _ 2 0.62
3.175 mm, P-wave velocity
1970 ms™] 3 0.93
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4.5 Discussion
In this experiment, inhomogeneous structures were constructed by incorporating
materials having different elastic modulus and densities. Different materials, which were used to
construct PCs in this experiment have large contrast in their acoustic properties. The acoustic
properties of materials used in the experiment are presented in Table 4-4.
Table 4-4: Acoustic properties of materials [17, 18, 38].

. Aluminum Paraffin .
Parameter Stainless Steel 6061-T6 Teflon | LDPE Wax Air
Density [kg/m’] 7780 2799 2200 940 900 1.23
P“""”‘E’r‘;‘])’g'oc'ty 5985 6299.2 1380 | 1970 3199 340
S-wave velocity 3199 3110 0
[m/s]
Lames Constants | 4 =119.4 - 210.6 E=72
(1) and Young’s I A =1.42x10™
Modulus E [GPa] M=79.6-81.4 u_:25'

The location and the width of the band gaps were largely established by the large
difference in the elastic constant, the mass density, and the geometry of the structure. The
reasons can be explained as follows:

By changing the Lame’s constants (1 and p) periodically, the speed of sound through the
material is varied. The PCs with layered scatterers in LDPE or Teflon hosts have large contrast
in their velocity and density ratios compared with the similar PCs constructed in aluminum hosts.
Due to the presence of large acoustic mismatches, formation of boundaries within the PCs can be
anticipated. When the ultrasonic wave propagates through such boundaries, the scattering is
possible. Consequently, certain frequency band gaps in which materials impede the propagation
of waves are desirable.

On the other hand, the triangular and square array samples show peak amplitudes at
different locations. Periodically arranged paraffin-coated steel rods can act as scatterers. When
the eccentric orientation angles of the layered scatterers are changed, the amplitudes of the
spectra also varied significantly. However, the trends of such changes are unpredictable from the
amplitude spectra. The only thing that could be predicted is that the relative strengths of the
amplitudes altered or shifted at certain frequency ranges due to the eccentric orientation of the
scatterers. By means of the eccentricity in the paraffin-coated SS rods, the angle between an

incident wave and the inner diameter of the SS rods (scatterers) can be changed. These scatterers
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can readily attenuate the ultrasound at certain frequencies. The inner diameter of the SS rods was
chosen to be comparable to the wave length ultrasonic signal. Therefore, by varying the inner
radius of the SS rods, only the mass of the scatterers is varied. The frequency dependent
amplitude spectrums could be observed due to the presence of various eccentric orientation
angles. The 2.5 mm diameter paraffin-coated SS rods made the PCs more attenuated than that of
2 mm inserts. This behavior is observed in both square and triangular lattice structures. In this
experiment, fixed band gaps were created using three different phononic like materials.
Therefore, lattice parameter does not change the frequency responses of the amplitude spectra.
Within the chosen frequency ranges, the change of the relative strengths of the signals could be
observed significantly. Therefore, the scattering process can be assumed to be influenced by the
changes in the geometrical parameters such as the eccentric orientation angle and the inner radius
of the scatterers.

Compared with the square array PCs, triangular array PCs are more attenuated. This
behavior is common for the PCs made in the aluminum, Teflon, and LDPE hosts. This can be
explained as follows: The diameter of the cylindrical holes (D) was 0.125 inch and the lattice
parameter (a) of each array was computed as 0.1875 inch. Concerning 2-D square and triangular

arrays, the areas of an equilateral triangle At and a square As can be computed as

A :%x a><c:os30><%:7.612><1O3inch2 (43)

A, =axa=0.035inch? (44)
As the triangular array samples have relatively small areas, the PCs in triangular array are
closely packed compared with the PCs having square array scatterers. In this experiment, there
are two filling ratios for the 2-D PCs in square and triangular arrays. Filling ratios for the square
lattice [40, 55] and triangular lattice [19] were computed using eqgn. (45) and (46). Compared
with the square array, the triangular array samples possess a high filling ratio. Therefore, the
triangular array samples are more inhomogeneous. As a result, they are more attenuating than

that of square array samples.

Filling Ratio(Square Lattice) = 7[4: ~0.1 (45)
Filling Ratio(TrianguIar Lattice) = ”—DZ ~0.5 (46)
2a%2



Table 4-5: Experimentally observed 1* largest frequency band gaps in different PCs

) Experimentally observed approximate 1* Band gap [KHZz] _
Matrix i Bragg predicted

_ Square array scatterers Triangular array scatterers «

materials 1 band gap
2 mm steel 2.5 mm steel 2 mm steel 2.5 mm steel
for PC [KHZ]
rods rods rods rods
Aluminum 400 400 700 700 990

Teflon 150 50 100 50 220
LDPE 150 50 150 50 310

The attenuation of the amplitudes was observed at low frequencies than those predicted
by Bragg theories. Assuming Bragg-scattered frequency band gaps are existed in each host, the
first significant amplitudes, which are closer to the frequency axis, can be tabulated as in Table
4-5. It can be observed that hard scatterers in low density host materials make the PCs more

attenuated at lower frequencies.

The study of the elastic wave propagation in the inhomogeneous media is challenging
due to the combined influence of the longitudinal and transverse wave forms. However, in this
experiment, a great deal of information about the elastic response of the samples between
transmitter and receiver transducers could be obtained using ultrasonic TTT. Whenever the
transmitter and the receiver transducer positions are not aligned with each other, there can be a
loss of signal energy that flew in the direction of the receiver transducer. Hence, inherent errors
due to the misalignments can be expected in ultrasonic TTT. Near field measurements of the
transmitted waves were carried out in the ultrasonic test. Hence, relatively low thickness of the
specimen could maintain in the ultrasonic testing. Obviously, this experiment introduces the
fabrication of phononic materials with relatively small geometry and dimensions.

4.6 Conclusion
2-D phononic materials having eccentrically layered scatterers in aluminum, Teflon, and
LDPE hosts were constructed using simple fabrication methods. Great deal of information about
those materials could be obtained using ultrasonic through transmission test. The ability of
making frequency gaps due to the ultrasound attenuation was experimentally demonstrated using
FFT algorithm in MATLAB. The effect of the geometry and the influence of material properties

on the phononic band gaps were observed in each test piece. It is challenging to perform a
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comparison of each phononic material since they have large contrast in the acoustic properties.
Roughly, it is inferred that the largest gaps are observed for high density scatterers in low density
host materials. Rest of the conclusion is summarized as follows:

1. The changes in the frequency dependent amplitudes could be observed due to the
presence of various eccentric orientation angles. When the wave length of the
waves is comparable with the outer diameter of the scatterers, the amplitude
spectra are highly sensitive to the eccentric orientation angles at the chosen
frequencies, which are the centre frequencies of transducers.

2. Due to the presence of periodic structures and the large acoustic mismatches in
the PCs, the attenuation of amplitudes was observed at certain frequency ranges.
Compared with the same PCs having square array scatterers, the relative strengths
of the signals produced by triangular array scatterers are small.

3. When the internal scatterer diameters are increased, the attenuation of the
amplitudes is also increased for the PCs made in each host. The frequency gaps
are observed for high density scatterers in low density host materials at low
frequencies than those predicted by Bragg’s law. Resonant frequencies observed
in the frequencies are much below the center frequencies (0.5 MHz and 2.25
MHz) of the transducers.

4. PCs are able to control sounds and vibrations within the chosen frequency ranges.
The frequency dependent attenuation leads us to find some applications such as
sound filters and vibration controllers at the chosen frequency ranges.

5. Numerical results are not yet developed for the layered scatterers in the chosen
frequency ranges. Therefore, the unique results obtained in the experiment can be

used as the initial data in the future numerical computations.
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Table A-1: Near field length for transducer element diameters and centre frequencies
FREQUENCY (MHz)

0.4 0.5 1.0 L5 | 225 3.5 5.0 10.0 | 15.0 | 20.0 | 25.0

JA25 | 027 | 033 | .067 | .100 | .150 | .234 | 334 | .669 | 1.00 | 1.34 | 1.67

250 | .107 | .134 | 268 | .401 | .602 | 936 | 134 | 2.68 | 4.01 | 535 | 6.69

375 | 241 | 301 | .602 | 903 | 1.35 | 2:11 | 3.01 | 6.02 | 9.03 | 120 | 150

500 | 428 | 535 | 1.07 | 1.61 | 241 | 3.75 | 535 | 10.7 | 16.1 | 21.4 | 268

ELEMENT | 625 | 669 | .836 | 1.67 | 251 | 3.76 | 5.85 | 836 | 16.7 | 25.1 | 334 | 418

{ 9 20 | 2. ; : 4 : , : , :
DIAMETER |-750 | 963 [ 120 | 241 | 3.61 | 542 | 843 | 120 | 241 | 361 | 482 | 602

875 | 131 | 1.64 | 3.28 | 492 | 737 | 11.5 | 164 | 32.8 | 492 | 65.6 | 81.9

YRS 1.000 | 1.71 | 2.14 | 428 | 642 | 9.63 | 150 | 214 | 428 | 642 | 856 | 107

1125 | 2.17 | 2.71 | 542 | 813 | 122 | 19.0 | 27.1 | 542 | 813 108 135

1.250 | 2.68 | 3.34 | 6.69 | 10.0 | 150 | 234 | 334 | 66,9 | 100 134 167

1.375 | 3.24 | 4.05 | 8.09 | 12.1 | 182 | 283 | 405 | 809 | 121 162 | 202

1.500 | 3.85-| 482 | 963 | 144 | 21.7 | 33.7 | 48.2 | 96.3 144 193 240

*(N) Near Field Length (inches in water).

Beam Spread Table

Table A-2: Beam spread angles for transducers
FREQUENCY (MHz)

0.4 0.5 1.0 1.5 2.25 3.5 5.0 10.0 | 15.0 | 20.0 | 25.0

J25 | 715 | 55.8 | 26.8 | 17.9 | 119 | 7.80 | 4.58 | 2,75 | 1.53 1.38 o2

250 | 34.0 [ 27.1 | 133 | 895 | 596 | 3.90 | 2.75 | 1.38 92 .69 46

S75 | 225 | 179 | 887 | 596 | 3.97 | 2.60 1.83 92 61 46 31

500 | 16.8 | 134 | 6.65 | 447 | 2.98 1.95 1.38 .69 46 34 23

ELEMENT | 625 | 13.4 | 107 | 532 [ 358 | 238 | 156 | 110 | 55 | 37 | 28 | .8

DIAMETER 750 | 112 | 895 | 443 | 2.98 | 1.99 1.30 98 46 31 23 15
875 | 957 | 7.67 | 3.80 | 2.55 | 1.70 1.11 79 39 26 20 A3

(INCHES) 1.000 | 837 | 671 | 3.32 | 223 | 1.49 97 .69 34 23 W i) o8 |
1125 | 744 | 596 | 2.95 | 199 | 1.32 .87 61 31 20 15 10

1.250 | 6.70 | 536 | 2.66 | 1.79 | 1.19 78 35 28 18 14 09

1.375 | 6.09 | 4.88 | 242 | 1.63 | 1.08 i | .50 25 A7 A3 08

1.500 | 5.58 | 4.47 | 2.22 | 149 .99 .65 46 23 A5 11 07

* Beam Spread angle (degrees) @ -6dB point (in water).

Transducer Specification 2.25 MHz - 1
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Figure A-1: Centre Frequency 2.25 MHz
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DESIGNATION: CONTACT

TEST INSTRUMENTATION

PULSER/RECENVER: PANAMETRICS S052UA #1
DIGITAL OSCILLOSCOPE: LeCroy LT342/ SN: LT34202249
TEST PROGRAM: TP103-3 VER. 108C27

CABLE: RG-58 AV LENGTH: 4FT

TEST CONDITIONS

PULSER SETTING: ENERGY: 1; DAMPING; 500HMS
RECENVER SETTING: ATTN: 42dB ; GAIN: 40dB
TARGET: 1.25in. STEEL

JOB CODE: TP20Q

EASUREMENTS PER ASTM E1085

SPECTRUM MEASURANDS:

CENTER FREQ, --==-- 213MHz
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2.25 MHz Transducer Specification - 2

Figure A-2 : Centre Frequency 2.25 MHz
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FREQUENCY: 225MHz

PART NO: W104 |
ELEMENT SIZE: 1in. DIA

SERIALMNO.: 674877
DESIGNATION: CONTACT

TEST INSTRUMENTATION

PULSER/RECEIVER: PANAMETRICS 5052UA #1
DIGITAL OSCILLOSCOPE: LeCroy LT342 / SN: LT34202248
TEST PROGRAM: TP103-3 VER. 108C27

CABLE: RG-58A/0) LENGTH: 4FT

TEST CONDITIO

PULSER SETTING: ENERGY: 1; DAMPING: 50 OHMS
RECEINER SETTING: ATTN: 4208 ; GAIN: 40dB
TARGET: 125in. STEEL

JOB CODE:  TP200

MEASUREMENTS PER ASTM E1065

SPECTRUM MEASURANDS:
CENTER FREQ, -=---- 224 MHz
PEAK FREQUENCY -- 229 MHz
-GDB BANDWIDTH -— 1098 %

WAVEFORM DURATION:
-14DB LEVEL --- 0.560 US
-20DB LEVEL --- 0.600US
-400B LEVEL --- 1.320U3

COMMENTS:

“* ACCEFTED
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0.5 MHz Transducer Specification - 1

Figure A-3: Centre Frequency 0.5 MHz
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SERIAL NO.. 700048
DESIGNATICN: CONTACT

TEST INSTRUMENTATION

PULSER/RECENVER. PANAMETRICS 5052UA #1
DIGITAL OSCILLOSCOPE:  LeCray LT342/ SN- LT34202249
TEST PROGRAN: TP103-2 VER. 108CGN

CABLE: RG-58 AU LENGTH:4FT

TEST CONDITIONS

FREQUENCY: 050MHz
ELEMENT SIZE: 1 in. DIA.

PULSER SETTING: ENERGY: 4 DAMPING: 200 OHM
RECEWER SETTING: ATTN: 44dB ; GAIN: 40dB
TARGET: 37IN.COPPER

JOB CODE: TP20D

M E Th E1065

WAVEFORM DURATION SPECTRUM MEASURANDS:
-14DB LEVEL - 2080 US CENTER FREQ. - 0.54 MHz
-200B LEVEL -~ 2200 US PEAKFREQUENCY -- 06 MHz
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0.5 MHz Transducer Specification - 2

Figure A-4: Centre Frequency 0.5 MHz

OLYMPUS

Tl TAI- 419-3900
Wwoa Olympusnot om

T puc PTIO

FREQUENCY: 0.50 MHz
ELEMENT SIZE: 1in. DIA

PART N V10N
SERIALNO.. 700049
DESIGNATION: CONTACT

JEST INSTRUMENTATION

PULSERRECEIVER: PANAMETRIGS 5062UA #1

DIGITAL OSCILLOSCOPE: LeCroy LT342/ SN: LT34202249
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Appendix B - FFT Algorithm for Figures

MATLAB Main
Fs=1000000000;
tO=xIsread("AL square all 2.5mm & angless._xls","trans”, "A2:A32769%);
yO=xlIsread("AL square all 2.5mm & angless.xls","trans”,"B2:B32769");
uO=xlsread("AL square all 2_.5mm & angless.xls","trans”,"G2:G32769%);
vO=xlsread("AL square all 2.5mm & angless.xls","trans”,"H2:H32769");
VO=Fft(v0);
stem(abs(V0));
[VO,freq0] =positiveFFT(v0,fs);
plot(freql,2*abs(aal),"b");grid

Function for Taking Positive Components in the Frequency Domain
This can be done by assuming following syntax in the FFT MATLAB
algorithm.
function [X,freq]=positiveFFT(x,Fs)
n=length(x); %get the number of points
N=2"nextpow2(n);

k=0:N-1; %create a vector from O to N-1
T=N/Fs; %get the frequency interval
freq=k/T; %create the frequency range

X=FFft(x)/N; % normalize the data

%only want the First half of the FFT, since it is redundant
cutOff = ceil(N/2);

%take only the First half of the spectrum

X = X(1:cutOff);

freq = freq(l:cutOff);

Function for Taking Centered both Positive and Negative Frequencies
function [X,freq]=centeredFFT(x,Fs)
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%this Is a custom function that helps in plotting the two-sided
spectrum

%x is the signal that is to be transformed

%Fs 1s the sampling rate

N=length(x);

%this part of the code generates that frequency axis

if mod(N,2)==0

k=-N/2:N/2-1; % N even

else

k=-(N-1)/2:(N-1)/2; % N odd

end

T=N/Fs;

freg=k/T; %the frequency axis

%takes the fft of the signal, and adjusts the amplitude accordingly
X=FFt(xX)/N; % normalize the data

X=fftshift(X); %shifts the fft data so that it is centered

FFT Algorithm for Figure 2.10
0=4;
s=100;% sampling rate
ts = 1/Fs;
t = O:ts:1-ts; % total time
xn = 1*sin (2*pi*f0*t);
L=length(xn)
N1=128; % no of samples taken
N2=256;% no of samples taken
N3=1024;% no of samples taken
n=0:N-1; %sample index for xn
% ts=1/fs; % sampling time interval
t1=(0:N1-1)*ts; % sampling period
t2=(0:N2-1)*ts; % sampling period
t3=(0:N3-1)*ts; % sampling period
Xkl=abs(fft(xn,N1)); % to get the frequency domain
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Xk2=abs(fft(xn,N1)); % to get the frequency domain
Xk3=abs(fft(xn,N1)); % to get the frequency domain

k1=0:N1-1; % frequency index

k2=0:N2-1; % frequency index

k3=0:N3-1; % frequency index

freql=(fs/N1)*k1l; % mapping frequency range / frequency interval
freq2=(fs/N2)*k2; % mapping frequency range/ frequency interval
freg3=(fs/N3)*k3; % mapping frequency range/ frequency interval
Xkl=abs(fft(xn,N1))/L; % FFT transformation and frequency domain
(amplitude spectrum)

Xk2=abs(fft(xn,N2))/L; % FFT transformation and frequency domain
(amplitude spectrum)

Xk3=abs(fft(xn,N3))/L; % FFT transformation and frequency domain
(amplitude spectrum)

subplot(4,1,1) plot(fs*t,xn); hold on

xlabel ("Time(Sec)"); ylabel("x(n)"); title("sampled sinusoid (X(n)*);
legend("L=100,Fs=100 Sa/s");

subplot(4,1,2) plot(freql,2*abs(Xkl)); hold on xlabel("frequency,
Hz"); ylabel("Amplitude®);

title("128 FFT"); legend("N=128,k=n=0:N-1,L=100,Fs=100 Sa/s");
subplot(4,1,3) plot(freq2,2*abs(Xk2)); hold on

xlabel ("frequency, Hz"); ylabel("Amplitude®); title("256 FFT");
legend("N=256 ,k=n=0:N-1,L=100,Fs=100 Sa/s");

subplot(4,1,4) plot(freg3,2*abs(Xk3));

xlabel ("frequency, Hz");ylabel("Amplitude®); title("1024 FFT");
legend("N=1024,k=n=0:N-1,L=100,Fs=100 Sa/s"); hold off

FFT Algorithm for Figure 2.12
N1=16; % no of samples taken
N2=64;% no of samples taken
N3=512;% no of samples taken
n=0:N-1; %sample index for xn

ts=1/fs; % sampling time interval
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t1=(0:N1-1)*ts; % sampling period

t2=(0:N2-1)*ts; % sampling period

t3=(0:N3-1)*ts; % sampling period

Xkl=abs(fft(v,N1)); % to get the frequency domain
Xk2=abs(fft(v,N1)); % to get the frequency domain
Xk3=abs(fft(v,N1)); % to get the frequency domain

k1=0:N1-1; % frequency index

k2=0:N2-1; % frequency index

k3=0:N3-1; % frequency index

freql=(Ffs/N1)*k1l; % mapping frequency range

freg2=(fs/N2)*k2; % mapping frequency range

freg3=(fs/N3)*k3; % mapping frequency range
VfreqzDomainl=abs(fft(v,N1))/L; % amplitude spectrum
VfregzDomain2=abs(fft(v,N2))/L; % amplitude spectrum
VfreqzDomain3=abs(fft(v,N3))/L; % amplitude spectrum
subplot(4,1,1) stem(v);hold on

xlabel ("Time(Sec)"); ylabel("x(n)"); title("sampled Discrte ponts
x()*"); legend("L=8,Fs=10Sa’/s");

subplot(4,1,2) plot(freql,abs(VfreqzDomainl)); grid; hold on
xlabel ("frequency, Hz"); ylabel("Amplitude®); title("16 FFT");
legend("N=16,n=0:N-1,Fs=10Sa/s");

subplot(4,1,3) plot(freg2,abs(VfreqzDomain2));grid;hold on
xlabel ("frequency, Hz");ylabel("Amplitude®); title("64 FFT");
legend("N=64,n=0:N-1,Fs=10Sa/s");

subplot(4,1,4) plot(freqg3,abs(VfreqzDomain3));grid;

xlabel ("frequency, Hz");ylabel("Amplitude®); title("512 FFT");
legend("N=512,n=0:N-1,Fs=10Sa/s"); hold of
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Appendix C - Drawings for Test Specimens

Square Array Specimen
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