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Acoustic properties of materials such as velocity and attenuation are important properties in 

many ultrasonic applications, i.e. non-destructive evaluation and ultrasound tissue 

characterization. When designing acoustic devices, e.g. ultrasound transducers, accurate 

knowledge of the acoustic properties of the materials is essential. Reliable characterization of 

these acoustic properties is necessary to give experimental data for the design and modeling of 

transducers. In addition, for complex materials such as composites, the dispersions of velocity 

and attenuation may deform the acoustic pulse and cause inappropriate interpretation of the 

acoustic pulse signal. Thus, it is more important to understand the characteristics and structure 

of these materials. The material properties are not unique values, but may vary with frequency 

and temperature. Consequently, the effects of temperature and frequency variation in acoustic 

parameters should be taken into account when characterizing materials. 

In this thesis, an experimental setup of the broadband through-transmission technique was 

implemented and calibrated in our laboratory. A LabVIEW program to acquire pulses was 

available, while MATLAB code were written to process the measured data according state of 

the art methods found in the literature. Using this implemented system, the acoustic properties 

such as the acoustic impedance, the group velocity, the phase velocity, and attenuation of 

compressional and shear waves in both homogeneous and composite materials can be measured 

over an investigated frequency range from 2.5 MHz to 10.5 MHz. In addition, temperature 
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effects on ultrasonic phase velocity and attenuation in both PMMA and Eccosorb MF-117 

materials are studied and compared. 



 

iii 
 

Acknowledgements 
 
 

I wish to express my special appreciation and sincere thanks to my supervisor, Prof. Lars 

Hoff for his continuous encouragement, guidance, and discussion throughout my Master study. 

Prof. Lars Hoff’s advice have been motivated me to grow as a research scientist. Without his 

dedicated guidance and persistent help my scientific papers and thesis would not have been 

possible. 

I would especially like to express my gratitude to Dr. Tung Manh for his endless helps in 

my laboratory work, as well as his helpful comments and valuable suggestions to my papers 

and thesis. Appreciation is given to Svein Mindrebøe for his kind help in providing lab 

instruments. The support and encouragement of all the faculty and staff members of the 

department are also greatly appreciated and acknowledged. I also would like to sincerely thank 

the company Kongsberg Maritime for their providing samples and discussions. 

Special thanks go to Binh Duc Truong and Uyen Phuong Do for their kind help in 

discussions and solving MATLAB code during my research. I also wish to especially thank to 

my research colleagues, juniors, and friends from other research groups for supporting me for 

everything. 

Most of all, I am truly grateful to my parents who has been inspired me throughout my life, 

and encouraged me through the months of writing. Last but not least, I want to thank my 

boyfriend Hai Le The for all his love and support. From the bottom of my heart I would like to 

dedicate this thesis to them for their unconditional devotion, sacrifice, support, encouragement. 

  



 

iv 
 

 
 
 
 
 
 
 
 

Contents 
 
 
 
 
 
Abstract i 

Acknowledgements iii 

List of Figures viii 

List of Tables xiii 

Abbreviations xv 

 

1   Introduction 1 

1.1   Introduction .............................................................................................................. 1 

1.1.1   Pulse-echo technique .................................................................................... 2 

1.1.2   Through-transmission technique ................................................................... 4 

1.2   Objectives of this thesis ............................................................................................ 7 

1.3   Outline of this thesis ................................................................................................. 8 

2   Theory and fundamentals of ultrasound 9 

2.1   Introduction of ultrasound ......................................................................................... 9 

2.2   Characteristic acoustic impedance, reflection and transmission ............................... 10 

2.3   Phase velocity and group velocity ........................................................................... 11 

2.4   Wave propagation ................................................................................................... 13 

2.4.1   Wave propagation in homogeneous elastic media ....................................... 13 

2.4.2   Wave propagation in anisotropic elastic media ............................................ 13 



 

v 
 

2.5   Attenuation of ultrasonic waves .............................................................................. 14 

3   Determination of velocity and attenuation of ultrasonic waves 16 

3.1   Speed of sound in water .......................................................................................... 16 

3.2   Cross-correlation algorithm for estimating the transit time difference between 

two signals ............................................................................................................. 19 

3.3   Mode conversion at oblique incidence angle ........................................................... 20 

3.4   Group velocity of ultrasonic waves ......................................................................... 23 

3.4.1   Group velocity of compressional waves ...................................................... 23 

3.4.2   Group velocity of shear waves .................................................................... 24 

3.5   Phase velocity and attenuation of ultrasonic waves.................................................. 26 

3.5.1   Phase velocity and attenuation coefficient of compressional waves ............. 26 

3.5.2   Phase velocity and attenuation coefficient of shear waves ........................... 30 

3.6   Transmission coefficients of compressional and shear wave at oblique 

incidence angle ....................................................................................................... 31 

3.6.1   Transmission coefficients at fluid-solid interface ........................................ 31 

3.6.2   Transmission coefficients at solid-fluid interface ........................................ 32 

3.6.3   Total transmission coefficients.................................................................... 32 

3.7   Diffraction loss in attenuation measurements .......................................................... 33 

4   Setup for acoustic material characterization 35 

4.1   Broadband through-transmission technique ............................................................. 35 

4.2   Measuring sample dimensions and densities ........................................................... 39 

5   Results and Discussions 42 

5.1   Thickness and density of samples ........................................................................... 42 

5.2   Speed of sound in water .......................................................................................... 42 

5.3   Acoustic properties of the aluminum sample ........................................................... 45 

5.3.1   Group velocity of ultrasonic waves ............................................................. 45 



 

vi 
 

5.3.2   Phase velocity and attenuation of ultrasonic waves ..................................... 48 

5.4   Acoustic properties of the PMMA sample ............................................................... 51 

5.4.1   Group velocity of ultrasonic waves ............................................................. 51 

5.4.2   Phase velocity and attenuation of ultrasonic waves ..................................... 54 

5.5   Acoustic properties of the Eccosorb MF-117 samples ............................................. 57 

5.5.1   Group velocity of ultrasonic waves ............................................................. 57 

5.5.2   Phase velocity and attenuation of ultrasonic waves ..................................... 59 

5.6   Acoustic properties of the unknown material samples from Kongsberg Maritime .... 64 

5.6.1   Group velocity of ultrasonic waves ............................................................. 64 

5.6.2   Phase velocity and attenuation of ultrasonic waves ..................................... 65 

5.7   Temperature effects on acoustic properties of PMMA and Eccosorb MF-117 

samples................................................................................................................... 68 

5.8   Correction for diffraction effects in attenuation measurements ................................ 72 

5.9   Errors in measuring velocity and attenuation ........................................................... 73 

5.9.1   Path length estimations ............................................................................... 73 

5.9.2   Determination of arrival time ...................................................................... 74 

5.9.3   Speed of sound in water .............................................................................. 74 

5.9.4   Measurement of the incident angle .............................................................. 75 

5.9.5   Determination of the transmission coefficient ............................................. 75 

5.9.6   Temperature effects .................................................................................... 76 

6   Conclusion 77 

6.1   The contributions in this thesis................................................................................ 77 

6.2   Future works .......................................................................................................... 79 

Appendix 80 

A1   MATLAB code for calculating the phase velocity of the compressional wave ......... 80 



 

vii 
 

A2 MATLAB code for calculating the attenuation coefficient of the 

compressional wave ............................................................................................... 81 

A3   MATLAB code for calculating the phase velocity of the shear wave ....................... 82 

A4 MATLAB code for calculating the attenuation coefficient of the shear wave .......... 83 

A5 MATLAB code for calculating the total transmission coefficient of the 

compressional and shear waves .............................................................................. 83 

Publications 85 

Bibliography 94 

  



 

viii 
 

 
 
 
 
 
 
 

List of Figures 
 
 
 

 

1.1 Schematic reverberation path between transducer and sample ...................................... 3 

1.2 Measured pulse-echo signal for flat solid sample perpendicular to ultrasonic beam ...... 3 

1.3 Schematic of pulse-echo contact configuration............................................................. 4 

1.4 Experimental setup of through-transmission immersion technique ............................... 5 

1.5 Principle of the broadband through-transmission technique .......................................... 5 

1.6 Signal paths in the immersion experiment for measuring attenuation, dispersion and 

thickness using the  broadband-pulse technique ........................................................... 6 

 

2.1 Different types of ultrasonic waves ............................................................................ 10 

2.2 Normal incident wave at the boundary between two media ........................................ 11 

2.3 Group velocity and phase velocity ............................................................................. 12 

 

3.1 Schematic diagram of the experiment setup for measuring the speed of sound in 

water: (a) the first approach, and (b) the second approach .......................................... 16 

3.2 Different criteria for measuring transmission time of ultrasonic waves ....................... 17 

3.3 (a) Received signals with and without an aluminum (Al) sample inserted, and (b) the 

correlation function of the two signals ....................................................................... 20 

3.4 Mode conversion of an acoustic wave in a fluid-immersed sample at an oblique 

incidence angle. The solid-lines represent the compressional waves and the dashed-

line represent the shear waves .................................................................................... 21 

3.5 Signal paths in measuring the velocity of compressional wave in a sample ................. 24 



 

ix 
 

3.6 Geometry diagram for determining shear wave velocity ............................................. 25 

3.7 (a) Original received pulse without sample inserted, and (b) its phase spectrum ......... 27 

3.8 (a) Original pulse with sampling window, and (b) the pulse after using sampling 

window and adding with zero .................................................................................... 28 

3.9 (a) The circularly shifted pulse, and (b) phase spectrum of the circularly shifted 

pulse.......................................................................................................................... 29 

3.10 Reflection and refraction of (a) a compressional wave, and (b) a shear wave at a 

solid-fluid interface ................................................................................................... 32 

 

4.1 Experiment setup for the broadband through-transmission technique for 

characterizing acoustic properties of materials ........................................................... 36 

4.2 Three different types of sample mounts. The holder to the left is obtained by making 

threads in the sample, and screwed the post into the sample. The holders to the right 

are based on optical mounts from Standa ltd. (Vilnius. Lithuania) .............................. 36 

4.3 Received signal measured with the 5 MHz transducer pair in with Eccosorb MF-117 

inserted at a normal incidence angle (blue line), and at an oblique incidence angle 

(red line).................................................................................................................... 38 

4.4 Geometry of the measured Al sample and thickness measurement procedure ............. 38 

4.5 Geometry of PMMA sample ...................................................................................... 40 

4.6 Geometry of two Eccosorb MF-117 samples: (a) sample 1, and (b) sample 2 ............. 41 

4.7 Geometry of six unknown material samples from Kongsberg Maritime ...................... 41 

 

5.1 (a) Received signal measured with the 5 MHz transducer pair without a sample 

inserted, and (b) its power spectrum ........................................................................... 43 

5.2 (a) Received signal measured with the 5 MHz transducer pair without a sample 

inserted, and (b) its auto-correlation function ............................................................. 44 



 

x 
 

5.3 (a) Received signal measured with the 10 MHz transducer pair without a sample 

inserted, and (b) its power spectrum ........................................................................... 44 

5.4 (a) Received signals measured with the 5 MHz transducer pair with and without the 

Al sample inserted, and (b) their cross-correlation function ........................................ 46 

5.5 (a) Received signal measured with the 5 MHz transducer pair with Al sample 

inserted, and (b) its auto-correlation function ............................................................. 46 

5.6 Calculated total transmission coefficients of the compressional and shear waves in 

the Al sample based on velocity measured with (a) the 5 MHz transducer pair, and 

(b) the 10 MHz transducer pair at 19.5°C ± 0.5°C ...................................................... 48 

5.7 (a) Received signals measured with the 5 MHz transducer pair at the normal 

incidence angle, with and without the Al sample inserted, and (b) their power 

spectra ....................................................................................................................... 49 

5.8 Phase velocity of compressional and shear waves in the Al sample versus frequency 

measured with (a) the 5 MHz transducer pair, and (b) the 10 MHz transducer pair at 

19.5°C ± 0.5°C .......................................................................................................... 50 

5.9 Attenuation coefficients of compressional and shear waves in the Al sample 

measured with the 5 MHz transducer pair at 19.5°C ± 0.5°C ...................................... 51 

5.10 (a) Received signals measured with the 5 MHz transducer pair without and with 

PMMA sample at the normal incidence angle, and (b) their power spectra ................. 52 

5.11 (a) Received signals measured with the 5 MHz transducer pair without and with 

PMMA sample at an oblique angle of 38°, and (b) their power spectra ....................... 52 

5.12 (a) Received signals measured with the 10 MHz transducer pair without and with 

PMMA sample at the normal incidence angle, and (b) their power spectra. ................ 53 

5.13 Phase velocity  and attenuation of (a) compressional and (b) shear waves  in the 

PMMA sample measured at 20°C ± 0.5°C using the 5 MHz transducer pair ............... 55 

5.14 Phase velocity and attenuation of (a) compressional and (b) shear waves in the 

PMMA sample measured at 20°C ± 0.5°C using the 10 MHz transducer pair ............. 55 



 

xi 
 

5.15 Total transmission coefficients of compressional and shear waves in the PMMA 

sample measured with (a) the 5 MHz transducer pair, and (b) the 10 MHz transducer 

pair at 20°C ± 0.5°C .................................................................................................. 57 

5.16 (a) Received signals measured with the 5 MHz transducer pair at the normal 

incidence angle with and without the Eccosorb sample 1 inserted (d = 5.16 mm), 

and (b) their power spectra ........................................................................................ 58 

5.17 (a) Received signals measured with the 5 MHz transducer pair at the normal 

incidence angle with and without the Eccosorb sample 2 inserted (d = 1.94 mm), 

and (b) their power spectra ........................................................................................ 59 

5.18 Phase velocity and attenuation of (a) compressional wave and (b) shear wave in the 

Eccosorb sample 1 (d = 5.16 mm) measured with the 5 MHz transducer pair ............. 60 

5.19 Phase velocity and attenuation of (a) compressional wave and (b) shear wave in the 

Eccosorb sample 1 (d = 5.16 mm) measured with the 10 MHz transducer pair ........... 60 

5.20 (a) Cross-section SEM image of the Eccosorb MF-117 sample, and (b) the element 

analysis of one particle .............................................................................................. 61 

5.21 Total transmission coefficients of compressional and shear waves in the Eccosorb 

sample 1 measured with (a) the 5 MHz transducer pair and (b) the 10 MHz 

transducer pair. .......................................................................................................... 62 

5.22 (a) Phase velocity and (b) attenuation of shear wave in the Eccosorb sample 1 at 

different incident angles............................................................................................. 62 

5.23 Phase velocity and attenuation of shear wave in the Eccosorb sample 2 (d = 1.94 

mm) measured with (a) the 5 MHz transducer pair and (b) the 10 MHz transducer 

pair ............................................................................................................................ 63 

5.24 (a) Received signals measured with the 5 MHz transducer pair at the normal 

incidence angle, with and without sample A3 inserted, and (b) their power spectra .... 64 

5.25 (a) Received signals measured with the 5 MHz transducer pair at the normal 

incidence angle, with and without sample B1 inserted, and (b) their power spectra ..... 65 



 

xii 
 

5.26 (a) Phase velocity and (b) attenuation of compressional wave in the samples A with 

different thicknesses measured with the 5 MHz transducer pair .................................. 66 

5.27 (a) Phase velocity and (b) attenuation of compressional wave in the samples B with 

different thicknesses measured with the 5 MHz transducer pair .................................. 66 

5.28 Speed of sound in water as a function of temperature ................................................. 69 

5.29 Phase velocity and attenuation of (a) compressional wave and (b) shear wave in the 

Eccosorb MF-117 samples versus temperature ........................................................... 70 

5.30 Phase velocity and attenuation of (a) compressional wave and (b) shear wave in the 

PMMA sample versus temperature ............................................................................ 71 

  



 

xiii 
 

 
 
 
 
 
 
 

List of Tables 
 
 
 
4.1 Thickness measurement of the Al sample................................................................... 40 

 

5.1 Thickness and density of Al, PMMA, and Eccosorb MF-117 samples ........................ 42 

5.2 Thickness and density of six unknown material samples from Kongsberg Maritime ... 42 

5.3 Travelling distance and transmit time of the signal between two transducers .............. 43 

5.4 Comparison of the speed of sound in water measured with two different approaches 

and literature ............................................................................................................. 45 

5.5 Group velocity of compressional wave in the Al sample ............................................ 46 

5.6 Group velocity of shear wave in the Al sample .......................................................... 47 

5.7 Acoustic properties of the Al sample.......................................................................... 50 

5.8 Comparison of the acoustic properties of PMMA between measurement results and 

published values in literature ..................................................................................... 54 

5.9 Acoustic properties of the PMMA sample .................................................................. 56 

5.10 Acoustic impedance and group velocity of ultrasonic waves in Eccosorb MF-117 

samples ..................................................................................................................... 58 

5.11 Acoustic properties of the Eccosorb MF-117 samples ................................................ 63 

5.12 Acoustic impedance and group velocity of compressional wave in the samples A, 

and B ......................................................................................................................... 65 

5.13 Phase velocity and attenuation of compressional wave in samples A, and B ............... 68 

5.14 Polynomial coefficients ............................................................................................. 68 

5.15 Correction for diffraction effects in attenuation measurements using the 5 MHz 

transducer pair ........................................................................................................... 73 



 

xiv 
 

5.16 Correction for diffraction effects in attenuation measurements using the 10 MHz 

transducer pair ........................................................................................................... 73 

 

  



 

xv 
 

 
 
 
 
 
 
 

Abbreviations 
 
 
 
 
 
FFT Fast Fourier Transform 

NDT Non-destructive testing 

PMMA Polymethyl methacrylate 

SNR Signal-to-noise ratio 

 
 



 

 
 

This page is intentionally left blank



Chapter 1.  Introduction 
 

 

1 

 
 
 
 
 
 
 
 
 

Chapter 1 
 
 
 
 

Introduction 
 
 
 
 
 
1.1 Introduction 

Acoustic properties of materials such as velocity and attenuation are important in many 

ultrasonic applications, i.e. non-destructive evaluation and ultrasound tissue characterization 

[1][2]. Design of ultrasound transducers for e.g. clinical applications requires reliable 

characterization of these properties. Therefore, characterization of the acoustic properties of 

materials especially transducer materials is necessary to give experimental data for the design 

and modeling of transducers. In addition, for complex materials such as composites, the 

dispersions of velocity (phase velocity as a function of frequency) and attenuation may deform 

the acoustic pulse and cause inappropriate interpretation of the acoustic pulse signal. Thus, it is 

more important to understand the characteristics and structure of these materials. Some 

applications require the knowledge on the frequency dependent material in wide range of 

frequencies and temperatures. Consequently, the effects of temperature and frequency variation 

in acoustic parameters should be taken into account when characterizing materials. 

Various techniques have been developed for measuring velocity and attenuation of 

ultrasonic waves in materials, which are reported by Bolef and De Klerk for continuous wave 

techniques [3] and McSkimmin for pulse techniques [4]. Continuous wave techniques are 

useful in the determination of small changes in the attenuation or sound velocity. However, this 

technique is time consuming and subject to errors due to reflections or other interfering signals 
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[5]. With easy operation and rapid, non-invasive measurement, pulse techniques are known as 

the most widely used technique for measuring ultrasonic properties of materials [6]. They are 

categorized into two techniques, which are pulse-echo technique and through-transmission 

technique. For the pulse-echo technique, only one transducer is used as a transmitter-receiver; 

whereas for the through-transmission technique two separate transducers are used as a 

transmitter and a receiver. 

 

1.1.1 Pulse-echo technique 

Pulse-echo technique is carried out either in the immersion mode or contact mode. In the 

immersion mode, as described by Selfridge [7], a transducer and a parallel-sided sample are 

immersed in a small water tank. The schematic reverberation path between the transducer and 

sample is shown in Figure 1.1. The transducer is excited by using a tone-burst pulse containing 

a number of cycles of a given frequency from a signal generator. A train of echoes due to the 

reverberation of ultrasound in the sample, and water path between the sample and transducer 

are observed. An example of pulse-echo signal is shown in Figure 1.2, where A1 and A2 are the 

reflected echoes from the front face and the back face of the sample; A3 and A4 are the reflected 

echoes due to the reverberations within the sample. From the received pulse-echo signal, the 

velocity and attenuation of compressional waves can be determined as in [7]. By using this 

method, a wide range of materials has been characterized, as shown in [8]. However, the main 

disadvantage of this method is that shear wave properties cannot be characterized by using this 

configuration. In addition, to determine the attenuation versus frequency, several transducers 

with center frequencies covering the frequency range of interest are needed. As the “wave-

shape” changes significantly after passing through a material with high attenuation, it is almost 

impossible to unambiguously identify the equivalent points in the signals received, with and 

without sample inserted. Therefore, this method is unavailable for characterizing high 

attenuation materials [9]. 
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Figure 1.1.  Schematic reverberation path between transducer and sample [7]. 

 

 

Figure 1.2.  Measured pulse-echo signal for flat solid sample perpendicular to ultrasonic beam [7]. 

 
However, the immersion mode is only valid with a sample submerged in a coupling 

medium. The acoustic mismatch between a gas and a solid is so large that air-coupled 

ultrasound impossible, and a liquid is needed for coupling. Hence, most measurements are done 

in water, but other liquids, like oils, may be used if water is not acceptable. An alternative is 

done use the direct contact mode. A pulse-echo contact configuration between the transducer 

and sample can be used with the aid of an appropriate couplant, as shown in Figure 1.3. As can 

be seen in Figure 1.3, a layer of couplant is required between the transducer and sample to 

promote the transfer of sound energy into the sample. The transducer is excited with electrical 

pulses and converted them into ultrasonic pulses. The ultrasonic pulses are propagated through 

the sample and reflected back to the transducer. The transducer now acts as a receiver, and 

converts ultrasonic pulses into electrical pulses which are displayed on the oscilloscope. The 
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velocity and attenuation are determined by analyzing these echoes. This method can be used to 

generate both compressional and shear waves within the sample. However, to generate shear 

waves, different experimental arrangements using different transducers as shear transducers are 

required [10]. In addition, the pulse-echo method requires good transducer-to-sample coupling 

and the signal-to-noise-ratio (SNR) can be limited by inaccuracies in phase measurements, 

particularly in dispersive and attenuating media [11][12]. Additionally, pulse-echo method has 

limited use for very thick and high attenuation materials, as the pulse travels through the 

sample twice and experiences twice the signal loss. 

 

Figure 1.3.  Schematic of pulse-echo contact configuration. 

 

1.1.2 Through-transmission technique 

Through-transmission technique employs two transducers which are coaxial aligned. One 

transducer is used as a transmitter, and another is utilized as a receiver. A sample with parallel 

sides is inserted between two transducers and aligned. For the through-transmission immersion 

technique, the sample is immersed in a coupling medium usually water, between two 

transducers. The experimental setup of the through-transmission immersion technique is shown 

in Figure 1.4. The sample can be rotated while the two transducers are fixed, or vice versa. In 

order to characterize materials over the wide range of frequencies, the broadband through-

transmission technique is applied. The principle of this technique is shown in Figure 1.5. A 

short electrical pulse excitation is applied to the transmitter, and the signal received by the 

receiver is recorded on a digital oscilloscope. A sample is then inserted between two 

transducers, and the received pulse after transmitting through the sample is recorded. Phase 

velocity and attenuation as function of frequency are calculated from the phase and magnitude 
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of the received spectra over a wide bandwidth. More detailed description of this method can be 

found in [9][13]. 

 

Figure 1.4.  Experimental setup of through-transmission immersion technique [14]. 

 

 

Figure 1.5.  Principle of the broadband through-transmission technique. 

 

In contrast with the contact measurements, this method allows the sample to be oriented 

relative to the transducers so that the incident angle between the acoustic wave and the normal 

of the sample can be adjusted. Using this technique with the mode conversion, allows 

measuring acoustic properties of both compressional waves and shear waves in solids, 

including porous and composite materials [13]. Moreover, in the immersion technique, the 

coupling medium is well behaved at all incident angles, and gives repeatable measurements as 

long as wetting of the sample is consistent. Thus, the requirement of a good transducer-to-

sample coupling which can occur when using contact configuration such as in the pulse-echo 

technique is eliminated. In addition, in the broadband through-transmission technique, 

ultrasonic waves travel only once through the material, thus they suffer less energy loss. As a 
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result, this method is useful for characterizing high attenuation materials, e.g. bone. However, 

because the samples are immersed in a water tank, the use of samples susceptible to corrosion 

is limited. Furthermore, this system suffers from a lack of mobility because of the numerous 

devices needed for the measurements. In addition, the tank needs to be filled with water some 

hours before the experiments in order to reduce the air-bubbles [15]. 

An improved version of the traditional broadband through-transmission technique is 

proposed by He and Zheng [16], as shown in Figure 1.6. In this proposed method, in addition to 

recording two transmitted pulses, two reflected pulses are also recorded, one from the front 

surface and one from the back surface of the sample. The phase velocity, attenuation and the 

thickness of the sample can be determined from the phase spectra of the four recorded pulses. 

Using this method, the attenuation coefficient can be calculated very accurately even when the 

density of the material is unknown. However, the procedure of experiments and signal analysis 

in this method is quite complex, and it is required that the interface conditions on both sides of 

the sample should be equal. 

 

Figure 1.6.  Signal paths in the immersion experiment for measuring attenuation, dispersion and 

thickness using the broadband-pulse technique [16]. 

 
From the review of previous techniques and the requirement for characterizing various 

kinds of materials over the wide range of frequency, in this thesis the broadband through-

transmission technique is chosen to characterize acoustic properties of both compressional and 

shear waves in materials. Homogeneous materials, i.e. Polymethylmethacrylate (PMMA) and 

aluminum (Al), and composite materials, i.e. Eccosorb MF-117 and unknown materials from 

the company Kongsberg Maritime, are chosen to characterize. An experimental setup of the 

broadband through-transmission technique is implemented and calibrated in our laboratory. 
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The MATLAB code were written to process the measured data according state of the art 

methods found in the literature. Using this implemented system, the acoustic properties such as 

the acoustic impedance, the group velocity, the phase velocity and attenuation of compressional 

and shear waves in both homogeneous and composite materials can be measured over an 

investigated frequency range from 2.5 MHz to 10.5 MHz. In addition, temperature effects on 

ultrasonic phase velocity and attenuation in both PMMA and Eccosorb MF-117 materials are 

studied and compared. 

 

1.2 Objec t ive s  of  thi s  t he s i s  

From the advantages and disadvantages of previously proposed techniques in literature for 

characterizing acoustic properties of materials as well as the above motivations, the objectives 

of this thesis are: 

 Implement and calibrate a system for acoustic material characterization, using the 

broadband through-transmission technique. Two pairs of transducers are used, one pair 

with a center frequency of 5 MHz (Olympus C309-SU, Olympus Inc., Waltham, MA), 

and the other pair with a center frequency of 10 MHz (Olympus V327-SU, Olympus 

Inc., Waltham, MA). 

 Characterize materials by measuring the group velocity, phase velocity and attenuation 

of both compressional and shear waves in samples. Estimate the uncertainties in the 

measurements of velocity and attenuation, and the correction for diffraction effects in 

attenuation measurement. 

 Characterize homogeneous materials, using known materials, e.g. aluminum and 

PMMA, as references to verify the accuracy of the measurement system. Thereafter, 

characterize Eccosorb MF-117 and unknown materials from the company Kongsberg 

Maritime. 

 Study on how the temperature influences the phase velocity and attenuation for 
compressional and shear waves, measured in the PMMA and Eccosorb MF-117 
materials. 
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1.3 O ut l i ne  of  thi s  t he s i s  

This thesis is organized as follows. Chapter 1 presents an introduction including the 

background and motivation, the review of previous work, and the thesis objectives. Chapter 2 

presents the theory and fundamentals of ultrasound to provide the necessary knowledge of 

ultrasonic waves, their propagation and their attenuation. Chapter 3 presents the method 

developed to determine the velocity and attenuation of ultrasonic waves in the characterized 

samples. Chapter 4 presents the experimental setup of the broadband through-transmission 

technique for characterizing the acoustic properties of materials. The detailed information on 

how it was built in our laboratory and the method for measuring thickness and density of 

samples are also described in this chapter. Chapter 5 follows with the measurement results of 

acoustic properties introduced in Chapter 3 for different materials using the broadband through-

transmission technique mentioned in Chapter 4, including homogeneous materials, aluminum 

and Polymethyl methacrylate (PMMA), and composite materials, Eccosorb MF-117 and 

samples from Kongsberg Maritime. In addition, the temperature effects on acoustic properties 

of PMMA and Eccosorb MF-117 materials are studied. The discussions of obtained results and 

source of errors in measuring velocity and attenuation are also given in Chapter 5. Finally, the 

conclusion of this thesis and the suggestion for future work are presented in Chapter 6. Last but 

not least, the developed MATLAB codes for calculating the acoustic material properties are 

presented in the Appendix. 
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Chapter 2 
 
 
 
 

Theory and Fundamentals of Ultrasound 
 
 
 
 
 
2.1 I ntr od uc t i on of  ul tras ound  

Ultrasounds are sound waves with frequencies greater than 20 kHz. Ultrasonic waves can 

propagate through solids, liquids, gases and vapors. Ultrasonic waves propagate in a material 

due to the vibrations or oscillatory motions of particles within the material. The velocity of 

ultrasound remains constant in a particular medium if the temperature is fixed. The velocity (c) 

can be calculated from the frequency (f) and the wavelength (). 

 c f   (2.1) 

There are many types of waves that can propagate in materials. They can be divided 

depending on the direction of vibration in relation to their travelling direction, e.g. 

compressional waves, shear waves, Rayleigh waves, Lamb waves. A good illustration of the 

different modes is found in the PhD-thesis of Sukomski [18] (Figure 2.1). 

Compressional waves, also known as longitudinal waves or p-waves, propagate so that 

particle vibrations are parallel to the direction of wave travel, as shown in Figure 2.1(a). 

Compressional waves can propagate in solids, liquids and gases, and are the most commonly 

used mode in ultrasonics. 

Shear waves, also known as transverse waves or s-waves, propagate so that particle 

vibrations are perpendicular to the direction of wave propagation, as shown in Figure 2.1(b). 
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Shear waves can propagate in solid objects. Sound waves in liquids and tissues are generally 

considered to be all compressional as shear waves are not supported, except in bone which is the 

only biological tissue that can support propagation of shear waves easily [17]. Shear wave are 

relatively weak compared with compressional waves. In fact, shear waves are usually generated 

in materials using some of the energy from compressional waves. 

Rayleigh waves are also known as surface waves because they propagate on the surface of 

materials. Rayleigh waves propagate so that particle motion follows an elliptical path, having 

both compressional and shear motions, as shown in Figure 2.1(c). Rayleigh waves can be used 

to inspect areas that other waves may have difficulty reaching because they are sensitive to 

surface defects and they follow the surface around curves [18]. 

Lamb waves, also known as plate waves or guided waves, are the combination of 

compressional wave and shear wave that only occur in thin sheets or thin plates. Lamb waves 

are dispersive and exist in several modes, such as symmetrical waves (Figure 2.1d) or 

asymmetrical waves (Figure 2.1e). Lamb waves are particularly useful for detecting longitudinal 

separations in metals or composite laminates. 

 
 

Figure 2.1.  Different types of ultrasonic waves [18]. 

 

2.2 Charac ter i s t i c  acous t i c  impeda n ce ,  r ef l e c t ion and 

trans m is s ion  

Impedance is frequently used in electrical and mechanical applications to describe energy 

transfer characteristics at various boundaries. The acoustic impedance Za is defined as the ratio 
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between the pressure and velocity in an acoustic wave. For a plane propagating wave, this is a 

material property called the characteristic acoustic impedance, and is equal to:  

 ,Z c   (2.2) 

where ρ is the material density and c is the wave velocity. 

 

Figure 2.2.  Normal incident wave at the boundary between two media [19]. 
 

When an acoustic wave strikes a plane boundary between two media with different 

characteristic acoustic impedance as shown in Figure 2.2, part of the wave will be reflected and 

the rest will be transmitted. The greater the difference, the larger the amount of energy will be 

reflected. When the characteristic acoustic impedances are known at both sides, it is possible to 

calculate the pressure transmission and reflection coefficients [19]: 

 2

1 2

2
p

ZT
Z Z




  (2.3) 

 2 1

1 2
p

Z ZR
Z Z





  (2.4) 

where Z1 and Z2 are the characteristic acoustic impedances of material 1 and 2 given by (2.2). 

 

2.3 P has e  ve loc i ty  a nd  group ve loc i t y  

Phase velocity is the speed at which the phase of any one frequency component of the wave 

propagates in space. In other words, it is the velocity of a single frequency. The phase velocity 

(cp) is given by [20]: 
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 / ,pc k   (2.5) 

where k = 2π/  is the wave number, and ω = 2πf is the angular frequency. 

In a dispersive medium, phase velocity is a function of frequency, causing the shape of a 

pulse to change with the propagation distance. Therefore, it may be necessary to take into 

account the fact that the propagation speed is frequency-dependent. 

Group velocity of a wave is the velocity with which the variations in the shape of the 

wave’s amplitude, known as the envelope of the wave, propagate through space. Group velocity 

corresponds physically to the velocity at which energy or information is conveyed along the 

direction of propagation. An example of the phase velocity and group velocity is shown in 

Figure 2.3. 

 
Figure 2.3.  Group velocity and phase velocity. 

 

The group velocity (cg) is given by [20]: 

 g
dc
dk


   (2.6) 

The group velocity can be expressed in terms of the phase velocity by the following 

equation [20]: 

 p
g c

dc
c c

d



    (2.7) 

where cc is the phase velocity at the center frequency. 
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2.4 Wave  propagat i on  

2.4.1 Wave propagation in homogeneous elastic media 

It was mentioned previously that sound waves propagate due to the vibrations or oscillatory 

motions of particles within a materials. In the solids, both compressional and shear waves can 

propagate and the propagation of acoustic waves is given by [20]:  

 

2
2 2

2

2
2 2

2 ,

L
l L

S
s S

V c V
t
V

c V
t


 




 


  (2.8) 

where VL and VS are the particular velocity vectors; cl and cs are the compressional and shear 

wave velocities, respectively. 

The compressional and shear wave velocities in a solid material is given by [20]: 
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  (2.9) 

where E is Young’s modulus, G is the shear modulus,  is Poisson’s ratio of material, and ρ is 

the density of material. 

Solving these equations for E and  gives: 
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  (2.10) 

Therefore, it is possible to determine E and  if the values of , cl, and cs are known. 

 

2.4.2 Wave propagation in anisotropic elastic media 

In anisotropic elastic media, the elastic properties depend on the direction of propagation of the 

acoustic waves. For an arbitrary direction in a crystal, three wave types can generally 

propagate, i.e. one quasi-longitudinal wave and two quasi-transverse waves. However, there are 
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special directions called symmetry axes along which pure compressional or shear waves 

propagate. The relationship between sound velocity and elastic properties for infinite 

anisotropic elastic solids is described in detail in [21]. 

In the case of composite materials, if the scattering particles in the materials are assumed to 

be spherical and much smaller than the wavelength, the elastic properties can be modeled to 

show how the amount of scatters (volume fraction of filler) affects velocity. Many models have 

been formulated to describe the bulk properties of random heterogeneous composite materials. 

Two common models are Reuss and Voigt [22]. These two models are the simplest models 

applied to two phase composites, and lead to extreme upper and lower limits. Hashin and 

Shtrikman proposed a better approach in [23]. Devaney and Levine have proposed another 

model based on a self-consistent formulation of multiple-scattering theory. From these models, 

it is possible to predict the compressional and shear wave velocities of composite materials. It 

was noted that Devaney model has agreed best with experimental data reported in literature 

[24]. In this thesis, without having the properties of components inside the composite material, 

the acoustic properties of the composite materials cannot be modeled and predicted. 

 

2.5 At te nuat i on of  ul tras onic  waves  

When sound travels through the medium, its intensity decreases with travelling distance. 

Ultrasonic attenuation is specifically defined as the decay rate of acoustic waves as it 

propagates through the material. It is responsible for the loss of acoustic energy due to 

scattering and absorption [25]. 

Scattering is the reflection of sound in directions other than its original direction of 

propagation. It results from the fact that the material is not strictly homogeneous but contains 

acoustic interfaces in which densities or sound velocities are different [25]. Therefore, when an 

ultrasonic wave is incident on a discontinuity, e.g. dispersed particle, small cracks, it is 

scattered in directions different from that of the incident wave. By that way, the ultrasonic 

intensity is decreased. Scattering by particles with the diameters much smaller than the 
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wavelength is called Rayleigh scattering. Rayleigh scattering has strong frequency dependence, 

thus useful for tissue characterization. 

Absorption is the process where ultrasonic energy is transformed into other forms of 

energy and ultimately into heat. It is influenced by the ultrasound frequency, the viscosity and 

relaxation time of the medium [26]. The relaxation time describes the rate at which molecules 

return to their original position after being displayed by a force. If the medium has a long 

relaxation time, the molecules are still moving when the compression phase of the next wave 

arrives. Therefore, more energy is required to stop and reverse the direction of the molecules, 

thereby producing more heat. A highly viscous fluid has more absorption than a low viscosity 

fluid. In term of frequency, the molecules move more often when increasing the frequency, 

thereby generating more heat from the drag caused by friction. As the frequency is increased, 

less time is available for molecules to recover during relaxation process, so the molecules 

remain in motion and more energy is necessary to stop and redirect them, thus producing more 

absorption [26].  

The attenuation increases so consequently the intensity of ultrasound decreases with 

increasing distance, which is why the depth of penetration in medical imaging is reduced as the 

operating frequency increases. Attenuation is generally expressed in terms of the amplitude of 

an acoustic wave in the form of the exponential function [25]: 

 0 ,dA A e    (2.11) 

where A0 is the amplitude of the propagating wave at some locations, A is the reduced amplitude 

after the wave has traveled a distance d from the initial location, and α is the attenuation 

coefficient expressed in Nepers per unit length.  

The attenuation coefficient can be expressed in units of decibels (dB) per unit length as 

follows [25]: 

 0
10

20 logdB
A

d A
    (2.12) 
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Chapter 3 
 
 
 
 

Determination of Velocity and 
Attenuation of Ultrasonic Waves 
 
 
 
 
 
3.1 Speed  of  s ound i n water  

The speed of sound in water was measured by using two different approaches, and compared to 

each other. Figure 3.1 shows the schematic diagram of the experiment setup for measuring the 

speed of sound in water with two different approaches. 

 

Figure 3.1.  Schematic diagram of the experiment setup for measuring the speed of sound in water: (a) 

the first approach, and (b) the second approach. 

 
In the first approach (Figure 3.1a), the speed of sound in water is the ratio of travelling 

distance (s) to transmission time (t) of the acoustic wave between two transducers, as given by: 
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 w w w
sc c c
t

      (3.1) 

where wc and wc are the mean value and the uncertainty of the speed of sound in water, 

respectively. The distance between two transducers was measured with a caliper. 

The measurement accuracy of the speed of sound in water is calculated as a geometrical 

sum of the uncertainties of the measurements of the travelling distance and the transmission 

time of the acoustic wave [27]: 
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c c sc s t s t
s t t t

                              
  (3.2) 

where wc
i




 is the partial derivative of cw with respect to the ith measured variable, ∆s and ∆t are 

the uncertainties of the measurements of the travelling distance and the transmission time of the 

acoustic wave, respectively. 

 

Figure 3.2.  Different criteria for measuring transmission time of ultrasonic waves [5]. 

 
In order to determine the transmission time (t), i.e. transit time, three different criteria have 

been presented in [5], as shown in Figure 3.2. These different criteria are as follows: (i) First 

arrival: the time marker is placed at the point of first apparent deviation from the horizontal 
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(time) axis; (ii) Thresholding: the amplitude of the first half cycle of the received wave is 

measured, and the time marker is positioned at a point on the rising edge of the signal 

corresponding to 10% of that amplitude; (iii) First zero crossing: the time marker is placed at 

the point where the received waveform first crosses the time axis. These different criteria for 

transit time measurement result in significant differences in the calculated velocities. In this 

first approach, the first arrival criterion was used for assessing the transit time. However, this 

criterion still involves subjective assessments, thus resulting in errors in the measurement. 

To obtain a better result, the second approach was implemented as shown in Figure 3.2(b). 

S1 is the first received pulse without reflection backs to the transmitter, and S2 is the second 

received pulse after consecutively reflecting at the front face of the receiver, the transmitter, 

and coming back to the receiver. The speed of sound in water is then calculated as follows: 

 
2 1

2
w w w

sc c c
t t

   


  (3.3) 

where t2 − t1 is the time difference of the transmission time between the first pulse and the 

second pulse received at the receiver. The measurement uncertainty is calculated by: 
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  (3.4) 

The time difference (t2 − t1) is determined by two ways: using the first arrival criterion as 

mentioned above to determine t1 and t2, or taking the auto-correlation of the signal and finding 

its maximum. This can be done in software, e.g. MATLAB (The MathWorks, Natick, MA), 

which has this as a built-in. This approach is preferred to other criteria such as threshold 

detection, which has been shown to be more accurate and performs better in low signal to noise 

ratio environments, especially in highly attenuated materials [28]. 
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3.2 Cros s -corre la t i on a lg or i t hm f or  e s t im at i ng  t he  

trans i t  t i me  d i f f erence  be twee n two s ig na l s  

Cross-correlation is a mathematical operation that is used to measure the similarity of two 

waveforms. It is widely used to estimate the relative time between two signals [29]. Without a 

sample inserted, an ultrasonic waveform transmitted through water between two transducers is 

recorded at the receiver as a reference signal x(t). After inserting a sample, another ultrasonic 

waveform y(t) is recorded, and compared with the reference signal. The cross-correlation 

between two signals is defined by [30]: 

 
0

1( ) lim( ) x(t) y( )
T

xy T
R t dt

T
 


    (3.5) 

where T is the recording period. Cross-correlation measures the similarity between x and shifted 

(lagged) copies of y as a function of the lag. The time difference (τ) is determined by locating 

the time at which the cross-correlation xyR reaches a maximum. This point is equal to the time 

shift that the received signal has been shifted to overlap with the reference signal. At this time-

shift, the two signals are most similar. 

An example of the cross-correlation function is shown in Figure 3.3. With an aluminum 

sample inserted, the received signal arrives before the reference signal and the amplitude of the 

signal is reduced (Figure 3.3a). The correlated signal is defined when the received signal with 

the Al sample inserted (red line) has been shifted along the time axis while keeping the received 

signal without the Al sample (blue line). The peak of the correlation function occurs when the 

peak of the received signal with the Al sample inserted coincides with the received signal 

without the Al sample. The time difference is the time lag of the maximum peak of the 

correlation function (Figure 3.3b). As can be seen in Figure 3.3, the reference pulse from 

propagation in water is shown in blue. The red curve is the trace received after propagation 

when a sample is inserted into the water. The graph below shows the cross-correlation between 

the two traces. A positive lag corresponds to a pulse arriving before the reference pulse. The 
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cross-correlation curve has several peaks, corresponding to the time-shifts where the pulse 

traversed though the sample, and its reverberations, overlap with the reference pulse. 

If the signal y(t) is replaced by signal x(t),we have the auto-correlation function [30]: 

 
0

1( ) lim( ) x(t) x( )
T

xx T
R t dt

T
 


    (3.6) 

The auto-correlation function is used to determine the time delay between the first received 

pulse (S1) and the second received pulse (S2) shown in Figure 3.1(b). 

 
 (a) 

 
 (b) 
Figure 3.3.  (a) Received signals with and without an aluminum (Al) sample inserted, and (b) the cross-

correlation function of two signals. 

 
 

3.3 Mode conversion at oblique incidence angle 

In non-viscous liquid, the propagation of shear waves is not possible because the energy is 

totally dissipated; thus only compressional waves exist. In viscous liquids, the shear waves are 

strongly attenuated, and can only travel a very small distance in order of micrometers. 

Therefore, only compressional waves can be propagated in liquids [31][32]. However, the wave 

propagation in solids is more complex than in liquids because both compressional and shear 

waves can simultaneously propagate in solids. 
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Figure 3.4.  Mode conversion of an acoustic wave in a fluid-immersed sample at an oblique incidence 

angle [10]. The solid-lines represent the compressional waves and the dashed-lines represent the shear 

waves. 

 
The incident angle is defined as the angle between the acoustic axis and the normal vector 

of the reflecting surface of the sample. When an acoustic wave impinges upon a sample from 

water with a normal incidence angle, only compressional waves are transmitted. However, 

when an acoustic wave impinges with an oblique incidence angle θi >0, another type of waves 

are generated. This phenomenon is called mode conversion. Mode conversion occurs when a 

wave encounters an interface between materials of different acoustic impedances at an oblique 

incidence angle. A part of the acoustic wave is reflected back into water, whereas the remaining 

acoustic wave is transformed into compressional waves and shear waves inside the sample. 

Since fluids cannot support shear wave propagation, only the compressional wave is reflected 

back into the fluid at the fluid-solid interface, as shown in Figure 3.4. The angles θl and θs are 

the transmission angles of the compressional and shear waves in the solid sample, respectively. 

These angles will be the incident angles for the coming acoustic wave at the next solid-fluid 

interface. The transmitted waves emerge with the angles of θLL and θLS to the normal vector of 

the solid-fluid interface. If same fluid is used on both sides, which is most common, the wave 

will leave the sample at the same angle as the incident wave, i.e. θLL = θLS = θi. These two 

transmitted waves are the compressional waves in the fluid, one generated from the 

transmission of the compressional wave and the other converted from the transmitted shear 

wave. The angles θs and θl are also the incident angles of the acoustic waves reflected at the 

solid-fluid interface into both compressional and shear wave components. 
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According to the Snell’s law, the relationship between these above-mentioned angles and 

the wave velocities is as follows: 

 ,
sin sin sin

w l s

i l s

c c c
  

    (3.7) 

where cl and cs are the velocity of compressional and shear waves in materials, respectively. 

At the normal incidence angle (θi = 0), only the compressional waves are propagated in the 

sample. Increasing the incident angle results in the propagation of both compressional and shear 

waves. If the speed of sound in the sample is larger than in the liquid, there will exist a critical 

angle. When the sample is rotated beyond this first critical angle at which the refracted angle 

for compressional waves reaches 90 degrees, the compressional waves no longer exist in the 

material. Therefore, only the shear waves are propagated in the sample. The calculation of the 

first critical angle θcr1 is as follows: 

 1
1 sin ( )w

cr
l

c
c

    (3.8) 

The incident angle at which the refracted angle for the shear waves reaches 90° is called the 

second critical angle. Increasing θi greater or equal to the second critical angle θcr2, shear waves 

are no longer generated in the sample. Instead, surface waves are propagated along the surface 

of the sample. All the ultrasonic energy is reflected and transformed into the interface wave 

propagation [10]. The second critical angle θcr2 is defined by: 

 1
2 sin ( )w

cr
s

c
c

    (3.9) 

Based on these principles, it is possible to excite the compressional and shear modes 

separately in the sample, and determine the velocity of compressional and shear waves. For 

materials, with cw is greater than cs, the second critical angle does not exist. Also, for the 

somewhat less common situation where cw is greater than cl, even the first critical angle will not 

exist. 
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3.4 Group ve loc i ty  of  ul tras onic  wa ves  

3.4.1 Group velocity of compressional waves 

The group velocity of compressional wave in the sample can be determined by two different 

methods: time-of-flight method and reverberation method. These two methods only consider 

ultrasonic pulses at a normal incidence angle, i.e. the acoustic wave is normally incident to the 

sample. 

In the time-of-flight method, the transit time of the ultrasonic waves from the transmitter to 

the receiver in the presence of the sample (ts) and without the sample (tw) is measured. The 

time-of-flight difference, i.e. time difference (∆t = ts - tw), between these two received signal is 

then calculated. The time difference (∆t) can be determined by determining ts, and tw using the 

first arrival criterion (see Section 3.1), or by using the cross-correlation. The velocity of 

compressional wave in the sample (cl) can be calculated as [9][33]: 

 
(t t ) c1

w
l l l

s w w

cc c c

d

   



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where cw is the speed of sound in water obtained in the Section 3.1, and d is the sample 

thickness; lc and lc are the mean value and the uncertainty of the velocity of compressional 

wave in the sample, respectively. The uncertainty of the velocity of compressional wave is 

calculated as follows: 
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  (3.11) 

The time difference between two signals (∆t) is negative when the velocity of 

compressional wave in the sample is larger than the speed of sound in water. For most solids, 

this will be the case, and the time difference is negative. However, for some materials like soft 

polymers, the compressional velocity within the sample is lower than the speed of sound in 

water, thus the time difference is positive. 
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By using the time-of-flight method, the determination of the compressional velocity can be 

done without knowing the distance between two transducers, thus reducing the uncertainty in 

the measurement of velocity. Only the propagation of the signal through the sample with 

thickness (d) immersed in water is compared to the propagation of the reference signal through 

the same water distance. However, this method requires the knowledge of the speed of sound in 

water. 

In the reverberation method (Figure 3.5), the first received pulse (S1) is the transmitted 

pulse in a straight line through the sample without reflection, and the second received pulse (S2) 

is the pulse reflected consecutively at the back side and the font side of the sample before going 

to the receiver. The velocity of compressional wave in this case is calculated as: 
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The uncertainty of the velocity of compressional wave in this case is given by: 
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Figure 3.5.  Signal paths in measuring the velocity of compressional wave in a sample. 

 

3.4.2 Group velocity of shear waves 

The measurement of the shear wave velocity is implemented similar to that of the 

compressional wave. However, the measurement of the time-of-flight difference (∆t = ts - tw) is 

more complex due to the difference in the travelling distances between the reference signal 

transmitted through only water and the signal transmitted through both water and sample. 

Figure 3.6 shows the geometry diagram for determining the shear wave velocity. The shear 
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wave is propagated through a sample of thickness (d) has an incident angle (θi,), and a refracted 

angle (ߠs). The travelling distance of the shear wave in the sample is d1, and the travelling 

distance of reference signal without the sample inserted is d2. 
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The time for the shear wave to travel the distance d1, and the time for the reference signal to 

travel a distance d2 are as follows: 
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Figure 3.6.  Geometry diagram for determining shear wave velocity. 

 
The time difference between the reference signal and the transmitted shear wave is given 

by: 
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From the Snell’s law: 
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Furthermore, from trigonometry we have: 

 2 2 2

2

cos( ) cos cos sin sin

sin sincos( ) cos 1

s i s i s i

s i s i
s i i

w w

c c
c c

     

 
  

  

   
  (3.18) 

Substituting (3.17) and (3.18) into (3.16), the time difference is given by: 
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The shear wave velocity can be derived from (3.19) [33]: 
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The uncertainty of the shear wave velocity is calculated as follows:  
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  (3.21) 

where sc
i




is the partial derivative of cs with respect to the ith measured variable, ∆θi is the 

uncertainty of the rotation angle measurement. 

 

3.5 P has e  ve loc i ty  a nd  a t te nua t i on of  ul tras onic  waves  

3.5.1 Phase velocity and attenuation coefficient of compressional waves 

The phase velocity and the attenuation as function of frequency were calculated from 

transmission of short broadband pulses, using FFT to find their spectra. The measurement was 

performed in two steps. In the first step, without inserting sample between transducers, the 

output signal was acquired. The FFT algorithm was used to calculate the amplitude (Aw) and the 

phase spectra ( w ) of the acquired signal. In the second step, the sample was inserted between 

the transducers and the output signal was obtained. Its amplitude (As) and phase spectra ( s ) 
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were also computed. The phase velocity and attenuation coefficient were determined by 

comparing the spectra of Fourier transforms of the signals received, with and without sample 

inserted [9][31]. To eliminate the rapid–changing component in the phase spectrum and avoid 

the ±2mπ phase ambiguity in calculating the phase spectrum from the arctangent function, the 

pulse center was first shifted (circularly rotating) to the beginning of the sampling window 

[16][34]. The phase spectrum of the shifted pulse was then calculated. 

 
 (a) (b) 

Figure 3.7.  (a) Original received pulse without sample inserted, and (b) its phase spectrum. 

 
The original received pulse without sample inserted, and its phase spectrum are shown in 

Figure 3.7. In the measurement, the sampling window was used to extract significant parts of 

the received pulse; therefore the received pulse was sampled after a certain time delay (Figure 

3.8a). The origin of time in calculating the phase spectrum of the received pulse using the FFT 

algorithm is the beginning of the sampling window. In order to reduce the phase uncertainty of 

the phase spectrum, after using the sampling window, the pulse was padded with zeros to fix 

the length (Figure 3.8b). A procedure of circularly rotating the pulse to the left was applied, and 

the phase spectrum was then calculated using the FFT algorithm, as shown in Figure 3.9 [16]. 
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 (a) 

 
 (b) 
Figure 3.8.  (a) Original pulse with sampling window, and (b) the pulse after using sampling window 

and adding with zero. 

 



Chapter 3.  Determination of velocity and attenuation of ultrasonic waves 
 

 

29 

 
 (a) 

 
 (b) 

Figure 3.9.  (a) The circularly shifted pulse, and (b) phase spectrum of the circularly shifted pulse. 

 
Using this procedure, the phase velocity (cl) and the attenuation coefficient ( l ) of the 

compressional wave are calculated as follows similar to the group velocity (3.20) [31][35]: 
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  (3.22) 

where w is the attenuation of water which is must smaller than αl and therefore can be ignored 

[16], cw is the speed of sound in water (see Section 3.1), τ is the trigger delay of the two time 
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windows used to acquire the signal, TTP is the total transmission coefficient for the longitudinal 

wave. The determination of TTP will be discussed in the next section. 

The uncertainty of the phase velocity and attenuation of compressional wave is calculated 

by: 
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where ∆TTP denotes the uncertainties of the measurement of the total transmission coefficient 

for the compressional wave. 

 

3.5.2 Phase velocity and attenuation coefficient of shear waves 

With an incident angle greater than the first critical angle, only shear waves can propagate 

through the sample. The phase velocity (cs) and the attenuation coefficient ( s ) of the shear 

wave can be calculated similar to the group velocity (3.20) [9][35]: 
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  (3.25) 

where θi is the angle of incidence, θl is the refractive angle of the shear wave calculated from 

Snell’s law, TTS is the total transmission of the shear wave, w  is the attenuation of water and 

can be ignored. 

The uncertainty of the phase velocity of the shear wave is calculated as follow: 
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3.6 T rans mis s ion c oe f f i c i ent  of  com pres s iona l  and  

s hear  wave s  a t  ob l iq ue  i nc ide nc e  ang le  

3.6.1 Transmission coefficients at fluid-solid interface 

As shown in Figure 3.4, a compressional wave propagating in a fluid toward a solid plane 

boundary can result in both transmitted compressional wave and shear wave into the solid and a 

part of the acoustic wave is reflected back into fluid. The proportions of the energy of the 

original sound wave that are reflected or transmitted as compressional or shear waves are 

associated with reflection and transmission coefficients. The transmission coefficients of the 

refracted compressional wave (TL1) and shear wave (TS1) can be computed by the following 

equations [36]: 
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where Zw is the acoustic impedance of the fluid, ZL and ZS are the acoustic impedances of the 

compressional and shear waves in the solid, respectively, ρw and ρs are the density of water and 

the sample, respectively. From (3.27), it should be noted that no shear wave is transmitted into 

the solid at normal incident angle, i.e. θi = 0.  

The specific acoustic impedances are given by: 
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where θi is the angle of incidence, θl and θs are the refractive angle of the compressional wave 

and shear wave calculated from Snell’s law, respectively. 

 

 



Chapter 3.  Determination of velocity and attenuation of ultrasonic waves 
 

 

32 

3.6.2 Transmission coefficients at solid-fluid interface 

Figure 3.10 shows the reflection and refraction of the ultrasonic waves at a solid-fluid interface. 

The compressional wave (IL) impinges on the solid-fluid interface, resulting in three types of 

waves: reflected compressional wave (RL1), shear wave (RS1), and refracted compressional 

wave (TLL), as shown in Figure 3.10(a). The refracted angle of the refracted compressional 

wave transmitted into the fluid is equal to the incident angle of the original wave impinges onto 

the liquid-solid interface (see Figure 3.4). Figure 3.10(b) shows that when the shear wave (IS) 

impinges on a solid-fluid interface, reflected compressional wave (RL2), shear wave (RS2), and 

refracted compressional wave (TLS) are obtained. 

 
 (a) (b) 
Figure 3.10.  Reflection and refraction of (a) a compressional wave, and (b) a shear wave at a solid-fluid 

interface. 

 
The transmission coefficients of the shear wave (TS2) and the compressional wave (TL2) at 

the solid-fluid interface are calculated as follows [36]: 
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  (3.29) 

 

3.6.3 Total transmission coefficients  

The transmission through the plate is found as the product of the two transmission coefficients 

above. Note that since this considers pulse transmission through a plate, reverberations are not 

included, as they are removed by time-gating. This should not be confused with the more 
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common formulation of transmission through a plate, including all internal reflections and 

giving thickness-dependent resonances. The total transmission coefficients for each wave mode 

is the product of the two transmission coefficients of the wave from water to the sample and 

from the sample to water [9][34]. The total transmission coefficients of the compressional wave 

(TL) and shear wave (TS) can be calculated as follows: 
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  (3.30) 

From (3.27), (3.29) and (3.30), the transmission coefficients for the compressional wave 

and shear wave can be plotted as the function of the incident angle to illustrate the critical 

angles and transmission of the waves through the sample. 

Substitute (3.27) and (3.29) into (3.30), the total transmission coefficient for the 

compressional wave at normal incident angle (θi =0), (3.30) reduces to: 
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The uncertainty of the total transmission coefficient for the compressional wave at normal 

incidence angle is given by: 
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where TPT
i




is the partial derivative of TTP with respect to the ith measured variable, ∆Zw, and 

∆Zl are the uncertainty of the acoustic characteristic impedance of water and the sample, 

respectively. 

 

3.7 D i f frac t ion l os s  in a t te nuat i on meas ureme nts  

The acoustic waves emitted by a transducer into a sample are not confined to a region defined 

by the area of the transducer and the normal to its emitting surface as assumed in the simplest 

case [37]. Because of the finite size of the transducer, the acoustic beam spreads out into a 
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diffraction field. This geometrical phenomenon, called diffraction, causes an apparent 

amplitude loss and phase shift in the received echo signal. When the diameter of the transducer 

is much larger than the acoustic wavelength, the effects of diffraction on the phase of the 

received signal have been found very small [2]. A number of authors have studied the effects of 

diffraction for the diffraction correction [37][38][39]. The expression of the diffraction 

correction is given by [39]: 
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According to (3.32), the effects of diffraction are solely determined by the parameters 

2/ ( )s zc fa  where a is the radius of the transducer, z is the travelling distance, c is the 

ultrasonic velocity, and f is the ultrasonic frequency [16]. 

The diffraction corrections with the sample (DLs) and without the sample (DLw) are 

calculated as follows [9]. 
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where sw, and ss are the Fresnel parameters [16]: 

 

2

2 2

,

( ) ( )

w
w

w l
s

Dcs
fa
D d c dc fs

fa fa




 

 

 (3.35) 

where D is the distance between two transducers, d is the sample thickness, cw and cl are 

frequency dependent phase velocities of water and the sample, respectively. 

The attenuation coefficients in (3.22) and (3.25) are then modified as follows: 
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If the transducer is focused, both the distance z and radius a need to be normalized by a 

factor /F F z    where F is the focal distance. 
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Setup for Acoustic Material 
Characterization 
 
 
 
 
 
4.1 B roadba nd t hr oug h- tra ns mis s ion tec hni q ue  

Figure 4.1 shows the experimental setup for the broadband through-transmission technique for 

measuring acoustic velocity and attenuation of materials. Two pairs of transducers were used, 

one with center frequency 5 MHz (Olympus C309-SU, Olympus Inc., Waltham, MA), and 

another with center frequency 10 MHz (Olympus V327-SU, Olympus Inc., Waltham, MA). 

Each pair of transducers was coaxial aligned and immersed in a cylindrical water tank (∅inner = 

128 mm, ∅outer = 160 mm, h = 320.5 mm). A sample with thickness d was mounted vertically in 

a manual 360° rotation stage, where the rotation axis goes through the center of the sample. 

Three different sample holders were tested; these are shown in Figure 4.2. The sample was 

placed halfway between the two transducers, and could be rotated to vary the incident angle of 

the acoustic wave relative to the sample. The transmitting transducer was excited by a pulser-

receiver (Panametrics 5800, Olympus Inc., Waltham, MA), set to transmit short electrical 

pulses with a repetition rate of 100Hz. The output waveforms were recorded by a digital 

oscilloscope (LeCroy 9310AM, Teledyne LeCroy, Chestnut Ridge, NY). The signals were 

sampled at sampling rate 100 MS/s at 8 bit vertical resolution. Each of the digitized waveforms 

was averaged over 64 times to improve signal to noise ratio (SNR). The receiving transducer 

was connected to the “CH1” port of the oscilloscope. The “CH2” port of the oscilloscope was 
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connected to “SYNC Out” of the pulser-receiver. The oscilloscope was set to start acquisition 

when a sync-pulse was received from the pulser-receiver. The pulses received by the 

oscilloscope were transferred to a computer using the GPIB interface, using software written in 

LabVIEW (National Instruments Inc., Austin, TX) and stored to disk. Processing was done 

offline using MATLAB software (The MathWorks, Natick, MA). 

 

Figure 4.1.  Experimental setup for the broadband through-transmission technique for characterizing 

acoustic properties of materials. 

 

 

Figure 4.2.  Three different types of sample mounts. The holder to the left is obtained by making threads 

in the sample, and screwed the post into the sample. The holders to the right are based on optical mounts 

from Standa ltd. (Vilnius. Lithuania). 
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Before measuring the speed of sound in samples, the speed of sound in water was 

measured. The travelling time between the two transducers was registered using the sync-signal 

from the pulser-receiver as the start reference, and registering the received pulse on the 

oscilloscope using delayed trigger and zoom. This allowed reading the received pulse at the full 

100 MS/s sample rate, i.e. at 10 ns precision. In addition, the position where the sample surface 

is perpendicular to the acoustic axis could be found by using the pulse-echo mode of the pulser-

receiver. At normal incidence, the amplitude of echoes from front and back faces of the sample, 

and all the reverberations, reaches their maximum level. The speed of sound in the samples was 

measured using the through-transmission mode. The measurement procedure was as follows. 

Without inserting the sample, the output signal received at the receiving transducer was 

obtained. A sample was then immersed in the water tank, and placed between the two 

transducers. The trigger delay was adjusted so that the shifting of the waveform caused by 

putting the sample into the water tank was approximately compensated, keeping the received 

pulse inside the oscilloscope window. The sample was rotated to find the angle giving normal 

incidence, θi = 0. This was obtained by looking at the signal in the oscilloscope, and rotated to 

maximum amplitude of the main signal and the reverberations. At this angle, the second signal 

was acquired. 

In most samples, the compressional wave velocity is larger than the speed of sound in 

water. In this case, there exists a critical angle of incidence, above which no sound is 

transmitted into the sample. The critical angle was measured in both directions by rotating the 

sample clockwise and counterclockwise while observing the oscilloscope and registering at 

which angles the first signal vanished. These angles were interpreted as the critical angles, 

hence, the critical angle was found as half of the difference between these two angles. When the 

sample was rotated above the critical angle, the signal from the compressional wave 

disappeared, while a new signal with smaller amplitude appeared. This signal is somewhat 

delayed compared to the signal from the compressional wave, and is interpreted as coming from 

shear wave propagation in the sample. In order to achieve better accuracy, the sample was 
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rotated until the compressional wave signal disappears completely. Figure 4.3 shows the 

received signal measured with the 5 MHz transducer pair in the case with Eccosorb MF-117 

sample inserted at the normal incidence angle (θi=00) and at an oblique incidence angle greater 

than critical angle (θi=450). It was noted that at the normal incidence angle, there are some 

pulses in the received signal because of reverberations from the front face and back face of the 

sample. When the sample was rotated to θi=450 above the critical angle, the new received signal 

(red line) showed a smaller amplitude and more delayed compared to the received signal at the 

normal incidence angle (blue line). In addition, it can be seen that the compressional component 

totally disappears when rotating the sample over the critical angle. 

 

Figure 4.3.  Received signal measured with the 5 MHz transducer pair in with Eccosorb MF-117 inserted 

at a normal incidence angle (blue line), and at an oblique incidence angle (red line). 

 
The speed of sound in the sample was determined as the group velocity, as described in 

Section 3.4. The compressional wave properties were measured at normal incidence, as this 

allows reading out the reverberations, obtaining the best accuracy. The shear wave properties 

were measured at oblique incidence, as no shear wave conversion exists at normal incidence. 

The amplitude and phase spectra of the received signal were calculated by Fast Fourier 

Transform, FFT. By comparing the spectra of the signals received with and without sample 

inserted, the phase velocity and attenuation of the ultrasonic waves as function of frequency 

were calculated.  
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Most measurements were done at room temperature, but the temperature was monitored by 

a thermometer. In addition, one study was made to investigate how the temperature influenced 

the phase velocity and attenuation in samples of the materials PMMA and Eccosorb MF-117. 

The temperature was controlled by first heating the water in the tank containing the sample. 

Then, the acoustic properties of the sample were measured as the water and the sample 

passively cooled down, while monitoring the temperature. The procedure of first heating and 

then passively cooling was chosen to avoid creation of air-bubbles due to the heating. 

This thesis describes measurements on a selection of materials, both homogenous, i.e. 

aluminum (one sample) and PMMA (one sample), and composites, i.e. Eccosorb MF-117 (two 

samples with different thicknesses). In addition, six samples of two different materials were 

provided from Kongsberg Maritime. The composition of these materials is unknown to us. For 

each sample, the measurement procedure was repeated at least 5 times in order to improve the 

measurement accuracy. 

 

4.2 M eas ur i ng  s ample  d ime ns i ons  and  dens i t i e s  

The main reason for investigating the aluminum block, was to test the performance of the 

system on a known reference material. Note however that aluminum comes in different alloys, 

and the exact composition of this block was not known. The aluminum block was rectangular 

block with a surface area of 58.34 × 45.96 mm2. A Heidenhain-Metro length gauges (MT 60M 

Dr. Johannes Heidenhain GmbH, Traunreut, Germany) was used to measure the sample 

thickness. The thickness was measured at ten different points, as illustrated in Figure 4.3, five 

points (brown dots) on the front side, and five points on the back side at the same positions. The 

results are given in Table 4.1. 

The standard deviation of the Al sample thickness was calculated as follows: 
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where σ is the standard deviation, d and di are the mean value and the ith measured thickness, n 

is the total number of measurements. The MT 60M length gauge has accuracy ± 0.5 μm [40], 

which is much smaller than the variations found in the measurements, hence, the uncertainty in 

this measurement depends mainly on the standard deviation. 

 

 

Figure 4.4.  Geometry of the measured Al sample and thickness measurement procedure. 

 
Table 4.1.  Thickness measurement of the Al sample. 

Measurement No. Measured thickness (mm) 
1 20.383 
2 20.385 
3 20.357 
4 20.370 
5 20.389 
6 20.393 
7 20.397 
8 20.372 
9 20.364 

10 20.375 
Mean value 20.379 

 
The density of the Al sample can be calculated as the ratio of its mass to volume, ρAl = 

mAl/VAl. The mass of the Al sample was measured by using a SI-234 weighting scale (Denver 

Instruments, Bohenmia, NY, USA) [41]. The volume of the Al sample was calculated by 

multiplying its width, length, and thickness. 

A polymethyl methacrylate (PMMA) rectangular block with a surface area of 49.05× 44.96 

mm2 and the two Eccosorb MF-117 samples with different thicknesses are shown in Figure 4.4 

and Figure 4.5, respectively. Six samples of two different materials were provided from 

Kongsberg Maritime is shown in Figure 4.6. Because two Eccosorb MF-117 samples are small, 
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therefore the volume of these samples is measured by using the Graduated Cylinder 100 ml. 

The thickness and density of other samples were calculated in the same way as for Al sample. 

  

Figure 4.5.  Geometry of PMMA sample. 

 

 
 (a)  (b) 

Figure 4.6.  Geometry of two Eccosorb MF-117 samples: (a) sample 1, and (b) sample 2. 

 

 
 

Figure 4.7.  Geometry of six unknown material samples from Kongsberg Maritime. 

 

A1 A2 A3 B1 B2 B3 
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Chapter 5 
 
 
 
 

Results and Discussions 
 
 
 
 
 
5.1 T hic knes s  and  dens i ty  of  s ample s  

Prior to measuring the acoustic properties of the samples, their thicknesses and densities were 

measured. The measurement results of the thickness and density of samples are shown in 

Tables 5.1 and 5.2. 

Table 5.1.  Thickness and density of Al, PMMA, and Eccosorb MF-117 samples. 

Sample No. Density (g/cm3) Thickness (mm) 
Al 2.69 ± 0.09 20.38 ± 0.01 

PMMA 1.18 ± 0.06 29.78 ± 0.02 
Eccosorb sample 1 4.18 ± 0.20 5.16 ± 0.01 
Eccosorb sample 2 1.94 ± 0.03 

 
 

Table 5.2.  Thickness and density of six unknown material samples from Kongsberg Maritime. 

Sample No. Density (g/cm3) Thickness (mm) 
A1 

1.15 ± 0.06 
34.67 ± 0.05 

A2 24.90 ± 0.01 
A3 20.12 ± 0.01 
B1 

1.42 ± 0.07 
29.45 ± 0.01 

B2 19.06 ± 0.01 
B3 9.34 ± 0.01 

 
 

5.2 Speed  of  s ound i n water  

The speed of sound in water was measured at 19.5°C ± 0.5°C by using the setup shown in 

Figure 4.1, without a sample inserted between two transducers. Using the first approach in 

Section 3.1 (Figure 3.1a) and the 5 MHz transducer pair, the signal and its power spectrum 
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were obtained, as shown in Figure 5.1. The distance between two transducers was measured by 

using a stainless hardened digital caliper with a precision of ±0.03 mm [42]. Table 5.3 presents 

the measured distance and the transmit time of signal from transmitter to receiver. Using (3.1) 

and (3.2), the speed of sound in water (cw) was 1480.3 ± 0.5 m/s. 

 
 (a) (b) 

Figure 5.1.  (a) Received signal measured with the 5 MHz transducer pair without a sample inserted, and 

(b) its power spectrum. 

 

Table 5.3.  Travelling distance and transmit time of the signal between two transducers. 

Testing No. Travelling distance (mm) Transit time (μs) 
1 116.15 78.48 
2 116.18 78.47 
3 116.14 78.46 

Mean value ± ∆ 116.16 ± 0.03 78.47 ± 0.02 
 

Using the second approach in Section 3.1 (Figure 3.1b), the speed of sound in water was 

also calculated. The time differences obtained by using the first arrival criterion and the auto-

correlation function in MATLAB (Figure 5.2) were 156.88 ± 0.02 μs, and 156.90 ± 0.01 μs, 

respectively. Using (3.3) and (3.4), the speed of sound in water was 1480.9 ± 0.4 m/s and 

1480.7 ± 0.4 m/s, corresponding to the time differences calculated by using the first arrival 

criterion or the auto-correlation function, respectively. 
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 (a) 

 
 (b) 

Figure 5.2.  (a) Received signal measured with the 5 MHz transducer pair without a sample inserted, and 

(b) its auto-correlation function. 

 

 
 (a) (b) 

Figure 5.3.  (a) Received signal measured with the 10 MHz transducer pair without a sample inserted, 

and (b) its power spectrum. 

 
Using the 10 MHz transducer pair, the signal and its power spectrum were obtained, as 

shown in Figure 5.3. In this case, the measured distance between two transducers was 113.74 ± 

0.03 mm. Table 5.4 presents the comparison of the speed of sound in water between two 

measurement approaches and literature. The speed of sound in water obtained by using these 

two approaches was relevant with the published values in literature, except slightly higher in 
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the speed of sound measured with the 10 MHz transducer pair. A small difference of 0.1% in 

the speed of sound in water was found when measuring with two transducer types. The 

difference could come from the uncertainty in the measurement of the travelling distance. 

Using the auto-correlation function could give better results with higher accuracy [28]. 

Therefore, these values were chosen for further calculations in this thesis, i.e. 1480.7 ± 0.4m/s 

(at 5 MHz) and 1481.0 ± 0.4 m/s (at 10 MHz). 

 
Table 5.4.  Comparison of the speed of sound in water measured with two different approaches and 

literature. 

Speed of sound in water 
(m/s) 

Measured values 
(at 5 MHz) 

Measured values 
(at 10 MHz) Published values 

First approach 1480.3 ± 0.5 1480.4 ± 0.6 1480.80 [43] 
Second approach 

(using the first arrival criterion) 1480.9 ± 0.4 1481.2 ± 0.4 1480.81 [44] 

Second approach  
(using auto-correlation function) 1480.7 ± 0.4 1481.0 ± 0.4  

 
 

5.3 Acous t i c  proper t i e s  of  the  a lumi num s ample  

5.3.1 Group velocity of ultrasonic waves 

Figure 5.4 shows the received signals with and without Al sample inserted, and their cross-

correlation function. Using the time-of-flight method, the time difference between the received 

signals, with and without sample inserted, was 10.56 ± 0.01 μs, determined by using the cross-

correlation function in MATLAB. The measurements were done at 19.5°C ± 0.5°C. From 

(3.10) and (3.11), the group velocity of compressional wave in the Al sample (cl) was 6362 ± 

18 m/s, using the speed of sound in water of 1480.7 ± 0.4 m/s (at 5 MHz). 

Using the reverberation method (see Figure 5.5), the time difference between the received 

signals was 6.37 ± 0.01 μs, determined by using the auto-correlation function in MATLAB 

(Figure 5.5). From (3.12) and (3.13), the group velocity of compressional wave in the Al 

sample was 6398 ± 7 m/s. Table 5.5 shows the group velocity of compressional wave in Al 

sample measured with the 5 MHz  and 10 MHz transducer pairs. 
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 (a) 

 
 (b) 

Figure 5.4.  (a) Received signals measured with the 5 MHz transducer pair with and without the Al 

sample inserted, and (b) their cross-correlation function. 

 

 
 (a) 

 
 (b) 

Figure 5.5.  (a) Received signal measured with the 5 MHz transducer pair with Al sample inserted, and 

(b) its auto-correlation function. 

 
Table 5.5.  Group velocity of compressional wave in the Al sample. 

Transducer pair Method Time-of-light Reverberation 
5 MHz Group velocity of 

compressional wave 
(m/s) 

6362 ± 18 6398 ± 7 

10 MHz 6338 ± 18 6388 ± 7 

References 6374 [45][46][47], 6420 [7], 6330 [48] 
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From Table 5.5, the biggest difference in the compressional wave velocity in Al sample 

between different methods is less than 0.9%. The obtained values are close to the published 

values given in the literature. It was noted that aluminum comes in different alloys, and the 

exact composition of this Al sample is not known. The values in the references are the velocity 

of compressional wave in different kinds of aluminum. For the time-of-flight method, the 

uncertainty of the group velocity of compressional wave is approximately 0.3 % in both cases, 

and mainly affected by the measurement of sample thickness. However, for the reverberation 

method, the uncertainty is approximately 0.1%, more dependent on the measurement of transit 

time. Using the reverberation method, the requirement of the speed of sound in water is 

eliminated. The uncertainty is just only affected by the measurement of time and thickness as 

seen in (3.13), thus resulting in a lower uncertainty. 

At an oblique incidence angle, both compressional wave and shear wave are propagated in 

the samples. Because the first critical angle for the water-aluminum interface is approximately 

13.4°, an incidence angle of 15° was chose to determine the group velocity of shear wave. 

Table 5.6 presents the group velocity of shear wave in the Al sample, calculated by using (3.23) 

and the uncertainty of the shear wave velocity was calculated by using (3.24). The group 

velocity of shear wave in the Al sample measured with both transducer types was identical and 

relevant to published values. The uncertainty in the measurement of the group velocity of shear 

wave in Al sample was 0.6%. The main error probably resulted from the uncertainty in 

measuring the incident angle. 

 

Table 5.6.  Group velocity of shear wave in the Al sample. 

Transducer pair Group velocity of shear wave 
(m/s) 

5 MHz 3121 ± 18 
10 MHz 3121  ± 18 

References 3111 [45][46][47], 3120 [48] 
 

The acoustic impedance of the Al sample was calculated from the obtained group velocity 

of compressional wave. The acoustic impedances of Al sample at 5 MHz and 10 MHz were 
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17.21 MRayl and 17.18 MRayl, respectively, which are relevant to the value of 17.21 MRayl 

reported in [48]. Figure 5.6 shows the total transmission coefficients of compressional and 

shear waves as a function of incident angle, using (3.30) with the material parameters measured 

from experiments: ρAl = 2.69 g/cm3
, cl = 6398.4 m/s, cs = 3121.3 m/s (at 5 MHz), and cl = 6388.4 

m/s, cs = 3121.5 m/s (at 10 MHz). Using (3.31), the total transmission coefficient of 

compressional wave measured at 5 MHz and 10 MHz with the normal incidence angle is TL = 

0.2913 and TL = 0.2918, respectively (Figure 5.6). It should be noted that at the normal 

incidence angle only compressional wave is transmitted. Increasing the incident angle (θi), both 

compressional and shear waves are excited in the Al sample. When the incident angle is larger 

than the first critical angle of ~14°, the compressional wave is extinguished. The conversion 

efficiency to the shear waves then becomes greater than that for compressional waves prior to 

the first critical angle. As can be seen in Figure 5.6, the transmission coefficients of 

compressional and shear waves were equal to zero at the first critical angle (~14°), and the 

second critical angle (~28°), respectively. Similar diagrams are shown in [49]. 

 
 (a) (b) 

Figure 5.6. Calculated total transmission coefficients of the compressional and shear waves in the Al 

sample based on velocity measured with (a) the 5 MHz transducer pair, and (b) the 10 MHz transducer 

pair at 19.5°C ± 0.5°C. 

 
5.3.2 Phase velocity and attenuation of ultrasonic waves 

Figure 5.7 shows two received signals measured with the 5 MHz transducer pair at the normal 

incidence angle and their power spectra. The power spectrum of the received signal with the Al 
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sample inserted was normalized by dividing with that without the Al sample. It was observed 

that with the Al sample inserted, the amplitude of the received signal decreases compared with 

that without the Al sample. This is natural as a portion of ultrasonic energy was reflected back 

into water, and the signal was attenuated when propagating in the Al sample. Based on the -6 

dB bandwidth of the received pulse without Al sample inserted, the useful frequency ranges 

were chosen from 2.5 MHz to 6.0 MHz for the 5 MHz transducer pair, and from 5.5 MHz to 

10.5 MHz for the 10 MHz transducer pair. 

 
 (a) (b) 

Figure 5.7.  (a) Received signals measured with the 5 MHz transducer pair at the normal incidence angle, 

with and without the Al sample inserted, and (b) their power spectra. 

 
Figure 5.8 shows the phase velocity of compressional wave and shear wave, calculated by 

using (3.22) and (3.25). A small dispersion of the phase velocity was observed in the 

investigated frequency range from 2.5 MHz to 10.5 MHz, showing a good agreement with the 

published values in [50]. We found an increase of approximately 0.5% in the phase velocity of 

compressional wave (from 6345 m/s to 6374 m/s), and a decrease of 0.5% in the phase velocity 

of shear wave (from 3136 m/s to 3121 m/s) over the frequency range from 2.5 MHz to 10.5 

MHz. The dispersion of the phase velocity of compressional and shear waves were 3.6 

m/s/MHz and 1.9 m/s/MHz, respectively. In addition, the phase velocity values of 

compressional and shear waves were similar when measuring with both transducer types. The 

phase velocity of ultrasonic waves in the Al sample at 5 MHz and 10 MHz are close to the 
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group velocity shown in Table 5.5 and Table 5.6. The summary of acoustic properties of the Al 

sample is presented in Table 5.7, in which the uncertainty of the phase velocity of 

compressional and shear waves were calculated by using (3.23) and (3.26), respectively. 

 
 (a) (b) 

Figure 5.8.  Phase velocity of compressional and shear waves in the Al sample versus frequency 

measured with (a) the 5 MHz transducer pair, and (b) the 10 MHz transducer pair at 19.5°C ± 0.5°C. 

 
Table 5.7.  Acoustic properties of the Al sample. 

 

Frequency Acoustic impedance 
(MRayl)) 

Phase velocity (m/s) 
Compressional wave Shear wave 

5 MHz 17.21 6372 ± 15 3129 ± 18 
10 MHz 17.18 6374 ± 15 3121 ± 18 

 

Similar to the measurement of group velocity, the measuring thickness of the Al sample 

and resolution of incident angle are the two main sources that lead to errors in measuring phase 

velocity of compressional and shear waves, respectively.  

Using (3.22) and (3.25), the attenuation of ultrasonic waves in the Al sample, measured 

with the 5 MHz transducer pair, was calculated (Figure 5.9). The attenuation of compressional 

and shear waves in the Al sample were 0.32 ± 0.11 dB/cm and 4.18 ± 0.07 dB/cm, respectively. 

As can be seen in Figure 5.9, the plot diagram of the attenuation is significantly fluctuated, 

especially for the compressional wave attenuation. The attenuation of compressional wave is 

slightly higher than the published value in [51], i.e. 0.2 dB/cm. 
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Figure 5.9.  Attenuation coefficients of compressional and shear waves in the Al sample measured with 

the 5 MHz transducer pair at 19.5°C ± 0.5°C. 

 
From Table 5.7, when measuring with the 5 MHz transducer pair, the acoustic impedance 

of Al was (ZAl = 17.21 MRayl), which is quite different from the acoustic impedance of water 

(Zwater = 1.5 MRayl [7]). Thus, a part of ultrasonic energy could be reflected to water. 

Approximately 70% ultrasonic energy was reflected from Al because the transmission 

coefficient of compressional wave in Al is ~0.29. Aluminum is a low absorbing material and 

the fluctuated curve as shown in Figure 5.9 could be result from the influence of noises on the 

received signal. The attenuation of ultrasonic waves in the Al sample at 10 MHz had also 

measured, but the obtained results are unreliable thus they were not reported in this thesis. 

Since aluminum gives strong reflections at the interfaces, while the attenuation is very low, 

small uncertainties in the transmission coefficients will have strong influence on the attenuation 

calculations, and precise attenuation measurements are difficult. 

 

5.4 Acous t i c  proper t i e s  of  the  PMMA s ample  

5.4.1 Group velocity of ultrasonic waves 

The speed of sound in water was first measured by using the second approach (see Section 3.1), 

i.e. cw = 1482.3 ± 0.4 m/s. The measurements were done at 20°C ± 0.5°C. Figure 5.10 shows 

the received signals measured using the 5 MHz transducer pair at the normal incidence angle, 
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with and without PMMA sample inserted, and their power spectra calculated using the FFT. As 

shown in Figure 5.10(a), the received signal with the PMMA sample inserted arrived before 

compared with that received without the PMMA sample inserted. The amplitude of the received 

signal in the presence of PMMA sample was lower than that without PMMA sample. Based on 

the -6dB bandwidth of the power spectrum of the received signal without sample inserted, the 

useful frequency ranges were chosen from 2.5 MHz to 6 MHz with the 5 MHz transducer pair. 

The group velocity of compressional wave was calculated by using (3.10) and (3.11). 

 
 (a) (b) 

Figure 5.10.  (a) Received signals measured with the 5 MHz transducer pair without and with PMMA 

sample at the normal incidence angle, and (b) their power spectra. 

 

 
 (a) (b) 

Figure 5.11.  (a) Received signals measured with the 5 MHz transducer pair without and with PMMA 

sample at an oblique angle of 38°, and (b) their power spectra. 



Chapter 5.  Results and discussions 
 

 

53 

An incident angle of 38° was chosen for the measurement of shear waves in PMMA, which 

is larger than the first critical angle of 32.79° for water-PMMA interface, calculated by using 

(3.8). In this case, the received signals and their power spectra are shown in Figure 5.11. A 

small-amplitude of the received signal in the case with PMMA sample inserted was observed. 

This could be because a large amount of ultrasound energy was absorbed while propagating 

through the PMMA sample at the oblique angle of 38°. 

 
 (a) (b) 

Figure 5.12.  (a) Received signals measured with the 10 MHz transducer pair without and with PMMA 

sample at the normal incidence angle, and (b) their power spectra. 

For the 10 MHz transducer pair, the investigated frequency was chosen from 5.5 MHz to 

10.5 MHz based on the -6 dB bandwidth of the power spectrum of the signal received without 

PMMA sample inserted. The received signals measured at the normal incidence angle, with and 

without PMMA sample inserted, and their power spectra are shown in Figure 5.12. From the 

observation, a higher ultrasonic energy was absorbed when ultrasonic waves propagate through 

the PMMA sample, compared with the previous results obtained with the 5 MHz transducer 

pair (Figure 5.10b). 

Table 5.8 presents the comparison of the acoustic properties of PMMA between the 

measurement results and published values in literature, which shows a good agreement. In 

addition, the group velocity of compressional wave in the PMMA sample measured with both 

transducer types was similar. 
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Table 5.8.  Comparison of the acoustic properties of PMMA between measurement results and published 

values in literature. 

Transducer 
pair 

Acoustic impedance 
(MRayl) 

Group velocity (m/s) 
Compressional wave Shear wave 

5 MHz 3.22 2737.1 ± 2.3 1390.1 ± 0.7 
10 MHz 3.22 2739.6 ± 2.3 1400.9 ± 0.6 

References 3.26 [52] 2746 ± 3 [53], 2740 [15] 1392 ± 2 [53], 1390[54] 
 

 

5.4.2 Phase velocity and attenuation of ultrasonic waves 

The phase velocity and attenuation of compressional and shear waves in the PMMA sample 

measured with the 5 MHz and 10 MHz transducer pairs are shown in Figures 5.13 and 5.14, 

respectively. The phase velocity of compressional and shear waves was determined by using 

(3.22) and (3.25), respectively. In both cases, the phase velocity of both compressional and 

shear waves had small negative dispersion within the investigated frequency range. For the 5 

MHz transducer pair, the changes in the phase velocities of compressional and shear waves 

were 0.2% (from 2746.8 m/s to 2740 m/s) and 0.4% (from 1394 m/s to 1388 m/s), respectively 

(Figure 5.13). Their average dispersion values were ~2 m/s/MHz for both compressional and 

shear wave velocity. The phase velocity found for the compressional wave at 5 MHz was 2741 

± 2 m/s, which is close to the reported value in [55], i.e. 2750 m/s. As can be seen in Figure 

5.13, the attenuation coefficients increased linearly with frequency, which is the characteristic 

of viscoelastic materials [9]. Alternatively, the attenuation increased 0.8 dB/cm/MHz for the 

compressional wave and 2 dB/cm/MHz for the shear wave. It was noted that the attenuation of 

shear wave was much larger than that of the compressional wave. The attenuation of the 

compressional wave at 5 MHz was 5.17 dB/cm (~59.5 Np/m), which corresponds well with 

published values in literature, i.e. 60.84 Np/m [55] and 61 Np/m [56]. 
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 (a) (b) 

Figure 5.13.  Phase velocity and attenuation of (a) compressional and (b) shear waves in the PMMA 

sample measured at 20°C ± 0.5°C using the 5 MHz transducer pair. 

 

 
 (a) (b) 

Figure 5.14.  Phase velocity and attenuation of (a) compressional and (b) shear waves in the PMMA 

sample measured at 20°C ± 0.5°C using the 10 MHz transducer pair. 

 
For the 10 MHz transducer pair, the trend was similar (Figure 5.14). The percentage 

negative dispersion of the phase velocity of the compressional wave and shear wave were 

0.16% (from 2741.4 m/s to 2737 m/s), and 0.6% (from 1393.5 m/s to 1385.5 m/s), respectively. 

Their dispersion values were ~0.9 m/s/MHz and 1.7 m/s/MHz for compressional wave and 

shear wave, respectively. In addition, the phase velocity of compressional wave in the PMMA 

sample almost doubled that of the shear wave. Moreover, the phase velocity of compressional 

wave was about twice that of the shear wave. The difference in the phase velocities measured at 
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5 MHz and 10 MHz were less than 0.3%. At 10 MHz, the phase velocity of compressional 

wave and shear wave was 2738 ± 2 m/ and 1386 ± 0.5 m/s, respectively. In addition, these 

values are close to the group velocity shown in Table 5.6. In the frequency range from 1 MHz 

to 10 MHz, materials have very small dispersion; thus the phase velocity is approximately equal 

to the group velocity [9]. 

According to the power-law relation, the attenuation also significantly increases when using 

the 10 MHz transducer pair [19]. However, the percentage increase in attenuation of the 

compressional wave and shear wave over the investigated range was lower, i.e. 54% (0.6 

dB/cm/MHz) and 55% (1.8 dB/cm/MHz) respectively. The attenuation coefficient of 

compressional wave was 8.23 dB/cm (~94.76 Np/m), which is lower than the value of 105.90 

Np/m reported in [55]. This difference could be because the published data was obtained at 

higher temperature (21.24°C). A summary of acoustic properties of the PMMA sample are 

presented in Table 5.9 in which the uncertainty of the attenuation measurement of 

compressional wave was calculated from (3.24), whereas the uncertainty of the attenuation 

measurement of shear wave was the standard deviation of the measurements. 

 

Table 5.9.  Acoustic properties of the PMMA sample. 

Frequency 
Compressional wave Shear wave 

Phase velocity 
(m/s) 

Attenuation 
(dB/cm) Phase velocity (m/s) Attenuation 

(dB/cm) 
5 MHz 2741 ± 2 5.17 ± 0.06 1389 ± 0.6 13.4 ± 0.4 
10 MHz 2738 ± 2 8.23 ± 0.06 1386 ± 0.5 22.5 ± 0.4 

 

Figure 5.15 shows the total transmission coefficients of compressional wave and shear 

wave as a function of the incident angle, calculated by using (3.30). The first critical angle for 

the water-PMMA interface, calculated from (3.8), was approximately 32.8° when using both 

transducer types. At the normal incidence angle, only compressional wave was excited in the 

PMMA, the compressional transmission coefficient was approximately 0.86 for both cases, and 

the shear transmission coefficient was zero. When increasing the incident angle prior to the first 

critical angle, both compressional and shear waves were excited in PMMA. At this angle, 

several interesting phenomena occurred. First, the transmission coefficient was zero, this means 
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all of the incident energy was reflected and no energy was being carried away from the surface. 

Second, the shear transmission coefficient was zero at the first critical angle, beyond which the 

shear wave reappeared. Because the velocity of shear wave in PMMA is slower than the speed 

of sound in water, thus no second critical angle or shear wave critical angle phenomena 

occurred. 

 
 (a) (b) 

Figure 5.15.  Total transmission coefficients of compressional and shear waves in the PMMA sample 

measured with (a) the 5 MHz transducer pair, and (b) the 10 MHz transducer pair at 20°C ± 0.5°C. 

 
 

5.5 Acous t i c  proper t i e s  of  the  E ccos orb  M F -117  

s ample s  

5.5.1 Group velocity of ultrasonic waves 

The speed of sound in water was first measured by using the second approach (see Section 3.1), 

i.e. cw = 1482.3 ± 0.4 m/s. Two samples of Eccosorb MF-117 with different thicknesses were 

characterized at 19°C ± 0.5°C. Figures 5.16 and 5.17 show the received signal measured with 

the 5 MHz transducer pair at the normal incidence angle, with and without the Eccosorb 

samples 1 and 2 inserted, and their power spectra. As can be seen from Figure 5.17(a), because 

of having a thin thickness of 1.94 mm, there was an interference between the first and second 

pulse in the received signal with the Eccosorb sample 2 inserted (red line). With a larger 

thickness of 5.16 mm, more ultrasonic energy was absorbed when ultrasonic waves propagate 
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through the Eccosorb sample 1. As a result, the amplitude of the received signal with the 

Eccosorb sample 1 inserted was lower than that of the Eccosorb sample 2 inserted. The group 

velocity of compressional and shear waves were calculated by using (3.10), (3.11), (3.23) and 

(3.24). The obtained results are presented in Table 5.10. In each sample, the difference in the 

group velocity between using the 5 MHz transducer pair and the 10 MHz transducer pair was 

less than 0.6%. The uncertainty in the measurement of group velocity in both samples were less 

than 0.3% and the uncertainty in the measurement of group velocity in the Eccosorb sample 2 

was higher than that of the Eccosorb sample 1 because the thickness measurement of sample 1 

is more exactly. 

 

Table 5.10.  Acoustic impedance and group velocity of ultrasonic waves in Eccosorb MF-117 samples. 

Transducer 
pair Sample 

Acoustic 
impedance 

(MRayl) 

Group velocity (m/s) 

Compressional wave Shear wave 

5 MHz 1 (d = 5.16 mm) 10.43 2495.0 ± 7 1359.6 ± 2 
2 (d = 1.94 mm) 10.36 2480.2 ± 22 1386.9 ± 4 

10 MHz 1 (d = 5.16 mm) 10.48 2507.1 ± 7 1367.2 ± 2 
2 (d = 1.94 mm) 10.38 2484.5 ± 22 1380.5 ± 4 

 

 

 
 (a) (b) 

Figure 5.16.  (a) Received signals measured with the 5 MHz transducer pair at the normal incidence 

angle with and without the Eccosorb sample 1 inserted (d = 5.16 mm), and (b) their power spectra. 
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 (a) (b) 

Figure 5.17.  (a) Received signals measured with the 5 MHz transducer pair at the normal incidence 

angle with and without the Eccosorb sample 2 inserted (d = 1.94 mm), and (b) their power spectra. 

 
 

5.5.2 Phase velocity and attenuation of ultrasonic waves 

The interference in the received signals due to the thin thickness of the Eccosorb sample 2 leads 

to the difficulty in accurately determining the phase velocity and attenuation of the 

compressional wave. Therefore, at the normal incidence angle only the phase velocity and 

attenuation of compressional wave in the Eccosorb sample 1 were obtained. Figures 5.18 and 

5.19 show the phase velocity and attenuation of compressional and shear waves in the Eccosorb 

sample 1 as a function of frequency measured with the 5 MHz and 10 MHz transducer pairs, 

respectively. The phase velocity of compressional and shear waves in the Eccosorb sample 1 

showed a small negative dispersion as in the PMMA sample, though it was slightly higher. 

For the 5 MHz transducer pair, the percentage dispersion of phase velocity of 

compressional wave and shear wave were 0.7% (from 2511 m/s to 2493 m/s) and 1% (1372 m/s 

to 1358 m/s) over the investigated frequency range, respectively (Figure 5.18).Their average 

dispersion values were 5 m/s/MHz and 4 m/s/MHz for the phase velocity of compressional and 

shear waves, respectively. On the contrary, the attenuation of compressional and shear waves 

increased linearly with the increasing frequency. An increase of 91% (from 8.3 dB/cm to 15.9 

dB/cm) for the attenuation of compressional wave and an increase of 101% (from 19.9 dB/cm 

to 40 dB/cm) for the attenuation of shear wave were observed over the studied frequency range. 
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The attenuation showed a strong dependence on frequency with the increasing of 2.2 

dB/cm/MHz and 5.8 dB/cm/MHz for compressional and shear wave attenuation, respectively. It 

was noted that the attenuation of shear wave was higher than that of compressional wave. 

 
 (a) (b) 

Figure 5.18.  Phase velocity and attenuation of (a) compressional wave and (b) shear wave in the 

Eccosorb sample 1 (d = 5.16 mm) measured with the 5 MHz transducer pair. 

 

 
 (a) (b) 

Figure 5.19.  Phase velocity and attenuation of (a) compressional wave and (b) shear wave in the 

Eccosorb sample 1 (d = 5.16 mm) measured with the 10 MHz transducer pair. 

 
For the 10 MHz transducer pair, the phase velocity of compressional and shear waves 

decreased by 0.3% (from 2510 m/s to 2502 m/s) and 0.7% (from 1375 m/s to 1366 m/s) over 

the investigated frequency range, respectively. The negative dispersion of the phase velocity of 

compressional and shear waves were 1.8 m/s/MHz and 2 m/s/MHz, respectively. It was found 

that the differences in phase velocities at 5 MHz (2498 m/s) and 10 MHz (2503 m/s) were less 
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than 0.2 %. In addition, the attenuation also increased linearly with frequency, i.e. a 36% 

increase (2 dB/cm/MHz) in compressional wave attenuation and an 87% increase (6.8 

dB/cm/MHz) in shear wave attenuation. The attenuation of shear wave was around 2.5 times 

higher than that of the compressional wave. At 10 MHz, a high attenuation of shear wave in the 

Eccosorb MF-117 sample 1 was obtained, which is 70.46 dB/cm. 

Figure 5.20(a) shows a cross-section SEM image of the Eccosorb MF-117 sample. As can 

be seen in Figure 5.20(a), the Eccosorb MF-117 sample contains particles with diameters 

ranging from approximately 1 μm to 5 μm, which is much smaller than the wavelengths studied 

here, being larger than 250 μm (at 10 MHz) and 491 μm (at 5 MHz). This could explain to the 

reason why the frequency had minor effects on the phase velocity. The element analysis of one 

particle was also done, which showed a large percentage of iron in the particle (Figure 5.20b). 

 
 (a) (b) 

Figure 5.20.  (a) Cross-section SEM image of the Eccosorb MF-117 sample, and (b) the element analysis 

of one particle. 

 

Figure 5.21 shows the calculated total transmission coefficients of the compressional and 

shear waves in the Eccosorb sample 1. Similar results were obtained when measuring with both 

transducer types. The first critical angle, calculated from (3.8), was around 36°. The shear wave 

velocity in the Eccosorb MF-117 was approximately 1361 m/s, less than the speed of sound in 

water at the same temperature, therefore the second critical angle at the water-Eccosorb 

interface could not observed. 
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 (a) (b) 

Figure 5.21.  Total transmission coefficients of compressional and shear waves in the Eccosorb sample 1 

measured with (a) the 5 MHz transducer pair and (b) the 10 MHz transducer pair. 

 
The phase velocity and attenuation of the shear wave in the Eccosorb sample 1 were also 

characterized at different incident angles (Figure 5.22). A small variation in the phase velocity 

and attenuation of the shear wave was observed in the incident angle range from 38° to 50°. 

The difference in phase velocities at different incident angles in the studied angle range was 

less than 0.4%. 

 
 (a) (b) 

Figure 5.22.  (a) Phase velocity and (b) attenuation of shear wave in the Eccosorb sample 1 at different 

incident angles. 
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 (a) (b) 

Figure 5.23.  Phase velocity and attenuation of shear wave in the Eccosorb sample 2 (d = 1.94 mm) 

measured with (a) the 5 MHz transducer pair and (b) the 10 MHz transducer pair. 

Table 5.11.  Acoustic properties of the Eccosorb MF-117 samples. 

Transducer 
pair Sample 

Compressional wave Shear wave 
Phase velocity 

(m/s) 
Attenuation 

(dB/cm) 
Phase velocity 

(m/s) 
Attenuation 

(dB/cm) 

5 MHz 1 (d = 5.16 mm) 2498  ± 2 14.6 ± 0.6 1361 ± 1 35.1 ± 0.8 
2 (d = 1.94 mm) X X 1367 ± 2 37.9 ± 0.8 

10 MHz 1 (d = 5.16 mm) 2503 ± 2 25.1  ± 0.6 1367 ± 1 70.5 ± 1.1 
2 (d = 1.94 mm) X X 1371 ± 2 70.9 ± 1.2 

 

Figure 5.23 shows the phase velocity and attenuation of shear wave in the Eccosorb sample 

2 measured with the 5 MHz transducer pair and the 10 MHz transducer pair. For the 5 MHz 

transducer pair, we found a decrease of 0.7% (2.6 m/s/MHz) in phase velocity and an increase 

of 85% (5.3 dB/cm/MHz) in attenuation of the shear wave over the frequency range from 2.5 

MHz to 6 MHz. For the 10 MHz transducer pair, a decrease of 0.4% (1.2 m/s/MHz) and an 

increase of 66% (5.8 dB/cm/MHz) in the phase velocity and attenuation of shear wave were 

obtained, respectively. 

The mean average values of the shear wave velocity and attenuation of the Eccosorb 

sample 2 over the frequency range investigated when using the 5 MHz transducer pair were 

1369.5 m/s and 31 dB/cm, respectively. For the 10 MHz transducer pair, these values were 

1373.3 m/s and 62 dB/cm. These values are similar to those of the Eccosorb sample 1. The 

acoustic properties of Eccosorb MF-117 at 5 MHz and 10 MHz measured at 19°C ± 0.5°C are 
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summarized in Table 5.11. It was noted that the phase velocity and attenuation of the shear 

wave in the Eccosorb samples 1 and 2 were almost the same, thus showing small variation in 

this kind of material. 

 

5.6 Acous t i c  proper t i e s  of  the  unkn own ma ter ia l  

s ample s  from K ongs berg  M ar i t ime  

5.6.1 Group velocity of ultrasonic waves 

Figure 5.24 shows the received signal measured with the 5 MHz transducer pair at the normal 

incidence angle, with and without the sample A3 inserted, and their power spectra at 20°C ± 

0.5°C. For the sample B1, the received signals at the normal incidence angle, with and without 

sample inserted, and their power spectra are shown in Figure 5.25. As can be seen in Figures 

5.24 and 5.25, the attenuation of compressional wave in the samples A, and B was quite large 

because the signal amplitude received with the sample inserted are much lower than that 

received without the sample. Table 5.10 presents the group velocity of the compressional wave 

in the samples A, and B with different thicknesses, calculated by using (3.10) and (3.11). Table 

5.10 shows that for each material the group velocity of compressional wave was similar. 

 
 (a) (b) 

Figure 5.24.  (a) Received signals measured with the 5 MHz transducer pair at the normal incidence 

angle, with and without sample A3 inserted, and (b) their power spectra. 
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 (a) (b) 

Figure 5.25.  (a) Received signals measured with the 5 MHz transducer pair at the normal incidence 

angle, with and without sample B1 inserted, and (b) their power spectra. 

 
Table 5.12.  Acoustic impedance and group velocity of compressional wave in the samples A, and B. 

Sample Acoustic impedance 
(MRayl) 

Group velocity of 
compressional wave (m/s) 

A1 (d = 34.67 mm) 2.43 2110.5 ± 2.0 
A2 (d = 24.90 mm) 2.43 2113.2 ± 1.9 
A3 (d = 20.12 mm) 2.41 2097.1 ± 2.1 
B1 (d = 29.45 mm) 2.87 2519.3 ± 2.1 
B2 (d = 19.06 mm) 2.87 2522.4 ± 2.0 
B3 (d = 9.34 mm) 2.87 2527.2 ± 2.3 

 

5.6.2 Phase velocity and attenuation of ultrasonic waves 

Figure 5.26 shows the phase velocity and attenuation of the compressional wave in the samples 

A with different thicknesses as a function of frequency range from 2.5 MHz to 6 MHz. The 

phase velocity of the compressional wave in all samples A had a negative velocity dispersion of 

approximately 0.7% within the investigated frequency range (Figure 5.26a). The difference in 

phase velocity between the samples A was less than 0.4%. The phase velocity of compressional 

wave in the samples A1, A2, and A3 at 5 MHz were 2102 m/s, 2106 m/s, and 2098 m/s, 

respectively. The dispersion values in the sample A1, A2, and A3 were 4.6 m/s/MHz, 4.3 

m/s/MHz, and 4.0 m/s/MHz, respectively. In addition, the attenuation was found to increase 

linearly with increasing frequency, approximately 145% for the sample A1 and 170% for the 

samples A2, and A3. The attenuation of compressional wave in the sample A1, A2 increased by 
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3.5 dB/cm/MHz and 4.2 dB/cm/MHz for sample A3. There was a small fluctuation in the phase 

velocity and attenuation of the compressional wave in the samples A1 and A2 in the frequency 

range from 5.2 MHz to 6 MHz. This could be because the effects of noises on the measurement 

of the velocity and attenuation. As shown in Figure 5.26(b), the attenuation of compressional 

wave in the samples A is quite high, thus leading to the significant decrease in the signal 

amplitude received with the samples A inserted (see Figure 5.24). The attenuation of 

compressional wave in the samples A with different thicknesses were close to each other. 

 
 (a) (b) 

Figure 5.26.  (a) Phase velocity and (b) attenuation of compressional wave in the samples A with 

different thicknesses measured with the 5 MHz transducer pair. 

 

 
 (a) (b) 

Figure 5.27.  (a) Phase velocity and (b) attenuation of compressional wave in the samples B with 

different thicknesses measured with the 5 MHz transducer pair. 
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The first critical angle, which was calculated from (3.8) is approximately 45° (for all 

samples A1, A2 and A3). The received signal at the incident angle of 50° was acquired to 

calculate the phase velocity and attenuation of the shear wave in the samples A1, A2, A3. 

Because of high attenuation, the amplitude of the received signal at the incident angle (θi=500) 

greater was very small. This causes the interference between the received pulses and noises. 

Although the settings about energy, gain and attenuation parameters for the pulser-receiver 

(Panametrics 5800, Olympus Inc., Waltham, MA) had changed to increase the amplitude of 

received signals and reduce noises, but the shear wave velocity and corresponding attenuation 

coefficient could not be able to measure in the samples A1, A2, A3 exactly. In addition, another 

sample with larger surface dimension 92×58 mm2 and smaller thickness (d = 18mm) was also 

used to characterize the acoustic properties of the shear wave, but still could not measure the 

shear wave velocity and attenuation exactly. 

The phase velocity and attenuation of the compressional wave in the samples B1, B2, B3 

are shown in Figure 5.27. In all the samples, the phase velocity of the compressional wave 

showed a similar trend to that on samples A1, A2, A3 but slightly higher. The dispersive 

percentage of the compressional wave phase velocity in the different samples B1, B2, B3 was 

approximately 0.95% within the frequency range of interest. Their average dispersion values 

were approximately 6.1 m/s/MHz for samples B1, B2 and 5.8 m/s/MHz for the sample B3. On 

the contrary, the attenuation of compressional wave showed a strong dependence on frequency 

with the increasing of 215% (3.9 dB/cm/MHz) for the sample B1 and 190% (3.5 dB/cm/MHz) 

for the samples B2, B3 within the studied frequency range. The phase velocity and attenuation 

of the compressional wave in different samples are summarized in Table 5.13.  

As can be seen from Table 5.13, there are small differences in phase velocity and 

attenuation of the compressional wave in the different samples with various thicknesses. This 

could be because the differences in the material distribution among the samples. Comparing to 

the values of group velocity in Table 5.12, the difference between the values of group velocity 

and phase velocity was less than 0.4%. The phase velocity of the compressional wave in the 
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sample A3 and B1 at 5 MHz were 2098 ± 1 m/s and 2516 ± 1.3 m/s, respectively; these values 

are approximately 0.5% higher than given values from the company, i.e. 2090 m/s and 2500 

m/s for the sample material A and B, respectively. 

Using (3.8), the first critical angle of the water-sample B interface was approximately 

36.1°. The received signal when the angle of incidence 40° was acquired to calculate the shear 

wave velocity and attenuation. However, the phase velocity of the shear wave and 

corresponding attenuation could not measure because of the high attenuation. 

 

Table 5.13.  Phase velocity and attenuation of compressional wave in samples A, and B at 5 MHz. 

Samples Compressional wave 
Phase velocity (m/s) Attenuation (dB/cm) 

A1 (d = 34.67 mm) 2102 ± 1.5 18.75 ± 0.04 
A2 (d = 24.90 mm) 2106 ± 0.9 17.72 ± 0.05 
A3 (d = 20.12 mm) 2098 ± 1.0 18.56 ± 0.04 
B1 (d = 29.45 mm) 2516 ± 1.3 17.80 ± 0.08 
B2 (d = 19.06mm) 2518 ± 1.5 18.05 ± 0.09 
B3 (d = 9.34 mm) 2521 ± 1.5 18.03 ± 0.09 

 

 

5.7 T emperature  e f f ec t s  on acous t i c  proper t i e s  of  

PMM A and E ccos orb  M F -117  s ample s  

The temperature dependence of the speed of sound in water was first investigated. It has been 

known that the speed of sound in water depends on the temperature, and can be described as a 

function of the temperature by the following polynomial [43]. 

 
5

0

n
w n

n
c k T



  (5.1) 

where T is the temperature, and kn is the polynomial coefficients presented in Table 5.14. 

Table 5.14.  Polynomial coefficients [43]. 

n kn 
0 0.140238754 × 104 

1 0.503711129 × 101 
2 -0.580852166 × 10-1 
3 0.334198834 × 10-3 
4 -0.147800417 × 10-5 
5 0.314643091 × 10-8 
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Figure 5.28.  Speed of sound in water as a function of temperature. 

 

Figure 5.28 shows the experiment results of the measurement of the speed of sound in 

water at different temperatures 19°C, 20°C, 25°C, 30°C, 37°C, and 40°C (red points) compared 

to the theoretical curve plotted from (5.1). It was observed that the speed of sound in water is 

relevant with theoretical results. The difference between obtained results and theoretical results 

was less than 0.1%. The speed of sound in water increased with temperature, reaching the 

maximum value of 1557 m/s at 74 °C. Above this temperature, the speed of sound in water 

decreased with the increasing temperature. 

The temperature effects on phase velocity and attenuation of compressional and shear 

waves in the PMMA and Eccosorb MF-117 samples were investigated in a temperature range 

from 19 °C to 37°C. Figure 5.29 shows the phase velocity and attenuation of compressional and 

shear waves in the Eccosorb MF-117 samples versus temperature. For Eccosorb MF-117, at 

both 5 MHz (5 MHz transducer pair) and 10 MHz (10 MHz transducer pair), the phase velocity 

decreased 4.7% and the attenuation increased 30% with increasing the temperature from 19 °C 

to 37°C, for both compressional wave and shear wave. At 5 MHz, the phase velocity decreased 

from 2498 m/s to 2381 m/s for compressional wave, and from 1361 m/s to 1296 m/s for shear 

wave. There was only a small difference in phase velocity between 5 MHz and 10 MHz. As 

mentioned in section 5.4.2, Eccosorb MF-117 contains particles with diameters ranging from 1 

μm to 5 μm, which are much smaller than the wavelength of the acoustic waves studied here, 
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(491 μm at 5 MHz, and 246 μm at 10 MHz), thus may not have significant effects on the phase 

velocity. 

 
(a) 

 

 
(b) 

Figure 5.29.  Phase velocity and attenuation of (a) compressional wave and (b) shear wave in the 

Eccosorb MF-117 samples versus temperature. 

 

In addition, the attenuation was found to increase almost linearly with both frequency and 

temperature over the studied temperature range. According to the power-law relation, the 

attenuation also significantly increased when using the 10 MHz transducer pair [34]. At 5 MHz, 

the attenuation of compressional and shear waves increased from 14.6 dB/cm to 19.4 dB/cm 

and 35.1 dB/cm to 45.3 dB/cm, respectively when increasing the temperature from 19 °C to 

37°C. The attenuation of the shear wave was about 2.5 times higher than that of the 
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compressional wave. The attenuation of shear wave in the Eccosorb MF-117 at 10 MHz was 

quite high, i.e. 70.6 dB/cm at 19 °C and 93.4 dB/cm at 37°C. 

 
(a) 

 

 
(b) 

Figure 5.30.  Phase velocity and attenuation of (a) compressional wave and (b) shear wave in the PMMA 

sample versus temperature. 

 

The phase velocity and attenuation of the compressional and shear waves in the PMMA 

sample are shown in Figure 5.30. The PMMA sample showed a similar trend with the Eccosorb 

samples. A 3% decrease in phase velocity and a 35% increase in attenuation of the 

compressional wave were observed when increasing the temperature from 20℃ to 37℃, at both 

5 MHz and 10 MHz. The difference in the phase velocity between 5 MHz and 10 MHz was less 

than 0.3%. Furthermore, the attenuation was also found to increase almost linearly with 

temperature over the range studied but the attenuation of ultrasonic waves in PMMA samples 
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were lower than that of Eccosorb MF-117. PMMA is well investigated in the literature, and our 

measured values were found to agree well with published values for 20℃ and 37℃. At 20℃, 

the phase velocity of the compressional wave in the PMMA sample measured at 5 MHz were 

2741 m/s, compared with 2750 m/s in [55]; whereas 2655 m/s, compared with 2699 m/s in [55] 

at 37℃. The difference could come from the uncertainty in measurement temperature. 

 

5.8 Correc t ion f or  d i f f rac t ion e f f ec t s  in a t te nuat i on 

meas ureme nts   

Diffraction loss is may be a source of error, especially in attenuation measurement. In this 

section, the calculation results of the correction for diffraction effects in the attenuation 

measurement are presented. The diameters of the 5 MHz transducer pair (C309-SU) and the 10 

MHz transducer pair (V327-SU) are 13 nm and 10 nm, respectively. Based on the phase 

velocity of compressional wave in the sample, the speed of sound in water, and the sample 

thickness, the ratio of diffraction corrections /Ls LwD D obtained with and without the sample 

inserted was calculated by using (3.33) and (3.34). Using (3.35), the attenuation of 

compressional and shear waves with the diffraction correction was calculated. The correction 

for diffraction effects in the attenuation measurements using the 5 MHz transducer pair and the 

10 MHz transducer pair is shown in Tables 5.15 and 5.16. For most samples except Al, the ratio 

/Ls LwD D  was very close to unity; therefore the effects of diffraction in the attenuation 

measurements were insignificant. The attenuation of ultrasonic waves in the Al sample with 

and without diffraction correction had a significant difference, especially the attenuation of 

compressional wave. This could be because the attenuation of ultrasonic waves in Al is very 

small, thus difficult to calculate exactly, as mentioned in Section 5.3.3. The attenuation of shear 

wave in the sample A3, and B1 is not shown due to the difficulty in measuring the attenuation 

of shear wave in these samples. 
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Table 5.15.  Correction for diffraction effects in attenuation measurements using the 5 MHz transducer 

pair. 

Sample 

Attenuation of compressional wave 
(dB/cm) Attenuation of shear wave (dB/cm) 

Without diffraction 
correction 

With diffraction 
correction 

Without diffraction 
correction 

With diffraction 
correction 

Al 0.32 0.18 4.18 4.02 
PMMA 5.17 5.15 13.40 13.40 

Eccosorb 
sample 1 14.60 14.50 35.10 35.01 

A3 18.56 18.52 X X 
B1 17.80 17.78 X X 

 

 

Table 5.16.  Correction for diffraction effects in attenuation measurements using the 10 MHz transducer 

pair. 

Sample 

Attenuation of compressional wave 
(dB/cm) Attenuation of shear wave (dB/cm) 

Without diffraction 
correction 

With diffraction 
correction 

Without diffraction 
correction 

With diffraction 
correction 

PMMA 8.23 8.14 22.50 21.84 
Eccosorb 
sample 1 25.10 25.09 70.50 70.47 

A3 35.06 35.02 X X 
B1 34.82 34.76 X X 

 
 

5.9 E rrors  in meas ur i ng  ve l oc i ty  a nd  a t tenuat i on  

There are many factors that cause errors in determination of velocity and attenuation of 

ultrasonic waves in sample. 

 

5.9.1 Path length estimations 

When measuring the velocity and attenuation, the precision of final results are influenced by the 

path length estimations such as the distance between two transducers and the sample thickness. 

As for the measurement of speed of sound in water, the uncertainty in determining the distance 

between two transducers is the main factor that leads to errors. This error is calculated by 

extracting the first part wc s
s





 in (3.2) and it results in speed error of less than 0.04%. 

In measuring the uncertainty of the group velocity of compressional wave in samples using 

the time-of-flight method (3.11), an error in sample thickness measurement of about 0.07% 
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would result in a speed error of 0.3% (in the case of Al). However, in the case of Eccosorb 

sample 2 (d = 1.94 mm), the uncertainty in thickness measurement leads to an error of 0.9% in 

compressional wave velocity. As mentioned in the previous section, errors in sample thickness 

measurement are the main source of error when calculating the group velocity as well as phase 

velocity of compressional wave in sample. However, because the thickness of sample is 

measured by using a MT 60M length gauges with a high accuracy of ±0.5 μm [40], thus this 

can reduce the error of measurement speed of sound in samples. 

 

5.9.2 Determination of arrival time 

In order to measure the velocity of ultrasonic waves in samples using the time-of-flight method, 

the time difference between two signals can be measured by finding the difference in arrival 

times of the received pulses. Different criteria used to assess the arrival time of ultrasound 

pulses [5] will result in significant differences in calculated velocities. By using the cross-

correlation algorithm, the measurement of time difference between two signals is more 

accurate, thus reducing errors in the measurement of velocity. Time measurement is the main 

source of error, e.g. 0.08% when calculating the group velocity of compressional wave using 

reverberation method (3.13). 

 

5.9.3 Speed of sound in water 

The uncertainty of speed of sound in water is also the source of error in determining the 

velocity of compressional wave and shear wave in samples. When using the published values of 

speed of sound in literature [43][44], the big error may be occur because the difference in 

temperature and purity of used water. In this thesis, the speed of sound in water is always 

measured before measuring the acoustic properties of sample materials. Therefore the errors 

from that source is reduced, it is approximately 0.05 % for the measurement of the phase 

velocity of compressional wave (in the case of Eccosorb MF-117). However, the speed of 

sound in water is also affected by the changing temperature and this could be a source of error 



Chapter 5.  Results and discussions 
 

 

75 

when measuring the velocity. It was noted that the temperature of water will increase after 

period time of measurement and it leads to the change in velocity. For example, the speed of 

sound in water at 19.5℃ is 1480.7 ± 0.4m/s while it increases to 1482.3 ± 0.4m/s at 20℃. 

Therefore, at 19.5℃ the temperature sensitivity is 3.2 m/s/℃. This change results in the change 

in speed of sound in samples. 

 

5.9.4 Measurement of the incident angle 

In practice, the uncertainty in the rotation angle measurement is ±0.5°, and it is the main source 

of error in measuring the shear wave velocity calculated from (3.23). However, the proportion 

of influence is dependent on the type of material and the oblique incidence angle used to 

determine the shear wave velocity. For the Al sample, because the first critical angle is small, 

approximately 14°, thus the shear wave velocities become sensitive with the change in incident 

angle. The error results from the uncertainty in the rotation angle measurement are 0.6%. On 

the contrary, for Eccosorb MF-117, the first critical angle is quite larger, approximately 36.3°, 

hence the shear wave velocities are less sensitive with the change in incident angle, as shown in 

Figure 5.22(a). The error from that source in the case of Eccosorb MF-117 is 0.06%.  

 

5.9.5 Determination of the transmission coefficient 

From the experimental results, the uncertainty in the determination of the transmission 

coefficient is the main source of errors in measuring the attenuation (3.24). For the PMMA 

sample, this error source leads to an error of 1% in the attenuation of compressional wave. For 

the attenuation of compressional wave in the Eccosorb MF-117, this error is quite high around 

4%. The errors in determining the transmission coefficient is strongly influenced by the density 

measurement of samples. In fact, it is quite difficult to determine exactly the volume of non-flat 

surface samples or small volume samples. This can result in a large error in defining the density 

of samples, thus leading to a large error in the attenuation measurement. 
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5.9.6 Temperature effects 

As mentioned in the section 5.7, the speed of sound in water, the phase velocity, and the 

attenuation of ultrasonic waves in samples are dependent on the temperature, especially for the 

attenuation. For PMMA samples, a 3% decrease in phase velocity and a 35% increase in 

attenuation were observed when increasing the temperature from 20°C to 37°C. Therefore, the 

temperature should be controlled when doing measurements. 
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Conclusion 
 
 
 
 
 
6.1 T he  contr ib ut i ons  in t hi s  t he s i s  

In this thesis, a literature review of techniques for characterizing acoustic properties of 

materials has been discussed. An experimental setup of the broadband through-transmission 

technique was implemented and calibrated in our laboratory. The LabVIEW interface for data 

acquisition was already available, while the MATLAB code was written from scratch to 

process the measured data. Using this implemented system, the acoustic properties such as the 

acoustic impedance, the group velocity, the phase velocity and attenuation of compressional 

and shear waves in both homogeneous and composite materials were measured over an 

investigated frequency range from 2.5 MHz to 10.5 MHz. The measurement of these properties 

was conducted by using two pairs of transducers with different center frequencies, one with 5 

MHz and the other with 10 MHz. For samples of known materials, i.e. Al and PMMA, the 

measurement results showed a good agreement with published values in literature, hence, 

verifying the accuracy of our measurements. The differences between the obtained values of 

phase velocity of compressional wave in the Al, and PMMA samples are less than 0.4%, and 

2.1% for the attenuation of compressional wave in the PMMA sample. For samples of 

unknown materials, i.e. Eccosorb MF-117 and samples from Kongsberg Maritime, their 

ultrasonic properties have been characterized successfully. It gives reliable data for the design 

and modeling of transducers. 
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In addition, an experimental study on how the temperature influences the phase velocity 

and attenuation of compressional and shear waves, measured in the PMMA and Eccosorb MF-

117 materials, were also discussed in this thesis. Prior to measure the phase velocity and 

attenuation of acoustic waves in the samples versus the temperature, the speed of sound in 

water at different temperatures was measured. Our measured values were in relatively good 

agreement with the published values in [55]. Increasing the temperature from 19℃ to 37℃ 

caused a small decrease on the phase velocity of compressional and shear waves in both 

materials, ~3% reduction for PMMA and ~4.7% reduction for Eccosorb MF-117. However, 

the attenuation was found to increase with frequency. For PMMA, the attenuation increased 

35% over this temperature range, while for Eccosorb MF-117, the attenuation increased 30%. It 

can be concluded that the temperature variation in these acoustic parameters is quite significant, 

and should be taken into account when using these materials in designing medical ultrasound 

transducers. 

Furthermore, the effects of diffraction in the attenuation measurement were studied in this 

thesis. In all samples, the ratio of diffraction correction /Ls LwD D  with and without sample 

inserted was very close to unity. As a result, the effects of diffraction in the attenuation 

measurement were insignificant and could be ignored. 

Last but not least, the errors in measuring velocity and attenuation were also discussed. In 

the time-of-flight method, errors in sample thickness measurement were the main source of 

error when calculating the compressional wave velocity. However, in the reverberation method, 

the uncertainty was more dependent on the measurement of time. In practice, the uncertainty in 

the incident angle measurement was the main factor that leads to error in measuring velocity. In 

addition, the errors of compressional and shear wave velocity measurement were also affected 

by the speed of sound in water. The error in attenuation measurement was more affected by the 

error in the measurement of transmission coefficients. Furthermore, temperature should be 

controlled when doing measurements because of its effects on acoustic properties of materials, 
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especially attenuation. From results that have been achieved, we can use this acoustic 

characterization system to investigate samples in the future. 

When characterizing acoustic material samples using this technique, the sample thickness 

should be thick enough to ensure that the first and second pulses of the received signal do not 

overlap. However, the sample thickness should be also not too thick; otherwise, the signal will 

be attenuated when propagating through the sample, which results in a very small amplitude of 

the received pulses at the receiver. As a result, it is difficult to distinguish the received pulses 

and noises. In addition, the surface dimensions of the sample should be large enough to ensure 

that when rotating the sample beyond the first critical angle, the acoustic waves can impinge 

onto the sample surface. From the obtained results of Eccosorb MF-117, the measuring 

capability of the experimental setup is around 50° for the incident angle. For the sample having 

the first critical angle of the water-sample interface larger than 50°, the shear wave and 

corresponding attenuation can be measured by changing the immersion liquid in order to 

decrease the critical angle [54]. 

 

6.2 F ut ure  wor ks  

Based on the results presented in this thesis, following recommendations are made for further 

works: 

 Changing the immersion liquid to reduce the critical angle when it is larger than 50° for 

measuring the phase velocity and attenuation of shear wave in the sample. 

 Fabricating a composite material, e.g. Tungsten-Epoxy composite, and characterizing 

the acoustic properties of the fabricated material. 

 Implementing the theoretical models for composite materials, i.e. the Voigt, Reuss, 

ATA and Devaney models, to predict the velocity of compressional and shear waves in 

the fabricated material, and to compare with the measurement results. 
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A1  MATLAB code for calculating the phase velocity of 

compressional wave 

 

 
%% Plot the phase velocity of the compressional wave of Eccosorb MF-
117 at 19 degree 
% Without sample 
wfm=readwfm('Received pulse without Eccosorb MF-117 at 19 
degree.wfm'); 
vi=wfm.v; 
vic=vi(495:735); 
Nw=length(vic); 
Nf=2002; 
vpw=zeros(Nf,1); 
vpw(1:Nw)=vic; 
[vhm khm]=max(vpw); 
Hw=circshift(vpw,-khm); 
Fi=fft(Hw); 
phiw=angle(Fi); 
% With sample 
wfm1=readwfm('Received pulse with Eccosorb MF-117 at normal incidence 
angle_19 degree.wfm'); 
vis=wfm1.v; 
visc=vis(495:590); 
N0=length(visc);  
Nf=2002; 
vp=zeros(Nf,1);  
vp(1:N0)=visc; 
[vm km]=max(vp); 
Hs=circshift(vp,-km); 
Fs=fft(Hs); 
phis=angle(Fs); 
phi=phis-phiw; 
f=(0:wfm.Np-1)/wfm.Np/wfm.dt; 
b=2*pi*f*(km-khm)*(wfm.dt); 
c_w=1479.231; % the speed of sound in water at 19 degree 
c=(phi'+b).*c_w; 
d=5.1595*0.001; % sample thickness 
e=2*pi*f*d; 
h=c./e; 
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h=1+h; 
c_l=c_w./h; % phase velocity of the compressional wave 
plot(f./10.^6,c_l,'b'); 
xlabel('Frequency [MHz]'); 
ylabel('Phase velocity [m/s]'); 
xlim ([2 6]); 
%% THE END 
 

 

A2  MATLAB code for calculating the attenuation coefficient of 

compressional wave 

 

 
%% Plot the attenuation of the compressional wave of Eccosorb MF-117 
at 19 degree 
% Without sample 
wfm=readwfm('Received pulse without Eccosorb MF-117 at 19 
degree.wfm'); 
vi=wfm.v(640:735); 
Nfft=4096; 
Fi=fft(vi, Nfft); 
A_w=abs(Fi); 
% With sample 
wfm1=readwfm('Received pulse with Eccosorb MF-117 at normal incidence 
angle_19 degree.wfm'); 
vi1=wfm1.v(495:590); 
Nfft=4096; 
Fi1=fft(vi1, Nfft); 
A_s=abs(Fi1); 
  
fs=1/wfm.dt; 
f=(0:Nfft-1)/Nfft*fs; 
TL=0.4342; 
f=f/10.^6; 
d=0.51595; % sample thickness in centimeter 
a=(TL.*A_w)./A_s; 
b=log(a); 
c=b./d; 
e=8.686.*c; 
alpha_l=e; ; % attenuation of the compressional wave 
plot(f,alpha_l,'b') 
xlabel('Frequency [MHz]'); 
ylabel('Attenuation coefficient [dB/cm]'); 
xlim ([2.0 6.0]); 
%% THE END 
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A3  MATLAB code for calculating the phase velocity of shear 

wave 

 

 
%% Plot the phase velocity of the shear wave of Eccosorb MF-117 at 19 
degree 
% Without sample 
wfm=readwfm('Received pulse without Eccosorb MF-117 at 19 
degree.wfm'); 
vi=wfm.v; 
vic=vi(635:740); 
Nw=length(vic); 
Nf=2002; 
vpw=zeros(Nf,1); 
vpw(1:Nw)=vic; 
[vhm khm]=max(vpw); 
Hw=circshift(vpw,-khm); 
Fi=fft(Hw); 
phiw=angle(Fi); 
% With sample 
wfm1=readwfm('Received pulse with Eccosorb MF-117 at critical 
incidence angle of 45_19 degree.wfm'); 
vis=wfm1.v; 
visc=vis(635:770); 
N0=length(visc); 
  
Nf=2002; 
vp=zeros(Nf,1); 
  
vp(1:N0)=visc; 
[vm km]=max(vp); 
Hs=circshift(vp,-km); 
Fs=fft(Hs); 
phis=angle(Fs); 
phi=phis-phiw; 
f=(0:wfm.Np-1)/wfm.Np/wfm.dt; 
b=2*pi*f*(km-khm)*(wfm.dt); 
c_w=1479.231; % the speed of sound in water at 19 degree 
  
c=(phi'+b).*c_w; 
d=5.1595*0.001; % sample thickness in centimeter 
e=2*pi*f*d; 
h=c./e; 
theta=pi/4; 
m=(h+cos(theta)).^2; 
n=((sin(theta)).^2)+m; 
ms=sqrt(n); 
c_s=c_w./ms; % phase velocity of the shear wave 
plot(f./10.^6,c_s,'b--'); 
xlabel('Frequency [MHz]'); 
ylabel('Phase velocity [m/s]'); 
xlim ([2 6]); 
%% THE END 
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A4  MATLAB code for calculating the attenuation coefficient of 

shear wave 

 

 
%% Plot the attenuation of the shear wave of Eccosorb MF-117 at 19 
degree 
% No sample 
wfm=readwfm('Received pulse without Eccosorb MF-117 at 19 
degree.wfm'); 
vi=wfm.v(635:740); 
Nfft=4096; 
Fi=fft(vi, Nfft); 
A_w=abs(Fi); 
% With sample 
wfm1=readwfm('Received pulse with Eccosorb MF-117 at critical 
incidence angle of 45_19 degree.wfm'); 
vi1=wfm1.v(660:780); 
Nfft=4096; 
Fi1=fft(vi1, Nfft); 
A_s=abs(Fi1); 
  
fs=1/wfm.dt; 
f=(0:Nfft-1)/Nfft*fs; 
TS=0.69; 
f=f/10.^6; 
Vi=1479.231; % the speed of sound in water at 19 degree 
Vs=1361; % phase velocity of the shear wave 
thetai=pi/4; 
d=0.516; % sample thickness in centimeter 
thetas=asin((Vs/Vi).*sin(thetai)); 
a3=(log(TS.*(A_w./A_s))).*(cos(thetas)./d); 
alpha_s=8.686*a3; % attenuation of the shear wave 
plot(f,alpha_s,'b--') 
xlabel('Frequency [MHz]'); 
ylabel('Attenuation  coefficient [dB/cm]'); 
xlim ([2 6]); 
%% THE END 
 

 

A5  MATLAB code for calculating the total transmission 

coefficient of compressional and shear waves 

 

 
%% Plot the total transmission coefficient of the compressional wave 
% Tl 
g=[0:pi/10800000:0.63375];% theta i 
a=998.405; % the density of water at 19 degree 
b=4180; % the density of Eccosorb 
Vs=1361; % the velocity of the compressional wave at 5MHz 
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Vl=2498; % the velocity of the shear wave at 5MHz 
Vi=1479.231; % the speed of sound in water at 19 degree 
s=sin(g); 
c=asin((Vs/Vi)*s); 
d=asin((Vl/Vi)*s); 
Zl=(b*Vl)./(cos(d)); 
Zs=(b*Vs)./(cos(c)); 
Z=(a*Vi)./(cos(g)); 
Tl1=(a/b)*((2.*Zl.*(cos(2.*c)))./((Zl.*((cos(2.*c)).^2))+(Zs.*((sin(2.
*c)).^2))+Z)); 
Tl2=(Vi.*(cos(d)))./(Vl.*(cos(g)).*(cos(2.*c))); 
Tl3=1-((Z+Zs.*((sin(2.*c)).^2)-
Zl.*((cos(2.*c)).^2))./(Z+Zs.*((sin(2.*c)).^2)+Zl.*((cos(2.*c)).^2))); 
Tl=Tl1.*Tl2.*Tl3; % total transmission coefficient of the 
compressional wave 
gg=(180.*g)./pi; 
 
%% Plot the total transmission coefficient of the shear wave 
% Ts 
gs=[0:pi/10800000:pi/2]; 
s=sin(gs);  
c=asin((Vs/Vi)*s); 
d=asin((Vl/Vi)*s); 
Zl=(b*Vl)./(cos(d)); 
Zs=(b*Vs)./(cos(c)); 
Z=(a*Vi)./(cos(gs)); 
Ts1=(-
a/b)*((2.*Zs.*(sin(2.*c)))./((Zl.*((cos(2.*c)).^2))+(Zs.*((sin(2.*c)).
^2))+Z)); 
Ts2=tan(gs)./(2.*((sin(c)).^2)); 
Ts3=1-((Z+Zl.*((cos(2.*c)).^2)-
Zs.*((sin(2.*c)).^2))./(Z+Zl.*((cos(2.*c)).^2)+Zs.*((sin(2.*c)).^2))); 
Ts=abs(Ts1.*Ts2.*Ts3); % the total transmission coefficient of the 
shear wave 
ggs=(180.*gs)./pi; 
plot(ggs,Ts,'b--') % plot the total transmission coefficient of the 
shear wave 
hold on 
plot(gg,Tl,'b'); % plot the total transmission coefficient of the 
compressional wave 
xlabel('Incident angle (degree)'); 
ylabel('Total transmission coefficient'); 
%% THE END 
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Abstract  

A method to measure phase velocity and attenuation of compressional and shear waves has been developed 
using a broadband through-transmission technique. Two pairs of transducers were used, one pair with center 
frequency 5 MHz (Olympus C309-SU), and the other pair with center frequency 10 MHz (Olympus V327-SU). 
The method was tested on the homogeneous material Polymethylmethacrylate (PMMA) and the composite 
material Eccosorb MF-117. Our results were compared with published values for the PMMA material, showing 
a good agreement with literature, hence, verifying the accuracy of our method. In addition, the temperature in 
the sample was varied from 19℃ to 37℃, to investigate how this influences the parameters. A small variation of 
around 3% was found for the phase velocity, while the temperature influence on the attenuation was 
considerably larger, increasing 30% when temperature was changed from 19℃ to 37℃. These acoustic 
properties and their temperature effects are essential for transducer designs, especially for clinical applications. 

Key words: Ultrasound; Phase velocity; Attenuation; Through-transmission technique  
 

Introduction 

Acoustic properties of materials such as 
phase velocity and attenuation are important 
material properties in many ultrasonic applications, 
i.e. non-destructive evaluation and ultrasound tissue 
characterization [1,2]. Design of ultrasound 
transducers for e.g. clinical applications requires 
reliable characterization of these properties. 
Therefore, characterization of the acoustic properties 
of materials especially transducer materials is 
necessary to give data for the design and modeling 
of transducers. For many materials, their acoustic 
properties vary with both temperature and 
frequency. However, due to the lack of previous 
reported data on the temperature dependence of the 
velocity and attenuation of acoustic waves in 
composite materials, especially Eccosorb MF-117, 
the characterization of temperature effects on 
acoustic properties of materials should be taken. 
Among the techniques reported in literature, acoustic 
through-transmission has been considered as the 
most widely used method for characterizing acoustic 
material properties. Using this technique with mode 
conversion, allows measuring acoustic properties of 
both compressional waves and shear waves in solids, 
including porous or composite materials [3]. 

In this paper, the through-transmission 
technique was employed to characterize samples of 
one homogenous material, PMMA, as reference 
because PMMA has well-known acoustic properties. 
From that, the accuracy of our implemented system 
was confirmed. Thereafter, a composite material,  

 
 

Eccosorb MF-117 was chosen to characterize 
because this material has many potential 
applications such as absorbers and terminations in 
waveguides, and is used on sensors in ultrasound 
transducers [4]. The phase velocity and attenuation 
of both compressional and shear waves in these 
samples were measured by using two pairs of 
transducers with different center frequencies of 5 
MHz and 10 MHz, and compared with literature. In 
addition, temperature effects on phase velocity and 
attenuation of the compressional wave in the PMMA 
and Eccosorb MF-117 samples were also studied. 

Theoretical background  

Figure 1 shows the basic principle of the 
through-transmission technique for characterizing 
acoustic properties of materials. A through-
transmission system consists of a transmitting 
transducer and a receiving transducer, placed at 
opposite sides of a sample immersed in a water tank. 
Acoustic pulses are recorded with and without a 
sample inserted into the acoustic transmission path. 
The phase velocity and attenuation of the acoustic 
waves are determined by comparing the spectra of 
the received signals with and without samples 
inserted [5], calculated by Fourier transform of the 
received pulses. For measuring the compressional 
wave, an acoustic wave with a normal incidence 
angle (θi=0) is used. The first pulse received at the 
receiver, without sample inserted, is first acquired. 
The Fast Fourier Transform (FFT) algorithm is then 



used to calculate the magnitude (Aw) and the phase 

of spectra ( w ) of the acquired signal. After that, the 

sample is inserted between the two transducers and 
the second received signal is measured. Its 

magnitude (As) and phase of spectra ( s ) are also 

computed. The phase velocity (cl) and the 
attenuation coefficient ( l ) are calculated from 

[3,6]: 

 

Figure 1: Principle of the through-transmission 
technique. 

 

,
( 2 ) c

1
2

ln( ) / d,

w
l

s w w

TP w
l w

s

c
c

f

fd

T A

A

   



 


 



 

 (1) 

where cw is the speed of sound in water, d is the 
sample thickness, τ is the trigger delay of the two 
time windows used to acquire the signal, TTP is the 
total transmission coefficient for the compressional 
wave, and w is the attenuation of water. Typically, 

w is much smaller than l  and can be neglected. 

With an incident angle greater than the 
critical angle of the compressional wave, only the 
shear wave can propagate through the sample. In this 
case, the phase velocity (cs) and the attenuation 
coefficient ( s ) of the shear wave can be calculated 

by [3,6]: 
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where θi is the angle of incidence, θl is the refractive 
angle of the shear wave calculated from Snell’s law, 
and TTS is the total transmission of the shear wave. 

Experimental setup 

Figure 2 shows the experimental setup of the 
through transmission technique for characterizing 

the phase velocity and attenuation of materials. Two 
pairs of transducers with different center 
frequencies, 5 MHz (Olympus C309-SU) and 
another 10 MHz (Olympus V327-SU) were used. 
The sample was placed between the two transducers 
which were coaxial aligned and immersed in a 
cylindrical water tank, and could be rotated using a 
manual 360° rotation stage. A pulse-receiver 
(Panametrics 5800, Olympus Inc., Waltham, MA) 
was used to excite the transmitter with short 
electrical pulses. The received pulses, after 
transmission through the sample, were recorded and 
sampled by a digital oscilloscope (LeCroy 9310AM, 
Teledyne LeCroy, Chestnut Ridge, NY) at a 
sampling rate of 100 MS/s. The pulses received by 
the oscilloscope were transferred to a computer 
using the GPIB interface, using software written in 
LabVIEW (National Instruments Inc., Austin, TX) 
and stored to disk. Processing was done offline using 
our developed codes in MATLAB software (The 
MathWorks, Natick, MA). 
 

 

 

Figure 2: Experiment setup for characterizing 
acoustic material properties. 

Results and discussions 

Prior to measuring the acoustic properties of 
the samples, their densities were measured. The 
density of the PMMA and Eccosorb MF-117 
samples were found to 1.18±0.06 g/cm3 and 
4.18±0.20 g/cm3, respectively. Based on the -6 dB 
bandwidth of the power spectrum of the received 
signal without sample inserted, the useful frequency 
ranges were chosen from 2.5 MHz to 6 MHz for the 
5 MHz transducer pair and from 5.5 MHz to 10.5 
MHz for the 10 MHz transducer pair. 

Figures 3 and 4 shows the phase velocity and 
attenuation of compressional and shear waves in the 
PMMA samples, measured at 20±0.5°C with the 5 
MHz transducer pair and 10 MHz transducer pair, 
respectively. In both cases, the phase velocity of 
both compressional and shear waves have a small 
negative dispersion within the investigated 
frequency range. For the 5 MHz transducer pair, the 
changes in phase velocities of the compressional and 
shear waves are 0.2% and 0.4%, respectively (Figure 
3), or an average dispersion of approximately 2 



m/s/MHz for both compressional and shear wave 
velocities. The phase velocity found for the 
compressional wave at 5 MHz is 2741 m/s, which is 
close to the value reported in [7], i.e. 2750 m/s. In 
contrast to the phase velocity, the attenuation 
coefficients increase linearly with frequency, i.e. 0.8 
dB/cm/MHz for the compressional wave and 2.0 

dB/cm/MHz for the shear wave. Moreover, the 
attenuation of the shear wave is higher than that of 
the compressional wave over the investigated 
frequency range. At 5 MHz, the attenuation of 
compressional wave is 5.16 dB/cm (59.43 Np/m), 
which corresponds well to published values, i.e. 
60.84 Np/m [7] and 61 Np/m [8]. 

 
 (a) (b) 

Figure 3: Phase velocity and attenuation of the (a) compressional and (b) shear waves in PMMA samples 
measured at 20±0.5°C with the 5 MHz transducer pair. 

 
 (a) (b) 

Figure 4: Phase velocity and attenuation of the (a) compressional and (b) shear waves in PMMA samples 
measured at 20±0.5°C with the 10 MHz transducer pair. 

For the 10 MHz transducer pair, the trend is 
similar (Figure 4). Their dispersion values are 0.8 
m/s/MHz and 1.7 m/s/MHz for the compressional 
wave and shear wave, respectively. However, the 
attenuation is significantly increased for both 
compressional and shear waves, compared with 
those measured with the 5 MHz transducer pair. 
According to the power-law relation, the higher the 
frequency, the higher attenuation obtained [9]. 
Nevertheless, the increase in attenuation of the 
compressional and shear waves is slightly lower, i.e. 
0.6 dB/cm/MHz and 1.8 dB/cm/MHz, respectively. 

Figure 5 shows the phase velocity and 
attenuation of the compressional and shear waves for 

the Eccosorb MF-117 measured at 19±0.5°C with 
the 5 MHz transducer pair. The phase velocities 
show the same small negative dispersion as PMMA 
samples, although the dispersion is slightly higher. 
The changes in phase velocity of the compressional 
and shear waves are 5 m/s/MHz and 4m/s/MHz, 
respectively. The attenuation of the compressional 
and shear waves in the Eccosorb MF-117 samples 
also increases linearly with frequency. An increase 
of 91% (2.2 dB/cm/MHz) for the attenuation of 
compressional wave, and an increase of 101% (5.7 
dB/cm/MHz) for the attenuation of shear wave were 
observed over the frequency range investigated. 



 
 (a) (b) 

Figure 5: Phase velocity and attenuation of the (a) compressional and (b) shear waves in Eccosorb MF-117 
sample measured at 19±0.5°C with the 5 MHz transducer pair. 

 
 (a) (b) 

Figure 6: Phase velocity and attenuation of the (a) compressional and (b) shear waves in Eccosorb MF-117 
samples measured at 19±0.5°C with the 10 MHz transducer pair. 

For the 10 MHz transducer pair, the phase 
velocity and attenuation of ultrasonic waves in the 
Eccosorb samples are shown in Figure 6. The 
negative dispersions of the phase velocity of the 
compressional and shear waves are 1.8 m/s/MHz 
and 2 m/s/MHz, respectively. The attenuation also 
increases linearly with frequency, i.e. a 36% 
increase in compressional wave attenuation and an 
87% increase in shear wave attenuation. Also here, 
the attenuation of the shear wave was much larger 
than that of the compressional wave. 

Figure 7 shows the effects of temperature on 
the phase velocity and attenuation of compressional 
wave in the PMMA and Eccosorb MF-117 samples. 
For the measurements, the temperature was 
controlled by heating the water in the tank 
containing the sample, and passive cooling down to 
avoid the creation of air-bubbles. For the PMMA 
samples, a 3% decrease in phase velocity and a 35% 
increase in attenuation were observed when 

increasing the temperature from 20℃ to 37℃, at 
both 5 MHz (5 MHz transducer pair) and 10 MHz 
(10 MHz transducer pair). The difference in the 
phase velocity between 5 MHz and 10 MHz is less 
than 0.3%. In addition, the attenuation increases 
almost linearly with frequency and temperature over 
the range studied. Our measured values were found 
to agree well with published values for 20℃ and 
37℃. The Eccosorb MF-117 samples show a similar 
trend. The phase velocity decreases 4.7%, and the 
attenuation increases 30% with the increasing 
temperature from 19℃ to 37℃, at both 5 MHz and 
10 MHz. There is only a small difference in phase 
velocity between 5 MHz and 10 MHz, less than 
0.4%. Eccosorb MF-117 contains particles with 
diameters ranging from 1 μm to 5 μm, which are 
much smaller than the wavelength of the acoustic 
waves studied here, (491 μm at 5 MHz, and 246 μm 
at 10 MHz), thus may not have significant effects on 
the phase velocity. In addition, the attenuation also 



increases nearly linearly with the increasing 
temperature. 

 
(a) 

 
(b) 

Figure 7: Phase velocity and attenuation of the 
compressional wave in (a) PMMA, and (b) 
Eccosorb MF-117 samples versus temperature. 
The error bar is the uncertainty of 
measurements. 

Conclusion 

An experimental setup for the broadband 
through-transmission technique was implemented 
for characterizing the phase velocity and attenuation 
of the compressional wave and shear wave in solids. 
The parameters can be measured over the frequency 
range from 2.5 to 10.5 MHz, using two pairs of 
transducers. For known materials, i.e. PMMA, the 
measurement results showed a good agreement with 
values from literature, hence, verifying the accuracy 
of our measurements. Our verified system was then 
used to characterize Eccosorb MF-117 which has 
many potential applications. The velocity dispersion 
was found to be small, below 1.2%, for both the 
compressional and shear waves in both characterized 
materials. However, the attenuation was much 
higher in the composite Eccosorb MF-117 samples 
than in the PMMA samples. The study of 
temperature effects showed that the temperature 
slightly affects the phase velocity in both PMMA 
and Eccosorb MF-117, whereas it significantly 
influences the attenuation. In both materials, 
increasing the temperature from 19℃ to 37℃ caused 
a small decrease on the phase velocity, i.e. 3% 

reduction for PMMA and 4.7% reduction for 
Eccosorb MF-117. In contrast to the phase velocity, 
larger increases in the attenuation were observed, 
35% increase for PMMA and 35% increase for 
Eccosorb MF-117. The results were not corrected 
for diffraction, but this effect was estimated to be 
negligible [10]. These measured acoustic properties 
of PMMA and Eccosorb MF-117 materials are 
important for ultrasound transducer designs, and 
their temperature effects should be taken into 
account, especially for clinical applications. 
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BACKGROUND, MOTIVATION, HYPOTHESIS AND OBJECTIVES 

Ultrasonic velocity and attenuation are important material properties when designing a transducer. For many materials, 
these properties vary with temperature and frequency. This paper presents an experimental study on how the temperature 
influences the phase velocity and attenuation for compressional wave and shear wave, measured in the PMMA and Eccosorb 
MF117 materials using a broadband through-transmission technique. 

STATEMENT OF CONTRIBUTION/METHODS 

A through-transmission system was implemented with a sample immersed in a water tank between transmitting and 
receiving transducers, where the sample could be rotated to vary the incident angle of the acoustic wave [1]. Two pairs of 
transducers were used, one pair with center frequency 5 MHz and another pair with 10 MHz. Phase velocity and attenuation as 
function of frequency were calculated from the phase and magnitude of the received spectra, for compressional and shear 
waves. The temperature was controlled by heating the water in the tank containing the sample, and letting it cool down slowly 
to avoid the creation of air-bubbles. Measurements were done in the temperature range from 19℃ to 37℃. 

RESULTS, DISCUSSION AND CONCLUSION  

Figure 1 shows the phase velocity and attenuation of the compressional and shear waves in Eccosorb MF117 versus the 
temperature. At both 5 MHz and 10 MHz, we found a ~5% decrease in phase velocity and a ~30% increase in attenuation 
when increasing the temperature from 19℃ to 37℃, for both compressional wave and shear wave. The differences in phase 
velocity between 5 MHz and 10 MHz were less than 0.3%. The particles contained in Eccosorb MF117 have diameters 
ranging from 1 μm to 5 μm, which is much smaller than the wavelengths studied here, being larger than 250 μm; thus having 
minor effects on the phase velocity. The attenuation was found to increase almost linearly with both frequency and 
temperature, and similar to PMMA. The attenuation of the shear wave is around ~2.5 times higher than that of the 
compressional wave. For PMMA, the phase velocity decreased ~3%, and the attenuation increased ~35% over the temperature 
range from 19℃ to 37℃, at both 5 MHz and 10 MHz. The acoustic properties of PMMA were found to agree well with 
published values for 20℃ and 37℃. We conclude that variations in acoustic parameters with temperature should be taken into 
account when using these materials in transducer design. 

 
Fig. 1.  Phase velocity and attenuation of compression wave and shear wave in Eccosorb MF117. 
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