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Abstract 
 

High frequency ultrasound is receiving increased attention for medical imaging in 

areas such as ophthalmology and dermatology.  Recent advances in the manufacture 

of fine scale piezocomposite materials mean there is great potential for commercial 

transducers far superior to conventional devices currently in clinical use.   

 

This Thesis reports the fabrication and characterisation of passive materials suitable 

for use in high frequency piezocomposite transducer devices.  Epoxy composites have 

been fabricated using tungsten and alumina as filler material with volume fractions up 

to 0.4.  Acoustic impedance and attenuation has been determined for different filler 

volume fractions to provide data for modelling to aid transducer design and also 

determine the filler volume fraction required to provide optimal results.  Acoustic 

impedance values of 3-15MRayl were measured for the materials made in this work 

and the influence of filler particle size and shape is also discussed. 

 

Piezocomposite transducers have been constructed using material developed in this 

work and compared to devices made with more conventional  passive materials.  In 

addition to the fabrication of the composite samples for characterisation a process for 

incorporating material into transducers is described showing how the fabrication can 

be a part of the transducer construction resulting in an efficient and neat package. 
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Nomenclature 

The following is a list of symbols used throughout this Thesis.  Other expressions are 

defined in the text as appropriate. 

 

f  frequency 

c / V  speed / velocity 

λ  wavelength 

kt  electromechanical coupling coefficient 

v  volume fraction 

ρ  density 

K  bulk modulus 

G  shear modulus 

d  distance / sample thickness 

t  time 

Δt  time of flight 

A  amplitude 

Z  acoustic impedance 

R  reflection coefficient 

T  transmission coefficient 

α  attenuation coefficient 
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CHAPTER 1 

Introduction 
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1.1 Background 

Ultrasound is defined as high frequency sound waves with frequencies greater than 

20kHz. Ultrasonic testing is widely used in applications such as medical imaging and 

non-destructive testing (NDT). The conversion of electrical pulses to mechanical 

vibrations and the conversion of returned mechanical vibrations back into electrical 

energy is the basis for ultrasonic testing using a transducer device with a piezoelectric 

material as the active element.
 (1)

 

 

 

Most current commercial medical imaging systems operate at frequencies less than 

20MHz, this upper limit being partly defined by manufacturing techniques.  High 

frequency ultrasound (>30 MHz) is desirable for medical imaging because increasing 

the frequency increases the resolution of the image, although the depth of penetration 

is reduced.  At a conventional imaging frequency of 3.5MHz a typical transducer can 

resolve structures in the region of 1mm at a depth of 10-20cm.  If the frequency is 

increased to 50MHz the resolution improves to 75μm but the depth of penetration is 

limited to less than 1cm.
 (2)

 Therefore high frequency ultrasound imaging has 

applications where resolution is critical but depth of penetration requirements are 

small, such as in ophthalmology and dermatology.
 (3)

  High frequency ultrasound 

imaging is now an accepted procedure for imaging the eye
 (4-5) 

and has great potential 

in differentiating common benign skin lesions from melanoma.
 (6-7) 

 Research has 

shown that when high frequency ultrasound is used in combination with optical non 

invasive methods the referral of benign tumours can be potentially reduced by 65% 

without missing melanoma,
 (6)

 which has cost implications as referral can be avoided 

as well as the patients being safely reassured at an early stage. 
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High frequency requires fine scale active elements; the required thickness is less than 

50μm, meaning that fabrication of the active material is difficult.  Composite 

materials consisting of piezoceramic pillars upstanding in a polymer matrix have 

many performance advantages over traditional monolithic ceramic
 (8-11) 

and other 

developments with fine scale ceramic fibre manufacture
 (12,13)

 and moulding 

techniques
 (14-17)

 have produced fine scale structures with great potential.  Work being 

undertaken at the time of writing at the University of Birmingham by the Functional 

Materials Group and Applied Functional Materials Ltd (AFM Ltd), a spin-off 

company of the group, is focused on developing high frequency transducers made 

with composite structures for commercialisation.
 (18- 23)

  This thesis will focus on the 

construction of the transducer, including investigating passive materials in the device 

and optimising the package as a whole.   

 

The construction of a transducer begins with the piezoelectric active element with thin 

films, usually of gold or silver, on both sides acting as electrodes.  A matching layer is 

placed on one face of the active element to improve the energy transfer to and from 

the patient or load.
 (1)

  A backing layer is placed behind the other electrode to reduce 

ringing (continued vibration) of the element.  The whole assembly is then housed in a 

casing which provides electrical insulation and structural support as shown in Figure 

1.1.  A single element transducer can be focused either by attaching a concave lens to 

the planar face of the transducer (like an optical lens) or by curving the active element 

into a convex shape, as shown in Figure 1.2.  The focal length, F will depend on the 

radius of curvature and the beam width, w, in the focal zone will depend on the 

aperture, a, focal length, F, and the ultrasound wavelength. 
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Figure 1.1 Schematic of transducer construction with active element wired to coaxial 

connector 

 

 

Figure 1.2 Schematic of focused transducer with curved element.  The focal length, F 

depends on the radius of curvature of the curved active element.  The beam width, w, 

in the focal zone depends on the aperture, a, the focal length, F and the ultrasound 

wavelength. 

 

A transducer has a finite usable frequency range and the bandwidth is the difference 

between low and high operational frequency limits. The bandwidth is generally 

proportional to the centre frequency of the transducer and the term fractional 

bandwidth is therefore commonly used to express the bandwidth as a fraction of the 

centre frequency. Quality factor, Q, or mechanical coefficient is a related concept.  It 

has two definitions related to the energy stored and lost per cycle and also the centre 

Matching Layer

Ground Electrode

‘Hot’ Electrode

Active Element

Backing

Coaxial Connector

Coaxial Cable

Transducer Housing
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frequency and bandwidth.  A broadband transducer has a large fractional bandwidth. 

There is an inverse relationship between bandwidth and pulse length (duration). Short 

pulse duration implies a high axial resolution resulting in a high image quality, which 

is a major advantage of broadband transducers.
 (24)

  A high-Q transducer loses very 

little energy each cycle producing a long pulse and a low-Q transducer generates a 

short pulse.  Diagnostic ultrasound uses low-Q transducers and high-Q transducers are 

good for continuous wave ultrasound.  The operating frequency of a transducer is 

determined by the electro-acoustic properties and thickness of the active material; a 

thinner element generally means increased frequency.
 (25,26) 

  

 

Several material factors of the active element are important for ultrasonic transducer 

performance, including the electromechanical coupling coefficient, dielectric 

constant, electrical and mechanical losses, and acoustic impedance.  The 

electromechanical coupling coefficient, kt, defines how efficiently the material 

converts electrical stimuli from the transmitting circuit into ultrasonic energy and 

received ultrasonic energy into electrical signals.  A high kt value (kt →1) is desirable 

for transducer applications.  The dielectric constant, εr, describes the relative strain 

that the piezoelectric material undergoes when an electric field is applied to it.  A high 

dielectric constant (εr ≥100) is desirable in ultrasonic applications to match the 

electrical impedance of the imaging system
 (26)

 (typically 50Ω), minimising electronic 

noise from cabling and amplifiers.  Low mechanical (Q ≥10) and electrical losses 

(tanδ ≤0.10) are also required for good sensitivity giving a short pulse.  The acoustic 

impedance of the material, Z, (product of velocity and density) influences the energy 

transfer across the transducer-tissue interface.  The Mega Rayl is the unit of acoustic 

impedance and is equivalent to 10
6
kg/m

2
/s.  The specific acoustic impedance of the 

active element should be close to that of tissue (Z ≈ 1.5MRayl).  Matching acoustic 
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impedance values of tissue and piezoelectric element enhances the transmission of 

ultrasound between the body or load, which is where passive materials are key.  

Passive materials have an important role in the transducer performance in addition to 

the active material for enhancing energy transfer and preventing unwanted resonances 

in the transducer.
 (27)

  The important properties for passive materials are acoustic 

impedance and attenuation.  The desired acoustic impedance values for the backing 

and matching components will depend on the acoustic impedance of the active 

material to be matched.  The acoustic impedance of piezocomposite is much lower 

than that of monolithic ceramic, depending on the volume fraction of ceramic in the  

composite;
 (28)

 therefore the acoustic impedance value requirements for passive 

materials in piezocomposite transducer devices are different to those for standard 

ceramic transducers.   

 

1.2 Project Aims 

The principle aim of this work is to investigate passive materials suitable for use in 

high frequency piezocomposite devices.  The focus is on single element transducers 

but the potential for use in transducer arrays is also considered.  The key objectives of 

the project are  

 select suitable materials for use as backing and matching in piezocomposite 

transducers 

 develop fabrication procedures to achieve passive materials with a range of 

acoustic impedance values  

 develop an acoustic characterisation technique to characterise acoustic 

properties of the passive materials, including velocity and attenuation at 

relevant frequencies.   
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 obtain results to aid transducer design creating a database of impedance and 

attenuation values for the passive materials at a specific frequency.   

 consider the design and fabrication of the backing in terms of the whole 

transducer package, to allow the passive materials made to be incorporated 

into commercial transducer probes. 

1.3 Thesis Content 

Chapter 2 gives more background to the project, including an introduction to 

ultrasound and piezoelectric transducers and a more in depth overview of what 

properties are important for passive materials, how the acoustic properties can be 

modelled and candidate materials suitable for use as backing and matching for 

piezocomposite transducer devices.  Chapter 3 goes on to review acoustic 

characterisation techniques before introducing the technique used in this work and 

giving an analysis of how the velocity and attenuation of both longitudinal and shear 

waves through the sample material can be determined.  The experimental materials 

and methods are explained in Chapter 4, including the fabrication development, final 

procedures used, and the characterisation techniques including the acoustic 

characterisation set up.  Chapters 5 and 6 present the results and discussion of the two 

types of materials made.  The results are divided into powder characterisation and 

material characterisation which includes SEM microstructure analysis and acoustic 

velocity and attenuation results.  Chapter 7 shows how material made in this work has 

been incorporated into single element transducers and is compared to other materials 

used previously.  Two approaches to fabricating the material as a transducer 

component are presented as well as some measured transducer properties of devices 

incorporating the material as backing.  The final Chapter summarises the work, giving 

conclusions and some discussion for further work.   
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CHAPTER 2 
 

Ultrasound, Piezoelectricity and Transducer 
Materials 



  C H A P T E R  2   | 9 

 

2.1 Fundamentals of Ultrasound Imaging 

Ultrasound is defined as high frequency sound waves that humans cannot hear, 

mechanical waves with frequencies greater than 20 kHz.
 (29)

 The frequency of a wave 

(f) is the number of cycles (pressure oscillations) occurring at a given point within it 

in one second. Although sound waves are mechanical in nature they do not only 

propagate through air; generally a deformable medium is required for propagation, 

which could be gas, liquid or solid. The velocity of sound or ultrasound remains 

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

the frequency times the wavelength (λ).
 (1)

 

c = fλ     Equation 2.1 

This is the most important equation used in ultrasound. Because the velocity is 

constant for a particular medium, increasing the frequency causes the wavelength to 

decrease.   

 

There are two types of waves; longitudinal and shear (or transverse) as shown in 

Figure 2.1.  Longitudinal waves are those in which particle motion is along the 

direction of the wave propagation; the molecules oscillate in the same direction as the 

wave is travelling.  Shear waves are those in which the particles oscillate 

perpendicular to the direction of wave propagation.  Sound waves in liquids and 

tissues are generally considered to be all longitudinal as shear waves are not 

supported except in unusual circumstances; bone is the only biological tissue that can 

support propagation of shear waves easily.
 (30) 
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Figure 2.1 Illustration of longitudinal and shear (transverse) wave modes 

A transducer is a device that converts one form of energy into another.
 (31)

 The active 

element is the heart of an ultrasonic transducer as it converts the electrical energy to 

acoustic energy and vice versa. In most transducers it is a piezoelectric material.
 (32) 

 

In diagnostic ultrasound, an ultrasonic wave is transmitted into the body, strikes an 

interface (where there is an acoustic mismatch between two media), and it is partially 

reflected back to the transducer.
 (29,31)

 This describes the technique of echo ranging 

which involves a system that can generate an ultrasonic pulsed wave and detect the 

reflected echo after a measured time so the distance to an interface can be determined 

(as the velocity of the wave through a particular media is constant – taken to be about 

1540ms
-1

 in soft tissue).
 (1)

  

 

There are at least five advantages of ultrasound energy in medical diagnostic  

imaging:
 (33)

 

1) ultrasound can be directed in a beam  

2) ultrasound obeys the laws of reflection and refraction  

3) ultrasonic waves are reflected off small objects  

4) at low amplitudes ultrasound has no known deleterious health effects  
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5) ultrasound uses simpler hardware than many other imaging techniques.  

There are two principle disadvantages of ultrasound for medical imaging: ultrasound 

waves propagate poorly through a gaseous medium.
 (31)

 Thus ultrasonic transducers 

must have airless contact with the body and it is difficult to image parts of the body 

that contain air (such as the lungs) using ultrasound. The second disadvantage is that 

ultrasound images are relatively noisy, and have poorer contrast than X-ray and 

magnetic resonance (MR) techniques.  This means that ultrasound is a heavily 

operator-dependent technique that requires extensive training and a long learning 

curve.
 (29)

  

2.2 Piezoelectricity 
 

Piezoelectricity describes the phenomenon of the generation of an electric charge in a 

material, which is proportional to an applied mechanical stress.
 (34,35)  

This is described 

as the direct piezoelectric effect and the indirect or converse effect describes the 

development of a strain directly proportional to an applied electric field.  For the 

piezoelectric effect to occur, the absence of a centre of symmetry in the material 

structure is necessary.
 (31,35)

 Several ceramics exhibit the piezoelectric effect including 

lead zirconate titanate, known as PZT, (Pb(Ti1-x,Zrx)O3), lead titanate (PbTiO3), lead 

zirconate (PbZrO3) and barium titanate (BaTiO3).
 (31,32)

  A typical piezoelectric 

ceramic structure is a mass of perovskite crystals, each consisting of a small 

tetravalent metal ion, B
4+

, (titanium/zirconium), in a lattice of larger divalent metal 

ions, A
2+

, (lead/barium) and O
2-

 ions.  Above a critical temperature, the Curie point 

(Tc), each perovskite crystal in the ceramic element exhibits simple cubic symmetry 

with no dipole moment.  At temperatures below Tc each crystal has tetragonal or 

rhombohedral symmetry and a dipole moment as shown in Figure 2. 2. 
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  = A2+ large divalent lead ion 

  = O2- 

 = B+ small tetravalent metal ion, Ti, Zr 
 

Figure 2.2 (a) Perovskite structure of piezoelectric ceramic above Curie temperature: 

cubic lattice, symmetric arrangement of positive and negative charge (b) Tetragonal 

structure of piezoelectric ceramic below Curie temperature: crystal has electric 

dipole 

 

A ceramic is a multi crystalline structure made up of large numbers of randomly 

orientated crystal grains. The random orientation of the grains results in a net 

cancellation of the dipole effect so there is no overall polarisation.
 (31)

 The ceramic 

must be polarised to align a majority of the individual grain effects with a poling 

technique.  In poling an electric field is applied with sufficient strength to orient the 

polarisation vector to the crystallographic direction which is the nearest to the 

direction of the applied field.  After the field is removed the dipoles cannot easily 

return to their original positions so the ceramic has a permanent polarisation and 

exhibits piezoelectricity.
 (34)

   

 

The magnitudes of piezoelectric constants vary with direction of electrical and 

mechanical measurement and the direction of poling, so subscripts referring to 

direction are added to symbols.
 (34) 

The 3 direction is defined as the direction of poling 

and 1 and 2 are the perpendicular directions as shown in Figure 2.3a. Rotation about 

the axes 1, 2 and 3 is also shown and noted by the subscripts 4, 5 and 6 respectively. 

The piezoelectric constant, d, is the charge or strain constant, where in actuator mode 

(a) (b) 
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d (m/V) is the strain developed per unit of applied field, and in sensor mode d (C/N) is 

the electrical displacement generated per unit of applied stress. Therefore the d31 

coefficient relates the strain developed in the 1 direction to the electrical field applied 

along the direction of poling (the transverse effect), and d33 relates the strain 

developed in the direction of poling to the electrical field applied in this direction.  

 

 
Figure 2.3 (a) Axes and planes for piezoceramics (b)Resonance modes for plate and 

disc shapes 

 

The modes of vibration, or resonance modes, of a component made with piezoelectric 

material depend on the geometry and dimensions of the component.  Figure 2.3b 

shows the modes of vibration for a plate and a disc.  The thickness mode is most 

poling axis 
1 

3 

2 
(4) 

 
(5) 

(6) 

plate disc 

thickness mode thickness mode 

transverse mode radial mode 

(b) 

(a) 
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commonly utilised in ultrasonic transducers so is the most important for transducer 

materials.  The material is poled in the thickness direction and the voltage is also 

applied in the 3 axis.  The electromechanical coefficient, kt (for a plate), or k33 (for a 

bar) relates the mechanical strain in the thickness direction to the applied field in the 

same direction so is a critical property of piezoelectric transducer materials, where the 

thickness mode is important.
 (26)

 

 

2.3 Ultrasonic Transducers 

2.3.1 Piezoelectric Materials for Ultrasonic Transducers 

 

Active elements can be piezoceramic, monolithic single crystal, piezopolymer or 

piezocomposite materials.  The most common piezoceramic material used as active 

material in ultrasonic transducers is lead zirconate titanate (PZT),
 (31,32,36)

 as it has 

good electromechanical properties including a high electromechanical coupling 

coefficient and a high dielectric constant.  Its properties can also be adjusted by 

doping with other elements.
 (35)

  The main disadvantage of PZT is its large acoustic 

impedance of approximately 35MRayl compared to tissue (~1.5MRayl).  Other 

disadvantages are its brittleness and that it contains lead.  Other transducer materials 

include lithium niobate and potassium niobate, which are single crystals and can be 

cut in different ways to give different properties.  These materials have been used in 

high frequency single element transducer design
 (37-40)

 but have small dielectric 

constants and are also brittle, cracking when curved to form focused transducers.  

Piezoelectric polymers also have application as transducer materials.  A common 

piezoploymer is polyvinylidene fluoride (PVDF) which is a semicrystalline polymer 

material.
 (41,42)

  Its advantages include the fact that it is flexible which is useful for 

focusing, it is broadband and has a lower acoustic impedance than ceramic that is 
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more matched to human tissue.  Although the advantages of a low acoustic impedance 

value close to tissue and flexibility are better than ceramic for transducer applications 

its disadvantages are that its piezoelectric properties are not as good as PZT: it has a 

fairly small kt value compared to other materials, a very small transmitting constant, 

its dielectric loss is large and the dielectric constant small.  Therefore it is not an ideal 

transmitting material, although its receiving properties are better leading to its 

commercial use in receiving hydrophones.   

Table 2.1 Properties of some transducer materials
 (43)

 

Material Type 

Acoustic 

Impedance 

Z (MRayl) 

Dielectric 

Constant 

Elecomechanical 

coefficient, kt 

Mechanical 

loss % 

Dielectric 

Loss % 

PZT piezoceramic 35 800 0.5 2.7 2.5 

LiNbO3  single crystal 34 28 0.49 0.01 0.1 

PVDF piezopolymer 4.6 4.1 0.29 4.0 6.9 

 

Table 2.1 compares some relevant properties of some of the materials discussed here, 

showing that an ideal active material is difficult to find and a series of trade-offs must 

exist in transducer design.  Therefore there is a need for a flexible material with low 

acoustic impedance and good electro-acoustic properties for high frequency 

transducer applications. 

 

Composite materials consisting of piezoelectric ceramic in a flexible non-

piezoelectric epoxy polymer matrix have advantages over other materials mentioned 

here, including a higher kt value (up to 0.7)
 (8) 

and lower acoustic impedance that is 

closer to human tissue than the figures for ceramic materials.
 (44)

  It is also flexible 

when it is sufficiently thin so can be curved easily and is less likely to fracture.
 (45)

  

These properties can be tailored by adjusting the ceramic volume fraction in the 

matrix material.
 (28)

  The main disadvantages are that piezocomposite has a lower 
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dielectric constant than some ceramics, there are difficulties with manufacture and 

cost, and the maximum operating temperature is limited to around 100°C.
 (32)

 

 

A 1-3 composite is shown in Figure 2.4 consisting of piezoceramic pillars upstanding 

in a polymer matrix.  The 1-3 notation describes the connectivity of the composite; 

the ceramic is connected in one direction and the polymer matrix in all three 

orthogonal directions.
 (34)

 

 

 

 

 

 

Figure 2.4 Schematic of 1-3 piezocomposite 

 

In a disc or plate of 1-3 material, three resonant modes exist; the planar mode, the 

thickness mode, and various inter-pillar lateral modes caused by the regular 

arrangement of pillars in the material.
 (46)

  The 1-3 piezocomposite arrangement is the 

most promising for transducer applications as a high aspect ratio of the pillars within 

the structure causes the thickness resonance mode to be dominant above the planar 

mode and the polymer absorbs most of the lateral mode resonance.  The aspect ratio 

of the pillars should be greater than 2 and ideally about 5 to achieve optimal  

results.
 (20)

  

 

The volume fraction of ceramic in composites can easily be manipulated in principle 

by changing the size and spacing of pillars and influences many performance factors, 

including the electromechanical coupling coefficient, kt, and the acoustic impedance, 
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Z, although this is limited by manufacture techniques.  The thickness mode resonance 

properties of 1-3 composites have been modelled by Smith and Auld 
(11,28)

 and Figure 

2.5 shows how the density, velocity and kt of a 1-3 composite vary with increasing 

ceramic volume fraction according to this model.  It can be seen that kt is high over a 

large range of ceramic volume fractions and the increasing density means that 

acoustic impedance, Z, will increase almost linearly with volume fraction of ceramic. 

 

 

Figure 2.5 Influence of ceramic volume fraction on density, velocity and kt of 1-3 

composite
 (11,28) 

 

Therefore, relative to monolithic and standard piezoelectric ceramics, composites can 

be designed with a higher thickness coupling coefficient, their acoustic impedance can 

be more closely matched to human tissue and low frequency lateral resonances can be 

suppressed.  These improvements can lead to a higher sensitivity and bandwidth in the 

transducer and reduced ringing or unwanted resonances.  The traditional monolithic 

piezoceramic material has other limitations as discussed, including low fracture 

strength, high stiffness, high density and difficulty in producing complex shapes.  

Composite materials are less brittle and the flexibility of some polymers allows 
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composite to conform more easily to curved surfaces when lapped thin enough, which 

is a great advantage for focused transducers.  Therefore it is generally accepted that 

piezocomposite is superior to piezoceramic as the active element in ultrasonic 

transducers and they have been extensively studied for use in a range of  

applications.
 (9,47,48)

  

2.3.2 High Frequency Transducer Design 

High frequency single element transducer design has been reported incorporating a 

range of active materials including piezoceramic, piezocrystal, piezopolymer and 

piezocomposite materials.
 (41)

  Generally the active material is lapped to thickness and 

electrodes are applied before being potted into an electrical housing (typically SMA 

or BNC) with insulating and conductive epoxy where appropriate.  SMA 

(SubMiniature version A) connectors are coaxial RF connectors used as a minimal 

connector interface for coaxial cable with a screw type coupling mechanism.  The 

BNC connector is another type of RF connector used for terminating coaxial cable 

and is commonly used for plugs and sockets for audio and video applications.  The 

active element has electrodes on both faces which are electrically connected to the 

housing so a coaxial cable can be attached.   

Aristizabel and Turnbull
 (49)

 describe the fabrication of a 44MHz planar lithium 

niobate transducer. Circular discs of LiNbO3 plate were mounted in SMA connectors 

with silver epoxy and then potted with insulating epoxy. A Cr-Au layer was then 

evaporated onto the front surface to create a ground electrode.  Cr-Au is commonly 

used for conducting electrode applications; a thin layer (~10nm) of Cr is used for 

adhesion and a thicker layer of Au (~200nm) is used as the electrical conductor as it 

has lower resistivity.
 (50) 

 Both materials are also chemically inert.  The transducer 
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reported here was air backed; other studies
 (51-53)

 have reported using a conductive 

epoxy as backing.  A schematic of the curved and lens focused devices reported by 

Cannata
 (39)

 is shown in Figure 2.6 where a conducting epoxy backing is used and 

silver epoxy and parylene used for matching.  Using a conductive backing means that 

wire bonding is not required to electrically connect the rear face of the active element.  

The lithium niobate was pressed into a curved shape to focus the transducer and it was 

reported that the material cracked during this process.  The design of the curved 

element transducer is also similar to a curved PZT transducer housed in a SMA 

housing reported by Lockwood
 (54)

  

 

Figure 2.6 Schematic of lens focused and press focused transducers reported by 

Cannata
 (39)

 

 

The conductive epoxy backing reported in the literature can be commercial 

conductive epoxy adhesive such as E-Solder, a silver epoxy adhesive, or Epotek 430, 

a copper filled epoxy used for adhesive bonding in electronics.
 (39,55)

  Other work has 

reported fabricating backings using tungsten filler in an epoxy base
 (56,57)

 where 

conductive backings are achieved with centrifugation producing „heavy‟ backings. 
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Alumina-filled epoxy has also been reported for use in matching applications,
 (57,58)

 as 

well as other polymer materials, such as parylene
 (59)

 and silica gel.
 (60)

  The required 

thickness of the matching layer is related to the wavelength of the ultrasound 

(typically ¼ wavelength) so high frequency operation requires thin matching layers.  

This limits matching material selection to materials that can be applied in thin layers 

easily or those that can be lapped down easily, although lapping bulk material down 

can be expensive and is impossible on curved surfaces.
 (61) 

2.3.3 Piezocomposite Manufacture for High Frequency Operation 

 

High frequency operation requires the thickness of the piezoelectric active element to 

be as thin as 50µm at 30MHz.  Lapping down bulk ceramic can be difficult due to the 

the brittleness and poor mechanical strength of ceramics and is also time consuming 

and expensive.  The challenge now is to manufacture ultra-fine scale composite 

structures.  

 

The standard method for fabricating 1-3 composites is dice-and-fill, first reported by 

Savakus,
 (62)

 where a ceramic block is diced in one direction and then again 

perpendicular to the first direction, creating a „bristle block‟ of square pillars attached 

to the remaining ceramic stock.  The block is then back filled with epoxy and the 

remaining stock and excess epoxy removed.  Dice-and-fill is not ideal for high 

frequency composites as saw blades have a finite minimum thickness (typically 

10µm) and the weakness of the ceramic means that small pillars can break easily 

during cutting.   

 

High frequency operation requires fine lateral scales in addition to the aspect ratio 

requirement of 2-5.  In particular, the spacing between the pillars (kerf) must be 
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narrow enough (<15μm) to prevent the frequency of inter-pillar acoustic modes 

coinciding with the operating frequency so the lateral modes are moved outside the 

transducer bandwidth.  For example, a 1-3 piezocomposite operating at 50MHz would 

require ceramic pillars approximately 20μm wide and a kerf less than 10μm.
 (20) 

Composite devices fabricated via traditional dice-and-fill with square pillars have 

been reported operating up to 30MHz.
 (53)

  Other fine scale 1-3 fabrication dicing 

methods have also been reported including interdigital pair bonding,
 (63)

 where two 

ceramic sheets are diced and then interdigitally inserted and the surfaces are then 

lapped away to produce a 1-3 composite, as shown in Figure 2.7.  This requires 

elaborate machining and the dimensions are still limited so transducer designs are 

compromised, therefore these dicing methods have not been adopted for commercial 

production.   

 

 

Figure 2.7 Interdigital pair bonding: two ceramic sheets are diced in two directions, 

then interdigitally inserted and the surfaces are then lapped away to produce a 1-3 

composite
 (63)

 

 

Transducers with triangular shaped pillars operating up to 40MHz have been 

manufactured with a dice and fill technique.
 (55)

  The geometry of the triangular pillars 

helps spread the lateral modes over a broad spectrum of frequencies.  The composite 
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design is still limited by the blade thickness on a micro-dicing saw so the ceramic 

volume fraction is also limited to 25% or less.    

 

More specialised methods to manufacture fine scale 1-3 composites utilising moulds 

have been investigated with more success and suitable structures for commercial 

production have been developed.
(18-23) 

This technique is based on viscous polymer 

processing (VPP) combined with a „lost mould‟ method.
 (20)

  The fabrication route has 

four main process steps; production of ceramic „paste‟, embossing of the 1-3 structure 

into a mould, mould removal and heat treatment, and finally piezocomposite assembly 

and finishing.  Using this fabrication technique different shaped and sized pillars can 

be produced depending on the mould dimensions.  Examples of sintered pillars 

manufactured via this technique are shown in Figure 2.8.  This net shape manufacture 

has demonstrated that it is possible to mould 1-3 structures suitable for high frequency 

operation in ultrasound transducer devices, and the technique has the potential to 

extend the frequency range of piezocomposite materials beyond existing limits.  

 

Figure 2.8 Sintered 1-3 Structures made by embossing VPP ceramic into polymer 

moulds
 (20) 

A Hexagonal, 30μm width, 10μm kerf, aspect ratio 3 

B Circular, 50μm pillar width, 100μm kerf, aspect ratio 8 

C Circular, 12μm pillar width, 7μm kerf, aspect ratio 3 

D Hexagonal, 30μm pillar width, 10μm kerf, aspect ratio 3 
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2.3.4 Passive Transducer Materials 

 

2.3.4.1 Backing and Matching Requirements 
 

The fundamental desired characteristics of an ultrasound transducer for diagnostic 

imaging are a wide bandwidth, which gives short echoes and thus high resolution, and 

a low transmission loss, which gives good sensitivity.  The main problem with 

transducers used for medical applications is the large acoustic mismatch between the 

active element and the load (tissue), resulting in most of the acoustic energy being 

reflected back and forth between the front and rear faces of the element; the 

transducer consequently has a small bandwidth, the pulse transmitted into the load is 

long, and the axial resolution is poor.  These oscillations may be dampened by 

positioning a lossy backing material behind the piezoelectric element to absorb a large 

proportion of the energy and increase the bandwidth.
 (27)

   

 

In imaging, a pulsed wave system is used; the transducer sends out a short burst of 

ultrasound followed by a period of silence to allow for detection of returning echoes 

(receiving mode) before another pulse is generated.  Ideally the backing material 

should absorb all the energy except for one cycle of sound produced from the front 

face of the transducer to avoid false echoes.
 (27)

  For maximum transfer of energy to 

occur into the backing, the backing material must have an acoustic impedance value 

identical to that of the active element;
 (64)

 the pulse length will be short when 

transmitted and received after reflection.  However, most of the ultrasonic energy will 

be coupled into the backing and, as a result, the transducer will have a shorter pulse 

duration at the expense of sensitivity.
 (27) 

 By using a backing with lower acoustic 

impedance than the active element, greater sensitivity is achieved because less energy 

is absorbed into the backing.  Unfortunately the transmitted and received pulses are 
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longer due to increased ringing (continued vibration of the element after excitation) in 

the transducer, therefore a compromise must be made in choosing the acoustic 

impedance of the backing.  The backing material should also have a high absorption 

coefficient (attenuation) to prevent ultrasonic energy from returning to the 

piezoelectric element.
 (65)

     

 

The acoustic mismatch between the transducer and load can be reduced by placing a 

matching material on the face of the transducer, with this material having an 

intermediate acoustic impedance value so that the effective difference in impedance 

values at the interface is reduced and the energy transfer across the interface is 

improved as reflection is reduced.
 (27) 

 This material must have the desired acoustic 

impedance value tailored to match the active element to the load and must also have 

low loss properties as high attenuation would prevent the desired function of 

providing high transmission between the element and the load and vice versa.  The 

required acoustic impedance of the matching layer can be calculated by taking the 

geometric mean of the impedance values of the active element and tissue.
 (66)

  

loadelementmatching ZZZ   Equation 2.2 

A specific thickness of the matching layer is also helpful.  A thickness equal to integer 

multiples of a quarter of the wavelength in the matching layer gives maximum 

reinforcement of the wave reflected from the transducer – matching layer interface 

enhancing the intensity of the ultrasound transmitted into the body.  A one quarter 

wavelength layer is preferred to other integer values as a thicker layer increases 

attenuation.
 (67)

 The wavelength at the centre frequency of the transducer is considered 

to design the matching layer thickness so at high transducer operating frequencies 

matching layer thickness is very small (¼ wavelength ~12μm for 50MHz).    
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Multiple matching layers can be used to taper the acoustic impedance between the 

transducer material and the load providing additional performance improvement; it 

has been reported that a transducer with a single matching layer has a 40-50% 

fractional bandwidth and that a transducer with double matching layers has a 

fractional bandwidth of about 70%.
 (68)

  It has also been suggested that wider 

bandwidth characteristics can be obtained using triple matching layers.  The quarter 

wavelength matching layer allows maximum transmission for a single frequency of an 

ultrasound wave.  However, pulsed wave systems produce ultrasound waves across a 

range of frequencies – described by the bandwidth – and each frequency has its 

associated wavelength, making the optimal single matching layer difficult to design.  

Multiple matching layers alter the frequency distribution towards a broader bandwidth 

enhancing sensitivity and axial resolution.
 (68) 

 

 

2.3.4.2 Material Selection 

 

Epoxies loaded with suitable fillers are used as backing and matching materials in 

many commercial NDT and medical imaging probes.  Epoxies provide the necessary 

toughness so backings are capable of withstanding high pressures.  The acoustic 

impedance and attenuation characteristics of the backing material can be tailored 

depending on the amount of filler.  Composites containing a small amount of filler in 

a polymer matrix have a 0-3 connectivity pattern, in which the “0” phase is the filler 

material which is not connected in any dimension and the “3” phase is the polymer 

matrix that is interconnected in all three dimensions.
 (34)

  Commonly fillers such as 

tungsten, iron, magnesium and aluminium are used to obtain high acoustic impedance 

and fillers such as glass, microspheres, wood and cork are used for low acoustic 

impedance backings.  As previously discussed, tungsten and alumina are commonly 
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used as filler material for transducer passive materials, manufacture being limited by 

the maximum solid loading for backings and the thin matching layers required for 

high frequency operation.  Table 2.2 shows some acoustic properties of possible 

fillers and epoxies compared with the properties of human tissue and some common 

transducer materials. 

 

 

Table 2.2 Acoustic properties of candidate fillers and epoxies compared with the 

properties of tissue and some common transducer materials
 (69; 70)

 

Material 
Longitudinal Velocity, 

VL m/s 

Density, ρ 

g/cc 

Acoustic Impedance, 

Z MRayl 

Human skin 1540 1.11-1.19 1.71-1.83 

Human breast 

tissue 
1430-1570 0.99-1.06 1.42-1.66 

Epoxy 

Epotek 301 
2640 1.08 2.85 

Epoxy 

CY1301/HY1300 
2482 1.15 2.85 

Parylene C 2150 1.40 3.0 

Silver epoxy 1900 2.71 5.14 

PZT-5H 4440 7.43 33.0 

Gold 3240 19.7 63.8 

Glass 5660 2.49 14.09 

Iron 5900 7.69 46.4 

Magnesium 5800 1.74 10.0 

Nickel 5600 8.84 49.5 

Platinum 3260 21.40 69.8 

Silicon Carbide 13060 3.22 42.0 

Silver 3600 10.6 38.0 

Tungsten 5200 19.4 101.0 

Alumina 10520 3.86 40.6 

 

From Table 2.2 it can be seen that tungsten has a very high acoustic impedance, 

mostly due to its high density and this is the main reason tungsten is commonly used 
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as filler in backing materials.  Tungsten-filled composites can also be electrically 

conducting at high volume fractions.  Table 2.2 shows that gold and platinum also 

have high acoustic impedance values due to their high density.  These materials are, 

however, expensive and so are not suitable for filler in backing materials for 

commercial devices.  Although alumina does not have a very high density, the 

velocity is very high so it has a reasonably high acoustic impedance.  Therefore low 

volume fractions of alumina filler in epoxy is used as matching material but higher 

volume fraction alumina epoxy may be suitable for backing composite transducers 

and also array transducers, as alumina is non-conducting and less expensive than 

tungsten.  In order to match the PZT acoustic impedance of ~35MRayl, about 60-70% 

volume tungsten is usually needed,
 (56,65)

 resulting in a heavily loaded backing.   

 

The acoustic impedance of piezocomposites is lower than that of PZT, depending on 

the volume fraction of ceramic in the composite, therefore the required acoustic 

impedance of the backing will be lower than that required to match a monolithic PZT 

ceramic active element.  The relationship between acoustic impedance and ceramic 

volume fraction is shown in Figure 2.9 showing how acoustic impedance varies 

almost linearly with ceramic volume fraction for a 1-3 piezocomposite of PZT5/Spurr 

epoxy according to the Smith and Auld model,
 (28)

 so a composite with about 50% 

volume ceramic has an acoustic impedance value of approximately 15MRayl.  This 

also has implications for matching design as the geometric mean of tissue and PZT is 

approximately 7MRayl compared with 4.7MRayl for tissue and a 50% volume 

fraction ceramic composite, which means that some composite transducers may not 

require matching, or may be matched reasonably well with unfilled polymer. 
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Figure 2.9 Influence of volume fraction ceramic in 1-3 composite on acoustic 

impedance
 (28)

 

2.3.5 Transducer Simulation and Modelling 

 

2.3.5.1 Transducer Modelling 

Modelling transducer and material properties is important for transducer design in 

order to predict how a device will perform, as there are many possibilities and 

combinations of layer thicknesses and impedances.  There are, however, many factors 

in the manufacturing process that could influence performance so a device does not 

behave as predicted by the model.  These include thick bond lines, air bubbles in 

backing material and cracks in the ceramic material, so modelling is important to 

ensure that experimental results are due to the selection of material properties and 

dimensions and not manufacturing problems.  The Mason model, a one dimensional 

analysis of the wave equation on transducer materials, shown in Figure                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

2.10, was developed to calculate the transfer function for a transducer.  It is an 

electromechanical equivalent circuit valid for a thin lossless disc operating only in the 

thickness mode, separating the piezoelectric transducer into an electrical port and 

acoustic ports representing the different transducer components.
 (71,72)
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Figure 2.10 Mason Equivalent Circuit
 (71)

 

 

Another commonly used 1D equivalent circuit is the KLM model, however as both 

these models are one dimensional (only describe the thickness mode) they do not 

describe the whole system as some factors are not taken into account; the 

piezoelectric, dielectric, and elastic constants are represented by complex quantities to 

account for loss in the material but other losses due to absorption and diffraction are 

ignored.
 (72)

  These models require a precise knowledge of the electrical and 

mechanical properties of the transducer and can be quite inaccurate.  Transducer 

designers generally now employ more comprehensive and accurate finite element 

modelling (FEM) solutions for 2D and 3D analyses rather than relying exclusively on 

1D analytical models and experimental prototypes.
 (73,74)

  The accuracy of the 

simulation still relies on the accuracy of material properties that are input into the 

models but the more comprehensive analysis represents the real situation better than 

one dimensional models.  These properties are often not specified in manufacturer 

specifications so characterisation of transducer material properties at the frequencies 
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of interest is required to ensure simulation and modelling can give a good 

representation of the transducer performance in reality.  FEM modelling can be 

performed using different approaches.  Currently there are two major FEM software 

packages available commercially designed for the analysis of piezoelectric resonators; 

ANSYS (ANSYS Inc. PA, US), a frequency domain modelling package and PZFlex 

(Weidlinger Associates, CA, US), a time domain modelling package.
 (75)

   

 

2.3.5.2 Acoustic Modelling of Passive Materials 

To model the acoustic properties of transducer passive components such as backing 

and matching materials, scattering and bulk elastic properties must be considered.   

Medical ultrasound relies greatly on the fact that biological tissues reflect or scatter 

incident sound.  It also relies on the transmitted part of the sound wave; if all the 

transmitted energy is reflected at a particular interface no sound penetrates further to 

show underlying structures.  This occurs in the body at the boundary between tissue 

and air which is why ultrasound cannot image tissue within or under the lung. 

The two physical processes of reflection and scattering are closely related but 

scattering refers to the interaction between sound waves and particles much smaller 

than the wavelength and reflection occurs with interaction between particles or 

objects larger than the wavelength.  If the incident wavelength is much smaller than 

the dimensions of the object the reflection process can be estimated by analysing 

conceptual rays incident on the object.  The reflected wavefront is a replica of the 

object shape and is reflected by a reflection factor due to the impedance mismatch 

between the propagating medium and the sphere.
 (76)

  This is known as specular 

scattering, as illustrated in Figure 2.11(a).  Scattering by small sub-wavelength 

particles, known as diffusive scattering
 (76)

 and shown in Figure 2.11(b) is important in 
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medical imaging as this is how tissue is often modelled.  As the object size gets closer 

to the wavelength the radiation pattern becomes more complex and progressively 

more directional.  

 

 
 

 

Figure 2.11 Illustration of specular and diffusive scattering  

(a) sound incident on spherical particle much bigger than wavelength (specular 

scattering) (b) sound incident on spherical particle much smaller than wavelength 

(diffusive scattering)
 (76)

 

 

Scattering or reflection of sound waves can be caused by inhomogeneities in the 

density or compressibility of the medium, such as filler particles in an isotropic 

matrix.  The amount of scattering or reflection is usually proportional to the difference 

in the mechanical properties of the medium, therefore the scattering or reflection 

process can be modelled.  In the 19
th

 century Raleigh derived an expression for 

scattering from a sphere much smaller than the wavelength and with different elastic 

properties, density and compressibility, and since then many other elastic models have 

been formulated.  For simple geometric shapes it is possible to give explicit 

expressions for the scattering cross-sections.  Solutions for a limited range of other 

object shapes do exist but spheres and cylinders can be used to estimate a large 

number of scattering objects found in tissue.  Therefore if the scattering particles in 

transducer materials are assumed to be spherical and much smaller than the 

wavelength, the elastic properties can be modelled to show how the amount of 

d 

d << λ 

d > λ 
(a) (b) 
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scatterers (volume fraction of filler) affects velocity.  These types of models will be 

used to describe the acoustic properties of backing and matching material consisting 

of 0-3 composites.  Acoustic modelling of materials is related to the elastic properties 

of the material.
 (77)

  Elasticity is related to the ability of a material to return to its 

original shape after a force ceases to act on it.  An ultrasonic wave travelling through 

an elastic material causes deformations by the separation and compression of 

neighbouring molecules or atoms in the lattice.  The velocity of sound through a 

material is related to the material stiffness and scattering due to the inclusions affect 

the material attenuation.  Therefore the velocity and acoustic attenuation in 0-3 

composites can be estimated using the filler and matrix mechanical properties.
 (78)

  

Many models have been formulated to describe the bulk properties of random 

heterogeneous composite materials as considered here.   

 

The velocity of a longitudinal sound wave, VL, is related to the mechanical properties 

of the medium by 

VL = 

2/1

3

4
GK

   Equation 2.3 

where K is the elastic bulk modulus, G is the shear modulus and  is the density.
 (79)

   

The composite density is calculated by 

composite = 2211 vv    Equation 2.4 

where  is the density and v is the volume fraction of each phase denoted by 

subscripts 1 and 2.  Common models to describe the elastic properties of two phase 

composites include Reuss and Voigt.
 (79) 

The Reuss model assumes constant stress 

throughout the material and is defined by 
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Kcomposite = 
2211

21

KvKv

KK
   Equation 2.5 

The Voigt model assumes constant strain throughout the material and is defined by 

Kcomposite = 2211 KvKv    Equation 2.6 

These two models are the simplest models applied to two phase composites and lead 

to extreme upper and lower limits (Reuss gives the lower limit and Voigt the upper).  

These models make simplifying assumptions concerning geometry and physical 

behaviour of the two phases.   

 

A better approach is the model proposed by Hashin and Shtrikman.
 (80)

  This model is 

based on energetic considerations and results in more restrictive limits.  This model 

evaluates the strain energy stored in the material, and determines limits using the 

principle of minimum complementary energy and the principle of minimum potential 

energy to obtain maximum and minimum conditions.  The disadvantage of using this 

model to predict acoustic properties is that the difference between the upper and lower 

bounds is still fairly large so accurate specific predictions cannot be made.  More 

accurate predictions can be made using scattering models. 

 

Scattering effects must be considered to fully understand acoustic properties of 0-3 

composites.  Most of the theoretical understanding of ultrasonic propagation in 

composite materials is based on the scattering properties of a single inclusion or void.  

At very low concentrations multiple scattering can be neglected and each scatterer can 

be treated as independent, but it is not known at what concentration the single scatter 

approximation remains useful,
 (81)

 and multiple scattering effects are important in 

many practical situations where concentrations range from 1% to 60%.
 (82)

 Therefore 

accurate models must be based on multiple scattering effects.
 (83)
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Kuster and Toksoz‟s 1974 model
 (84) 

is based on multiple scattering of waves and is 

identical to the lower bound of Hashin and Shrikman at low volume fractions.  The 

Devaney model 
(85)

 is based on a self-consistent formulation of multiple scattering 

theory.  According to this model the moduli K and G of the composite are given by 

Equations 2.7 and 2.8.
 (85)
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Where wavelengths are much larger than the particle size, and the concentration of 

filler is low, the Devaney model reduces to the coherent potential approximation 

(CPA), a single scatterer model where multiple scattering effects are not taken into 

account
 (79)

  Therefore it may be assumed that the lower bounds of the Hashin and 

Shtrikman model and single scattering models are valid at low volume fractions but 

multiple scattering effects become more important as the volume fraction of filler 

increases.   

 

Using the moduli from the models discussed here and Equation 2.3 the longitudinal 

velocity and acoustic impedance have been calculated for 0-3 composites using the 

common transducer filler materials of tungsten and alumina in CY1301/HY1300, a 

common two-part engineering epoxy.  The velocity results are plotted in Figure 2.12 

showing how these models describe the variation of longitudinal velocity with volume 

fraction tungsten and alumina in epoxy.  The Devaney model has agreed best with 

experimental data in the literature.
 (57,86,87)

  However, when the volume fraction of 

filler is one, the Devaney model velocity is different from the bulk velocity in the 

filler material (as it is in the Kuster and Toksov model).  This is due to the fact that 
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this approach does not place the matrix and the filler on equal footing and the 

situation where v2 = 1 is not taken into account by these models.  Therefore at very 

high volume fractions these scattering models are not likely to be accurate.  The 

corresponding acoustic impedance values according to the models are shown in 

Figure 2.13.  According to the Devaney model, a volume of 45% tungsten would be 

required to match a piezocomposite with a 50% volume ceramic, compared to above 

60% volume tungsten needed to match PZT.   

 

It has been found experimentally that the velocity, acoustic impedance and elastic 

stiffness of 0-3 composites is independent of frequency.
 (56)  

Therefore the elastic 

models should be valid at high frequencies.  The scattering models assume the 

scattering particles to be spherically shaped.  They also assume the particle size to be 

sufficiently small so that diffusive scattering is occurring instead of specular 

scattering, as described in Figure 2.11, therefore the particle size of the filler becomes 

more important with high frequency operation.  Another problem using these models 

is related to the material parameters for the particle filler phase, as values are usually 

taken from literature data on bulk samples and it is not known how this applies to 

powder materials.
 (88)
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Figure 2.12 Effect of filler volume fraction on longitudinal velocity of (a) tungsten 

epoxy material and (b) alumina epoxy material according to different elastic and 

scattering models 

(a) 

(b) 
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Figure 2.13 Effect of filler volume fraction on acoustic impedance of (a) tungsten 

epoxy material and (b) alumina epoxy material according to different elastic and 

scattering models 

 

 

 

 

 

(a) 

(b) 
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2.3.5.3 Additional High Frequency Considerations for Passive Materials 

In addition to tailoring the backing and matching to the acoustic impedance of the 

piezocomposite material acting as the active element there are additional 

considerations for high frequency operation.  As previously stated, the most important 

are the particle size of the filler and the thickness of the matching layer.  This stems 

from the fact that ultrasound through solids around 100MHz typically has 

wavelengths in the order of a few tens of microns.  This means that the filler particles 

must be at least ten times smaller than the wavelength to act properly as scatterers so 

that the velocity properties can be accurately modelled.   

 

Such small wavelengths mean that a ¼ wavelength matching layer would be very thin 

and would limit the materials that could be used for the matching material.  Typically 

thin layers of solids such as composite epoxy materials are laminated onto the front of 

transducers operating at lower frequencies but lapping these materials thin can be 

difficult.
 (61) 

 Thin polymer films, such as parylene can be vapour deposited onto the 

front of a transducer.  Parylene is useful for the front face material of a transducer, i.e. 

the final matching layer, as parylene coatings have a uniform thickness and are 

pinhole free so components with sharp edges, points, flat surfaces or crevices are 

coated uniformly without voids.
 (89)

  It is also chemically inert and biocompatible and 

is used to coat many medical devices and components. 

 

The use of nanoparticles as filler has been reported in high frequency transducer 

passive materials to adjust impedance and attenuation properties and create thin 

matching layers.
(58,90-92)

 Epoxy filled with alumina nano particles has been 

investigated for matching applications.
 (91) 

 The alumina was dispersed in a solvent 

then added to epoxy which was spin coated onto a silicon substrate creating layers  
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2-8µm thick.  The measured acoustic impedance ranged from 2.8-4.8MRayl and the 

attenuation 1.5-12dB/mm. The attenuation was found to be dependent on the 

smoothness and quality of the coating layer, therefore the optimal production process 

must be investigated further to obtain material with predictable attenuation properties.  

Other work has reported fabrication of high volume fraction TiO2-polymer composite 

matching layers.
 (92)

  The filler was a nanopowder in the range of 20-40nm.  The 

material was coated on a substrate with a doctor blade technique producing 8-15µm 

thick films.  The specific volume fraction of the composite is not known but the 

material appears to be well packed without trapped air bubbles.  Curing the epoxy at 

different temperatures resulted in material with different measured acoustic 

impedance values ranging from 5.3-7.2MRayl, although this material was fabricated 

onto a substrate.  The characterisation of matching materials on a substrate can be 

difficult depending on the thickness of the substrate and additional charaterisation 

techniques may have to be developed.
 (67)

  In addition to matching applications, 

nanopowder filler has been investigated for use in lens material.
 (90)

  In this study the 

acoustic impedance and attenuation of silicone rubber was altered by adding different 

amounts of metal oxide nanopowders.  The method of dispersing the nanopowder in 

the silicone was not reported and agglomerations of 1µm were observed.  Therefore 

optimal mixing processes must be investigated as the dispersion of nanopowders in 

polymer is difficult.  A clear particle size dependence on acoustic attenuation was 

found so that material with smaller filler particles had a lower attenuation, other 

factors were also suggested to affect the attenuation including particle shape, 

distribution, agglomeration and uniformity.
 (90)
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2.4 Summary 
 

The active part of a transducer probe is usually a piezoelectric material that converts 

electrical energy into mechanical waves and vice versa.  Common piezoceramic 

materials used in ultrasound transducers include PZT and lithium niobate.  

Piezocomposite materials consisting of piezoceramic pillars upstanding in a polymer 

matrix offer superior properties than conventional monolithic materials, including a 

higher electromechanical coefficient kt.  High frequency operation requires thin active 

material and composite material is also easier to lap down thin and is less likely to 

fracture when curved to form focused transducers than other materials, such as 

lithium niobate.   

 

Conventional manufacture of 1-3 piezocomposite is limited for high frequency 

operation as fine scale structures are required.  Materials fabricated via a VPP 

moulding route have created composite structures with great potential, with feature 

sizes as small as 12µm, allowing operation above 50MHz.  These piezocomposite 

materials have different acoustic impedance values than conventional transducer 

material so the requirements for passive materials are changed. 

 

Transducer passive materials involve a backing material placed behind the active 

material to absorb ultrasonic energy preventing false echoes and continued vibration 

(ringing) in the active material and a matching layer which is placed on the front face 

of the transducer to improve the energy transfer from the transducer to the load by 

reducing the acoustic mismatch at the interface.  Passive materials are usually a 

composite material consisting of filler particles randomly arranged in a polymer 

matrix.  Common filler materials for transducer applications include alumina and 

tungsten and the overall composite properties can be tailored by adjusting the amount 
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of filler.  The velocity and acoustic impedance can be predicted from multiple 

scattering models. 

 

The additional requirements for passive materials for high frequency applications are 

related to the ultrasound wavelength.  The filler particle size must be sufficiently 

smaller than the wavelength for diffusive scattering to occur and the matching layer 

thickness is optimal at ¼ wavelength, which can be approximately 10µm at 50MHz.  

Therefore there are additional fabrication issues for high frequency passive materials.  

The use of nanoparticles as matching filler has been reported recently but fabrication 

issues with dispersion and agglomeration still need to be optimised. 
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CHAPTER 3 
 

Wave Propagation and Acoustic Measurement 
Techniques 
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3.1 Propagation of sound: Velocity and Attenuation 

As mentioned in the previous Chapter, the key properties for transducer passive 

materials are acoustic impedance and attenuation.  Acoustic impedance is the product 

of velocity and density, therefore both impedance and attenuation can be determined 

by measuring the velocity and attenuation of an ultrasound wave through a material of 

known density.  This Chapter will present the theory of sound propagation through a 

medium showing how velocity and attenuation can be calculated, and various acoustic 

measurement techniques will be reviewed.  As mentioned previously the speed of 

ultrasound is constant in a medium and it is determined by the elastic properties of 

that medium, its modulus and density.
 (77)

   

 

The main mechanisms of attenuation are based on scattering and absorption.  

Scattering decreases ultrasonic intensity by redirecting the energy of the beam.  

Scattering occurs when interfaces are small, with dimensions approximately the same 

size or smaller than the ultrasound wavelength.  Each interface effectively acts as a 

new sound source as the sound is reflected in all directions independent of the 

direction of the original wave.  Scattering by particles much smaller than the 

wavelength is called Rayleigh (diffusive) scattering; this has a strong frequency 

dependence which makes it useful for tissue characterisation, as other types of 

reflections do not have a frequency dependence.   

 

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

forms, mainly heat, and it is the only process where sound energy is dissipated in a 

material.  It is influenced by the ultrasound frequency and the viscosity and relaxation 

time of the material.  The relaxation time describes the rate at which molecules return 
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to their original positions after being displaced; if a material has short relaxation time 

the molecules return to their original position before the compression phase of the 

next wave.
(1)

  In a material with a long relaxation time the molecules are still moving 

when the compression phase of the next wave arrives, so more energy is required to 

stop and reverse the direction of the molecules, thereby producing more heat.  

Viscosity also has an effect, so a highly viscous fluid has more absorption than a low 

viscosity fluid.  Frequency affects absorption in relation to both relaxation time and 

viscosity; when the frequency is increased the molecules move more often generating 

more heat from the drag caused by friction (viscosity).  There is also less time 

between waves for the molecules to recover in the relaxation process so the molecules 

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

more absorption.   

 

Attenuation includes scattering and absorption in describing how the amplitude of a 

wave is reduced as it propagates through a material.
 (93) 

 As the frequency is increased 

the attenuation increases so consequently the intensity of the ultrasound decreases 

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

reduced as the operating frequency increases. 

 

A common method to measure the key acoustic properties of acoustic impedance and 

attenuation is to first determine the time of flight through a material to calculate 

velocity.
 (94,95)

  The amplitude of a pulse transmitted through the sample is compared 

to a pulse without the sample in place.  The transmitted signal is then corrected for 

reflection losses at any interfaces to determine the attenuation.   
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3.2 Potential Characterisation Methods 

Ultrasonic measurement methods for characterising materials are well established and 

there are a number of different techniques possible using both continuous wave and 

pulsed systems, as reviewed by McSkimmin for pulsed waves
 (96)

 and Bolef and 

De Klerk for continuous wave methods.
 (97)

  A pulsed system is the most appropriate 

characterisation technique for transducer materials as this technique is used in medical 

imaging.  Continuous wave methods have disadvantages including being subject to 

errors due to reflections, mode conversions or other interfering signals
 (98)

 and they 

also tend to be time consuming.  A broadband pulse technique offers a more attractive 

approach as the transmitted pulse can be isolated in the time domain from unwanted 

signals, such as reflections and reverberations.  The experimental technique is 

relatively simple and Fourier analysis can be performed quickly to determine velocity 

and attenuation.
 (99)

   

 

The pulsed method can be used with a reverberation path using one transducer device 

as a transmitter and receiver or a through technique using two separate devices acting 

as a transmitter and a receiver.
 (100)

  These techniques will be discussed and the 

relative merits and disadvantages identified.   

 

3.2.1 Reverberation Method 

3.2.1.1 Underwater Configuration  
  

The reverberation method as described by Selfridge
 (69)

 allows the longitudinal 

velocity and attenuation to be measured.  In this method a single transducer acts as a 

transmitter and receiver; it is positioned normal to the sample surface and the distance 

between the transducer and sample is chosen so that the transit time of an ultrasonic 



  C H A P T E R  3   | 46 
 

pulse between the transducer and sample is about four to five times the transit time 

though the sample, as illustrated in Figure 3.1.
 (69)

  The transducer is then excited in a 

pulse or toneburst mode and a train of echoes due to the reverberation of ultrasound in 

the sample and the water path between the sample and transducer should be observed. 

 

The received echoes are shown in Figure 3.2; the pulses labelled A1, A2, A3 and A4 

are due to the wave that has travelled once through the water between the sample and 

specimen.  A1 is due to the reflection off the front face of the sample, A2 is due to the 

reflection off the back face of the sample and A3 and A4 are due to reverberations 

within the sample.   

 

 

Figure 3.1 Illustration of reverberation paths, from Selfridge pulse-echo 

characterisation method
 (69) 

A1 

A2 
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Figure 3.2 Measurement signal showing received echoes from Selfridge pulse-echo 

method
 (69)

 

 

This method was used by Selfridge to determine the longitudinal wave properties of a 

number of different materials.  The longitudinal velocity is calculated by  

     
t

d
VL

2
   Equation 3.1 

where d is the thickness of the sample and ∆t is the time between the signals reflected 

from the front and back faces of the sample.   

 

The attenuation is determined by calculating what the relative amplitudes of A2/A1 

should be with no loss in the sample by looking at transmission and reflection 

coefficients.  The reflection coefficient, R is given by 

     
ws

ws

ZZ

ZZ
R    Equation 3.2 

where Zs is the acoustic impedance of the sample and Zw is the acoustic impedance of 

water. 

 

The amplitude of the transmitted wave into the sample at the front face is given by T1  

    R
ZZ

Z
T

WS

S 1
2

1    Equation 3.3 



  C H A P T E R  3   | 48 
 

When this portion of the ultrasound reaches the back face some is reflected back into 

the sample and some is transmitted into the water.  The reflection coefficient at the 

back face is –R and the transmission coefficient T2 is given by 

    R
ZZ

Z
T

WS

W 1
2

2    Equation 3.4 

The calculated ratio between A2 and A1 without any loss is given by 

   calculated
2

21

1

2 1 RTT
A

A
  Equation 3.5 

Therefore the actual loss in the sample is found by comparing the measured ratio to 

the calculated ratio as in 

  Loss in dB/m = d

A

A
Measured

A

A
Calculated

2/log20

1

2

1

2

  Equation 3.6 

 

This method is quite a simple method of determining longitudinal wave velocity and 

attenuation and has been used to characterise various materials by Selfridge and other 

researchers,
 (87)

 including some of the materials shown in Table 2.2. The main 

disadvantage of this technique is that shear waves cannot be characterised in this 

configuration.  Shear waves are generated when longitudinal waves are incident on a 

boundary at an oblique angle so shear wave properties are generally more important 

for matching materials than for backing as piezocomposite active materials primarily 

use the thickness mode and lateral resonances are suppressed.  However, both 

longitudinal and shear waves propagate through solids and determining both mode 

properties will fully characterise the material. 
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d 

Transducer Layer of couplant 

Sample 

3.2.1.2 Direct Contact Configuration 

The analysis from Selfridge
 (69)

 described in the previous section is valid for 

underwater experiments where water is used as the coupling medium.  It is also 

possible to perform similar reverberation experiments using direct contact of the 

transducer and sample with the aid of an appropriate acoustic couplant,
 (101)

 as shown 

in Figure 3.3.  The acoustic mismatch between the sample and air is greater than with 

water so a couplant is required with a strong physical contact between the transducer 

and sample. 

 

 

 

 

 

 

Figure 3.3 Diagram of direct contact method where a couplant is used to help 

transfer the ultrasonic energy between the transducer and sample material 

 

The longitudinal velocity and attenuation can then be calculated as shown previously 

with Equations 3.1 and 3.6 respectively. 

 

This method can be used to generate both longitudinal and shear waves within a 

sample material, but different experimental arrangements are required using different 

transducers as a shear transducer is required to generate shear waves.  A technique 

where one experimental arrangement can be used to measure the velocity and 

attenuation of both wave modes would be more suitable for the characterisation of 

materials.  Additionally, another disadvantage of both these reverberation methods is 
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that the wave has to travel through the sample twice.  The sample must be thick 

enough that the reflections from both faces can be easily distinguished in the time 

domain, but thin enough so that the signal is not lost completely in very lossy 

(attenuative) materials. 

3.3 Non-Contact Through-Transmission Method 

A suitable approach for the acoustic characterisation of materials is a non-contact 

through-transmission method.  This technique uses two devices, a transmitter and a 

receiver, separated by a coupling medium i.e. water.  A sample is positioned between 

these devices and both longitudinal and shear waves can be excited in the sample 

material by rotating the sample and therefore adjusting the angle of incidence.  The 

following sections will show how the velocity and attenuation can be determined 

using this method.  The analysis will start with the situation of normal incidence 

where only longitudinal waves propagate through the sample.  Then it will be shown 

how adjusting the angle of incidence results in mode conversion so both longitudinal 

and shear waves are transmitted through the sample material enabling shear wave 

properties to also be analysed. 

 

3.3.1 Determination of Longitudinal Velocity at Normal Incidence 

The longitudinal velocity through a material can be determined by measuring the time 

of flight of a reference signal in water and then measuring the signal through the 

sample and water in a non-contact transmission mode; the time difference between the 

two signals can be used to calculate the velocity. 
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Consider two transducers set up to transmit and receive an ultrasound signal a 

distance D apart in water as shown in Figure 3.4.  When a sample of thickness d is 

placed between the transducers the transmitted signal will arrive at a different time to 

the reference signal in water, depending on the speed through the sample and its 

thickness. 

 

 
 

 

 

 

 

 

Figure 3.4 Diagram of through transmission technique under normal incidence with 

and without sample present 

 

The time difference between the two signals, Δt, is determined such that it is positive 

when the transmitted signal arrives before the reference signal and negative when the 

transmitted signal is later than the reference signal.  The analysis to calculate the 

longitudinal velocity VL just has to consider the propagation through the sample, of 

d 

Transmitter 

Receiver 

D Vi D 

Transmitter 

Receiver 

WATER 



  C H A P T E R  3   | 52 
 

length d, and compare it to the reference signal propagation through the same distance 

of water, so the distance D does not need to be known.  Velocity is calculated by 

distance/time and the velocity through distilled water is taken as 1483ms
-1

 at 20°C.
 (76)

  

Therefore the time taken for the reference signal to travel distance d through water 

can be calculated as  

i

w
V

d
t

   Equation 3.7 

and the time for the transmitted signal to travel distance d through the sample is   

 

t
V

d
t

i

s

    Equation 3.8 

 

so the velocity VL through the sample is found with Equation 3.9. 

 

t
V

d

d
V

i

L

  Equation 3.9

 

 

  

 

O‟Leary also derived the same equation for the longitudinal velocity through the 

sample by considering the whole path length of the transmitted and reference waves, 

D.
 (101)  

 

3.3.2 Calculating Time of Flight, ∆t 

The time difference between the two signals, ∆t, can be measured by inspection of the 

pulses and finding the difference in arrival times.  However, different times can be 

recorded depending on the experimental criteria used resulting in a variation in the 

calculated velocity.
 (98)

  The pulse can change shape when transmitted through the 

material, especially in lossy (highly attenuative) materials, so it can be difficult to 

assess the arrival time accurately and the process can become somewhat subjective.  
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Three different criteria for assessing the transit time have been presented,
 (98)

 as shown 

in Figure 3.5 and are as follows;  

1. first arrival -  in which the time marker is placed at the point of first apparent 

deviation from the horizontal (time) axis 

2. thresholding - in which the amplitude of the first half cycle of the received 

wave is measured and the time marker positioned at a point on the rising edge 

of the signal corresponding to 10% of that amplitude 

3. first zero crossing – in which the time marker is placed at the point where the 

received waveform first crosses the time axis 

 

Figure 3.5 Different criteria suggested to assess the arrival time of ultrasound pulses 

by Nicholson et al
 (98)

 

 

These different criteria result in highly significant differences in the calculated 

velocities, which mean it is important to state which technique and criteria are used.  

The three criteria presented here still involved some subjective assessment and 

therefore results obtained with these criteria could differ.   
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Another mathematical analysis has been used to determine the transit time with the 

cross correlation function in MATLAB (Mathworks Inc., MA).  This approach is 

preferred to other criteria such as threshold detection, as it has been shown to be more 

accurate and performs better in low signal to noise ratio environments, especially in 

highly attenuative materials.
 (101)

  

 

In this technique the reference signal (with no sample present) and the transmitted 

signal are compared.  The signals are made the same length, so that the entire 

transmitted signal can be correlated against the entire reference signal.  In the 

correlation algorithm the sum of the product of the two signal vectors is found before 

the transmitted signal is moved along the time axis by one discretisation point and the 

sum of the product of the two signals calculated again.  The point of maximum 

correlation is equal to the number of discretisation points the transmitted signal has 

been shifted to overlap with the reference signal.  This is found using the MATLAB 

syntax: 

[x y] = max(corr)    Equation 3.10 

where y is the number of discretisation points the signals were moved relative to each 

other to obtain maximum correlation and corr is the vector describing the correlation 

function in MATLAB.  The corresponding time difference between the signals, ∆t, is 

then calculated with 

∆t = refdelay - txdelay + [timestep (y-2000)]  

Equation 3.11 

where refdelay is the first time point of the reference signal, txdelay is the first time 

point of the transmitted signal, timestep is the time difference between adjacent data 

points in the recorded signals and 2000 is the number of points in the recorded 

signals.  The longitudinal velocity can then be calculated using Equation 3.9.   
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An example of the correlation technique is shown in Figure 3.6.  The blue line in 

Figure 3.6a shows the reference signal and the black line shows the transmitted signal 

through a 2.5cm thick block of Perspex®.  The transmitted signal arrives before the 

reference signal and the amplitude is reduced.  Figure 3.6b shows the correlated 

signals when the transmitted signal has been shifted along the time axis by ∆t, 

calculated with Equation 3.11.  The accuracy of the correlation technique depends on 

the timestep of the recorded signals and if this is small it is much more reliable than 

other more subjective techniques 

 

 

Figure 3.6 (a) Transmitted and reference signals through a 2.5cm thick sample of 

Perspex® at normal incidence (b) Correlated signals after calculating ∆t.  Blue line 

depicts reference signal and the black line depicts the transmitted signal 

(a) 

(b) 
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3.3.3 Calculating Longitudinal Attenuation 

 

As attenuation is related to the loss in intensity of an ultrasound wave as it propagates 

through a material, the same type of measurement to calculate the velocity can be 

done to determine the attenuation, only with the amplitudes of the signals now 

compared.  Transmission coefficients have to be considered when calculating the 

attenuation as some ultrasonic intensity will be lost via reflection when transmitted 

through a material; the remainder is due to attenuation in the material.  The fractions 

of ultrasound energy reflected and transmitted at the sample-water interface are 

related to the acoustic impedance of each material so when the velocity and hence 

acoustic impedance of the sample (found by multiplying calculated velocity with 

measured density) has been determined, the attenuation, α, in dB/mm can be 

calculated with Equation 3.12. 

αl = d
A

AT

S

wL /)log(    Equation 3.12 

where Aw is the amplitude of the reference signal through water, AS is the amplitude 

of the transmitted signal through the sample, d is the sample thickness in mm and the 

total longitudinal transmission coefficient, TL, through both interfaces of the sample is  

TL=
2)(

4

Lw

Lw

ZZ

ZZ

   Equation 3.13

 

where Zw is the acoustic impedance of the wave in water and ZL is the longitudinal 

acoustic impedance of the wave in the sample material.  The derivation of TL is 

shown in Appendix 1.   
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3.3.4 Oblique Incidence 

The previous discussion has only considered ultrasonic pulses at normal incidence to 

the sample, therefore only longitudinal waves are transmitted for characterisation.  

Isotropic solids are capable of propagating more than one wave mode, including 

longitudinal and shear wave modes.  Under suitable conditions of oblique incidence, 

mode conversion occurs at the boundary, resulting in propagation of a longitudinal 

and a shear wave into the sample.  Since fluids cannot generally support shear wave 

propagation, only a longitudinal wave is reflected back from the interface into the 

fluid as shown in Figure 3.7.  The angle between the incoming wave and the normal 

to the first interface is labelled θi, and the transmission angles of the longitudinal and 

shear waves in the solid are θL and θS respectively.  These angles are then the incident 

angles for the next interface and the transmitted waves emerge at angles θLL and θLS to 

the normal of the second interface and are each a longitudinal wave in the fluid, one 

generated from the transmission of the longitudinal wave and the other a longitudinal 

wave converted from the transmitted shear wave as shown in Figure 3.7 where the 

solid lines depict longitudinal waves and the dashed lines represent shear waves.   

 

The angles and wave velocities are related by Snell‟s Law: 

S

S

L

L

i

i VVV

sinsinsin
  Equation 3.14

 

where VS is the velocity of shear waves in the material. 
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Figure 3.7 Diagram of mode conversion at oblique incidence.  Solid lines depict 

longitudinal waves, dashed lines depict shear waves 

 

There are two critical angles of incidence where waves are refracted along the surface 

of the sample.  Normal incidence (θi = 0) results in propagation of longitudinal wave 

modes only in the sample.  Changing the value of θi to the first critical angle θc1 

causes total refraction of the longitudinal wave mode along the surface of the sample 

so θL is 90° and only a shear wave mode propagates through the sample.  θc1 is  

defined by 

L

i

c
V

V1

1 sin

   Equation 3.15

 

Increasing θi to the second critical angle θc2 causes total refraction of the shear wave 

so all the ultrasonic energy propagates along the surface of the sample in the form of a 

Rayleigh wave.  θc2 is defined by 
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2 sin

   Equation 3.16

 

When Vi is greater than VL the first critical angle is not reached and the shear wave is 

not refracted into the material and when Vi is greater than VS the second critical angle 

is not observed. 

 

Based on these principles it is possible to excite longitudinal and shear modes 

separately in the sample and perform time of flight measurements to determine 

longitudinal and shear velocity, VL and VS.  Alternatively the velocities can be 

determined by measuring the critical angles.  The rotation of the sample must be very 

accurate to determine the velocities from critical angles.  There is also a subjective 

element when determining when the signal amplitude is equal to zero; this will 

depend on the signal-to-noise ratio.   

 

3.3.5 Shear Wave Velocity Determination at Oblique Incidence 

The analysis to determine shear velocity is more complex than the longitudinal 

analysis as the path length under oblique incidence is not the sample thickness, and 

the measurement of Δt is more complex due to the difference in the distances 

travelled by the reference signal transmitted through the fluid alone and the 

transmitted signal transmitted through the fluid and the sample.  An analysis for 

determining ∆t for shear wave propagation at oblique incidence has been presented by 

O‟Leary
 (101)

 and expressions to calculate the shear velocity have been published by 

Wang et al
 (86)

 and Wu.
 (102) 
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Figure 3.8 Diagram showing geometry used to determine shear wave path length, 

from O’Leary.
 (101)

 D1 is distance shear wave travels through sample and D2 is the 

equivalent distance the reference signal would travel without the sample present 

 

Consider the situation shown in Figure 3.8 where a shear wave is propagated in a 

sample of thickness d.  The distance the shear wave travels in the sample is D1 and 

the distance the reference signal would travel without the sample present is D2.  D1 is 

found with 

S

d
D

cos
1

   Equation 3.17

 

The time t1 for the wave of velocity VS to travel distance D1 is 

SSV

d
t

cos
1

   Equation 3.18

 

The distance the reference signal would travel when the sample is replaced with fluid, 

D2, is found with 

S

iS

iS

d
D

DD

cos

cos
2

cos12

  Equation 3.19
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The time t2 for a wave of velocity Vi to travel distance D2 is 

Si

iS

V

d
t

cos

cos
2

   Equation 3.20

 

And the time difference ∆t, between the reference signal and the transmitted shear 

wave is then found by 

SSSi

iS

VV
dttt

cos

1

cos

cos
21

 Equation 3.21

 

giving an expression for the time of flight through the sample at oblique incidence 

similar to that for normal incidence.  However there is more than one unknown so 

substitutions from Snell‟s Law must be used. 

From Snell‟s Law 
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sin    Equation 3.22 
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and from trigonometry 

i

iS

i

iS

iS

iSiSiS

V

V

V

V
22

2

222

1

sinsin
1coscos

sinsincoscoscos

 Equation 3.24

 

Therefore making substitutions into Equation 3.21 gives an expression for ∆t where 

there is only one unknown. 
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  C H A P T E R  3   | 62 
 

This expression for ∆t is used here with an iterative approach to determine the shear 

velocity as described by O‟Leary
 (101)

 or it can be rearranged to give an expression for 

VS as reported by Wang et al
 (57)

 and Wu.
 (102)

 These researchers have reported using 

the phase difference between the two signals instead of the time difference to 

calculate velocity with Equation 3.26.   

2

2 cos
2

)2(
sin i

WSi
i

i
S

fd

mV

V
V  Equation 3.26 

Where ΦS is the phase of the signal transmitted through the sample and ΦW is the 

phase of the reference signal through water.  The expression ±2mπ is to account for 

the ambiguity of the phase spectrum calculated from the arctangent function where m 

is an integer.  The time difference can be obtained from the phase difference of two 

sine waves as follows: 

2
t    Equation 3.27 

Where ΔΦ is the phase difference in radians and Γ is the period of the wave in 

seconds.  The period is the reciprocal of frequency (Г = 1/f) 

 

 Therefore the expression 
f

mWS

2

2
 in Equation 3.26 is equivalent to -∆t 

calculated with the cross correlation described in Section 3.3.2 and the shear velocity 

VS can be found using Equation 3.28. 

2

2 cossin i
i

i

i
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d

tV

V
V   Equation 3.28 
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3.3.6 Transmission Coefficients at Oblique Incidence 

The attenuation of both longitudinal and shear waves can be determined with an 

analysis of the relative amplitudes of the incident and transmitted waves compared to 

transmission coefficients.  The analysis of the situation shown in Figure 3.7 must be 

broken down so each interface, fluid-solid and solid-fluid is analysed separately.   

 

3.3.6.1 Fluid-Solid Interface 

As illustrated in Figure 3.7, when a sound wave is incident from a fluid upon a fluid-

solid interface at an angle θi, a longitudinal wave and a mode converted shear wave 

are transmitted through the solid and a longitudinal wave is reflected back into the 

fluid.  The proportions of the magnitude of the original sound wave that are reflected 

or transmitted as longitudinal or shear waves are found with transmission and 

reflection coefficients and are related to the acoustic impedances of the fluid and the 

solid.  The transmission coefficients TL1 and TS1 of the refracted longitudinal and 

shear waves respectively can be found with the Equations 3.29 and 3.30 derived by 

Brekhovskikh
 (103)

 

ZZZ

Z
T

SSSL

SL
L

2sin2cos

2cos2
22

1

1

 Equation 3.29

 

ZZZ

Z
T

SSSL

SS
S

2sin2cos

2sin2
22

1

1

 Equation 3.30

 

where Z is the acoustic impedance of the fluid, ZL and ZS are the acoustic impedances 

associated with the longitudinal and shear waves respectively and ρ and ρ1 are the 

densities of the fluid and the solid respectively.  The derivation of these equations is 

given in Appendix 1.  It can be shown from Equation 3.30 that no shear wave is 

transmitted into the solid at normal incidence, when θi is equal to zero. 
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3.3.6.2 Solid-Fluid Interface 

Solid materials support both longitudinal and shear wave propagation.  O‟Leary
 (101)

 

has shown that the total transmission coefficients for each wave mode can be 

calculated by combining the transmission coefficients at each interface given by 

Brekhovskikh.  The two wave types will be now analysed separately to determine the 

transmission coefficients for the solid-fluid interface and hence the total combined 

coefficients across both interfaces. 

 

3.3.6.2.1 Longitudinal Wave Incident at Solid-Fluid Interface 

The longitudinal wave impinging on the solid-fluid interface results in three waves: 

reflected longitudinal and (mode converted) shear waves and a refracted longitudinal 

wave, as shown in Figure 3.9.  The angle of refraction of the longitudinal wave 

transmitted into the fluid is equal to the angle of incidence of the original wave 

incident onto the solid.   

 

Figure 3.9 Oblique incidence of a longitudinal wave at a solid-fluid interface 
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The wave amplitudes are labelled AL, BL, BS and TL for the incident longitudinal 

wave, the reflected longitudinal wave, the reflected shear wave and the refracted 

(transmitted) longitudinal wave respectively.  The amplitude of the incident 

longitudinal wave, AL is described by TL1 in Equation 3.29, and the total longitudinal 

transmission coefficient, TL can be written as 

 

SLSS
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22
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Equation 3.31 

3.3.6.2.2 Shear Wave Incident at Solid-Fluid Interface 

Figure 3.10 illustrates the shear wave incident from a solid onto the solid-fluid 

interface.  As before, three waves result: a reflected shear wave, a reflected 

longitudinal wave and a refracted longitudinal wave.   

 

Figure 3.10 Oblique incidence of a shear wave at a solid-fluid interface 
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The wave amplitudes are labelled AS, BS, BL and TS for the incident shear wave, the 

reflected shear wave, the reflected longitudinal wave and the refracted (transmitted) 

longitudinal wave respectively.  As in the analysis of the longitudinal wave, the 

amplitude of the shear wave incident on the solid-fluid interface can be considered to 

be TSl, defined in Equation 3.30, and the total shear transmission coefficient, TS, can 

be written as 
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Equation 3.32

 

 

In this situation the specific acoustic impedances are used: 
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  Equation 3.33 

The derivations of the transmission coefficients TL and TS in Equations 3.31 and 3.32 

are shown in Appendix 1. 
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3.3.7 Transmission Coefficients as a Function of Incident Angle 

Using Equations 3.31 and 3.32 the longitudinal and shear transmission coefficients 

can be plotted against the incident angle to illustrate the critical angles and 

transmission of the waves through the solid in the non contact through transmission 

method considered here. 

 

The longitudinal and shear transmission coefficients have been plotted as a function 

of the angle of incidence for a sample of CY1301/HY1300 hard setting epoxy with 

water as the coupling medium as shown in Figure 3.11.  The data was plotted using 

Equations 3.31 and 3.32 with incident angles up to 90° using material parameters as 

follows; ρ =1.149g/cm
3
, VL =2500m/s, VS =1170m/s, taken from CUE materials 

database, University of Strathclyde
 (104)

.  Figure 3.11b illustrates the description of the 

critical angles discussed previously.  The longitudinal transmission coefficient is 

equal to zero at the first critical angle, θc1, where θL is equal to 90° and the energy of 

the longitudinal wave is reflected along the surface of the epoxy sample.  Similarly, 

the shear wave transmission is zero at the second critical angle, θc2.  In the example 

shown in Figure 3.11 it would not be possible to observe θc2 experimentally as  

1
S

i

V

V
, and θc2 is greater than 90°.  Coupling with other mediums, such as air, would 

allow θc2 to be experimentally observed.
 (101)
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Figure 3.11 Transmission coefficients for CY1301/HY1300 epoxy at oblique 

incidence (a) longitudinal wave calculated with Equation 3.31(b) shear wave 

calculated with Equation 3.32  

(a) 

(b) 
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3.3.8 Determination of attenuation as a function of incidence angle 

The analysis discussed in the previous section can be used to calculate the losses due 

to reflection and transmission at the interfaces; attenuation has not yet been 

considered.  The transmission coefficients shown represent only the losses due to 

reflection and mode conversion and attenuation has been ignored.  The transmitted 

waves propagating through the material are attenuated by the mechanisms described 

previously resulting in a reduction in energy of the waves.  To deal with this 

mathematically it is possible to modify Equations 3.31 and 3.32 to include attenuation 

as an exponential loss term:
 (101) 
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         Equation 3.35

 

where αL and αS are the attenuation factors in nepers per metre of the longitudinal and 

shear waves respectively at a specific frequency (the neper describes a logarithmic 

loss in amplitude due to attenuation and is equivalent to -8.686dB).  Therefore the 

attenuation factors can be determined by calculating the relative amplitudes of the 

signals with and without the sample and comparing to the theory in Equations 3.34 

and 3.35 via curve fitting. 
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3.4 Summary and Experimental Considerations 

A number of techniques to measure the velocity and attenuation of ultrasonic waves 

through material samples have been introduced and discussed.  A pulsed wave 

technique is probably the most appropriate in this work as it is the technique used in 

medical imaging and it is relatively easy to use in pulse echo and transmitted wave 

modes and the reflected or transmitted pulse can be easily isolated from other 

unwanted signals.  A transmitted wave technique has advantages over a pulse-echo or 

reverberation method as the wave only has to travel through the sample once so 

highly attenuative materials can be characterised easily.  Direct contact methods 

require a strong physical contact between the sample and transducer with a suitable 

couplant, therefore underwater set-ups where water is the coupling medium and no 

contact is needed may be a better approach.  If the sample can be rotated relative to 

the transmitting transducer shear waves can be excited in the material, so both 

longitudinal and shear waves can be characterised using the same experimental set-up 

and transducers.  

 

Therefore the non-contact through transmission technique described in this chapter is 

the most appropriate way to characterise the acoustic properties of material samples at 

high frequencies as the same experimental set up can be used to determine both 

longitudinal and shear wave properties by simply rotating the sample between the 

transmitter and receiver.  Important practical considerations are: 

 Velocity in Water (Vi) – A method of measuring the speed of ultrasound in 

water must be incorporated into the technique so the calculations can be done 

accurately. 
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 Incident Angle (θi) – Accurate angular resolution of the rotation of the sample 

is required to determine shear velocity and attenuation accurately. 

 Sample Geometry – The sample surfaces must be flat and have parallel sides 

to measure the time of flight correctly.  Selfridge
 (69)

 has suggested that the 

sample should have a thickness approximately ten times the wavelength and 

lateral dimensions at least ten times the thickness.  It may be necessary to have 

thinner samples than this in the case of highly attenuative materials so a 

transmitted signal is observed, but it is important that the transmitted 

longitudinal and shear waves can be isolated in the time domain and they can 

be differentiated from internal reflections in the sample. 

 Lateral Movement of Transmitter/Receiver – Figure 3.7 shows the 

ultrasound being refracted in the sample so that the beam exiting the sample is 

not in line with the incident beam.  Therefore if the transmitter and receiver 

are facing each other a reduction in amplitude of the received signal could 

occur due to the beam missing or only partly impinging on the receiver 

(depending on the thickness of the sample).  To overcome this error, either the 

transmitter or receiver must be moved laterally to ensure maximum signal 

amplitude during measurements. 
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CHAPTER 4 

Experimental Materials and Methods 
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This Chapter details the experimental materials and techniques used in this work, 

including the characterisation of potential filler materials, the development of the 

fabrication procedures and the characterisation of the composite materials.  Tungsten 

and alumina were identified as suitable filler material for passive materials.  As 

discussed in previous chapters these powder materials are commonly used in a 

polymer matrix for transducer passive material applications.  Tungsten has a high 

acoustic impedance and is inexpensive compared to other high impedance materials, 

such as platinum, so is used for backing applications.  Alumina has a lower acoustic 

impedance but alumina materials with a high solid loading can be used as backing 

materials.  The advantage of using alumina materials over tungsten materials is that it 

is not electrically conducting so can be used in array devices where the separate 

elements must not have electrical contact.  Alumina materials with a low solid loading 

are also suitable for matching applications to slightly increase the acoustic impedance 

of the polymer phase.  The relatively high attenuation value of tungsten makes it 

unsuitable for matching.   

 

Table 4.1 shows the tungsten and alumina powders available to be used as potential 

fillers for backing and matching applications in this work, with information known 

from the manufacturers.  There were two tungsten powders available with particle 

sizes 1-5µm and 0.5µm and four alumina powders with particle sizes ranging from 

20nm to 5µm.  The purity of all powders is greater than 99%.  The nano grade 

alumina was described as gamma alumina by the manufacturer, NaBond (Shenzhen, 

China), while the major phase of all the other alumina types is stated as alpha alumina 

in the manufacturer specifications.  Alpha alumina is usually hexagonal and occurs as 

the mineral corundum and is the stable high-temperature modification of alumina.  

Cubic-gamma alumina is less stable and can be formed by the dehydration of most of 
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the known aluminium oxide hydrates, above a critical temperature alpha alumina will 

begin to be formed.
 (105)

 

 

 

Table 4.1 Available Filler Materials 

Material 
Grade/ 

Manufacturer 
Purity 

Particle Size 

(μm) 

Specific Surface 

Area (m
2
/g) 

Tungsten 

Alpha Aesar, 

Heysham, UK 
99.9% 1-5 - 

Ventron,  

MA, USA 
- 0.5 - 

Alumina 

MA95, BACo, 

London, UK 
99.2% 5 (median) 1.0 

CR15, Baikowski, 

PA, USA 
99.9% 0.4 (d50) 15 

CT3000SG, Alcoa, 

PA, USA 
99.8% <1 (d50) - 

Nano, NaBond, 

Shenzhen, China 
≥99% 20nm ≤200 

 

Epoxies are commonly used as the polymer phase in transducer passive materials as 

they are simple to use and incorporate with filler materials.  They have a relatively 

long shelf-life as they are typically two part materials where a hardener is added to the 

resin to initiate the setting reaction so the material cures within 24 hours after 

preparation.  There are a number of different epoxies available with different physical 

properties that make them useful for various applications.  Table 4.2 shows the 

various epoxies used to fabricate the samples.  They each are two part resin and 

hardener epoxies and have similar densities but different properties such as viscosity 

and shrinkage during curing.
 (106)
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Table 4.2 Available Epoxy Materials 

 

Epoxy 

 

Manufacturer Type 
Cured Density 

(g/cc) 

 

RX771C/HY1300 

 

Robnor Resins, 

Swindon, UK 

 

Two part 

resin/hardener 
1.049 

 

EpoFix 

 

Struers,  

Solihull, UK 

Two part 

resin/hardener 
1.087 

 

Epotek 301 

 

Epoxy Technology, 

MA, USA 

Two part 

resin/hardener 
1.094 

 

4.1 Powder Characterisation 

4.1.1 Particle Size Analysis 

The particle size of the potential filler materials was analysed using a Sympatec 

HELOS particle size analyser, with WINDOX software (Sympatec, Pulverhaus, 

Germany).  This uses a laser diffraction particle sizing technique with the size of the 

particles affecting the position of the diffracted beam, thus enabling the particle size 

distribution of a powder to be analysed.  The measurement range of the instrument is 

0.45 – 87.5µm, but if the particles are not well dispersed the agglomerate size rather 

than the size of the particles is measured. 

 

A standard method was used to analyse the powder samples in the particle size 

analyser.  The procedure is as follows:  

 Sample preparation - a small amount of the powder to be analysed was placed 

into a test tube which was then filled with de-ionised water and a drop of 

dispersant (0.1 molar Na4P2O7, Sympatec).   

 Sample analysis - the stirrer on the Sympatec machine was set to 50% speed 

and the sonication turned on for 10 minutes and the pump set to forward.   
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 The correct sample names and trigger conditions were selected in the 

WINDOX software and a reference analysis run to determine the background 

count with no sample present.   

 The sample was then introduced into the chamber and the output monitored on 

the computer so a concentration near to the optimal concentration of 28% was 

reached.   

The analysis takes place automatically and the results recorded as a graph of density 

distribution and cumulative distribution against particle size.  The procedure was 

repeated two more times for each sample to ensure the result was an accurate 

representation of the material. 

4.1.2 X-Ray Diffraction (XRD) 

 

The alumina powders were characterised using X-ray diffraction analysis.  The 

powder samples were analysed with a Philips X‟Pert machine (Philips Analytical, 

Almelo, Netherlands) scanned over the whole 2θ range of 10-140°. 

4.2 Sample Fabrication Development 

4.2.1 Tungsten Epoxy Composites 

 

Tungsten epoxy samples were fabricated with the Alpha Aesar tungsten powder and 

RX771C/HY1300, a common two part engineering epoxy equivalent to Araldite 

CY1301/HY1300.  The larger particle size powder was chosen to achieve a high level 

of mixing.  Initially the epoxy was added to the tungsten in a 30mm diameter sample 

holder (or mould) under vacuum in a vacuum impreganation unit (Epovac®, Struers, 

UK).  The Epovac® allows the epoxy to be introduced into the mould under 

atmospheric pressure.  The mould was then sealed and rotated during curing to mix 

together the epoxy and powder.  This method prevented the tungsten being evenly 
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dispersed in the epoxy as the two phases were not mixed sufficiently.  It was found 

necessary to mix the powder and epoxy together first and degas the mixture before 

transferring to a mould.  During degassing the mixture would expand when foaming 

so a large container was required for this process.  At low volume fractions of 

tungsten the powder tended to settle out and form a sediment at the bottom of the 

sample due to the high density of tungsten.  To overcome this problem a lid was put 

over the mould and the mould was rotated during curing to prevent the tungsten 

settling out.  A problem encountered using this method was that the mould was not 

completely full so there was air in the mixture which resulted in a void in the centre of 

the sample after the epoxy had cured while being rotated.  Some examples of tungsten 

samples with evidence of the tungsten not evenly dispersed in the sample and samples 

with large air bubbles observed are shown in Figure 4.1. 

 

 

 

Figure 4.1 Photograph of tungsten-epoxy samples showing large air bubbles and 

uneven dispersion of tungsten due to inefficient mixing and rotation of closed 

containers not properly filled  

 

30mm 
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A procedure was finally developed to create samples evenly dispersed with tungsten, 

properly degassed without voids.  The desired quantities of epoxy and tungsten 

powder were weighed out and mixed together by hand with a spatula to make 

approximately 20cm
3
 of material, which was degassed under vacuum in a desiccator 

until all bubbles were removed.  The mixture was then drawn up into a closed 

container (a syringe of diameter 12mm) and then placed in a hole in a polystyrene ball 

which was rotated on a ball mill for 24 hours during curing.  The material was rotated 

to prevent the tungsten separating out into sediment due to its high density, as 

described in other work.
 (79) 

 Photographs showing the tungsten epoxy in the syringe 

and the ball container that was rotated on the mill are shown in Figure 4.2.  After 

curing the cast material was removed from the syringe and post cured at 80°C for 1 

hour.  1mm thick sample discs were then cut for characterisation.     

 

 

Figure 4.2 Photographs of some fabrication steps of tungsten-epoxy composites  

(a) mixture in syringe (b) syringe in ball 

 

This procedure prevented the tungsten settling that was observed at low volume 

fractions, although swirling patterns were observed when the epoxy sample was cut as 

shown in Figure 4.3a.  The speed of the ball mill was reduced one speed setting (from 

approximately 60rpm to approximately 36rpm) and these patterns were no longer 

observed as shown in Figure 4.3b  There was still an problem with small air bubbles 

12 mm 

(a) (b) 
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but this was avoided if the mixture was pulled into the syringe carefully, ensuring no 

air was trapped.  

 

 
 

Figure 4.3 (a) Cut disc showing tungsten dispersion with swirl pattern when rotated 

at 60rpm (b) Disc showing reasonable dispersion when rotation speed 

reduced to 36rpm 

 

 

This procedure was successful in fabricating samples up to 0.3 volume fraction.  At 

higher volume fractions the viscosity became too high to draw the mixture up into the 

syringe.  To try to overcome this problem, initially the mixture was just packed into 

the syringe, degassed, then put in the ball as before.  This produced a porous sample 

with many tiny air holes, as the mixture was too viscous to degas effectively.  

Therefore, a solvent (ethanol) was added to the mixture to reduce the viscosity so the 

mixture could be degassed.  The mixture with the solvent was then poured into the 

syringe and placed in the vacuum with a funnel inserted into a syringe with the end 

cut off to account for the expansion of the material during degassing.  In addition to 

the material foaming and expanding, material was also spat out as the solvent 

evaporated in a volatile manner during degassing.  The material was then left at room 

temperature for 24 hours to cure before demoulding.  Finally, the sample was heated 

to 80
o
C for 1 hour after demoulding; it was assumed that the tungsten would not settle 

out in such a viscous mixture and no sedimentation was observed.  It was noted that 

12.3mm diameter (a) (b) 
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the time taken for the solvent to evaporate away was much shorter than the usual time 

required to degas epoxy effectively so all air bubbles are removed.  It is therefore 

predicted that the material was not degassed properly with this method as the material 

left after the solvent has been removed is too viscous.  Air holes were observed in the 

cured material and more solvent had to be added for higher volume fractions, 

resulting in a larger volume of tungsten epoxy being spat out as the solvent 

evaporated in the vacuum, and therefore a smaller overall sample volume.   

 

An alternative fabrication method was also used to fabricate material with a high 

tungsten loading, exploiting a technique used in the manufacture of rubbers and 

ceramics.  Epoxy was combined with tungsten powder in a twin roll mill which 

employs high shear mixing so a higher tungsten volume fraction could be produced.  

The high viscosity of the material meant it could not be degassed so it was pressed 

instead and sections were cut for testing.  Another sample was made by employing a 

viscous polymer technique normally used in the processing of ceramic.   Tungsten 

powder was mixed with solvent and polymer binder (PVB) and other additives in the 

following proportions. 

Tungsten   150g (Alpha Aesar, APS 1-5 micron 99.9%) 

PVB (Polyvinyl Butyral) 2.6g (Wacker, Pioloform® BS18) 

Cyclohexanone   2.0g (BDH, GPR Grade) 

DBP (Dibutyl phthalate) 1.2g (BDH, GPR Grade) 

Steric Acid    0.1g (BDH, GPR Grade) 

The mixture was then milled with the twin roll mill until a tape was formed.  The tape 

was then calendered to about 1.2 mm thickness then left in an oven at 80
o
C for several 

days to dry out the solvent. The tungsten volume fraction of this sample was then 

estimated by measuring the density and using Equation 2.4.  Density measurements of 
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all samples were carried out by weighing a section and calculating the volume of the 

material by measuring its dimensions, and additionally using the Archimedes method. 

4.2.2 Alumina Epoxy Composites 

 

Initial trials were undertaken mixing CR15 and CT3000 SG alumina grades with 

epoxy using a method similar to that carried out previously with the tungsten powder.  

The grades were chosen as they were readily available and both had a similar particle 

sizes.  The powder and epoxy was mixed together in a beaker by hand with a spatula 

and the mixture was drawn into a syringe and left to cure.  It was not found necessary 

to rotate the mixture as the alumina was observed not to settle out like the tungsten 

powder.  Sections were sliced out of the samples to assess the dispersion of alumina 

powder in the material.  Photographs of the resulting samples cut down their length, 

taken on a light box are shown in Figures 4.4 and 4.5 so the overall alumina particle 

distribution in the epoxy can be seen clearly; the dark areas in the photographs are 

large agglomerates of alumina. 

 

The alumina powders tended to agglomerate together more than the tungsten powder, 

making mixing difficult.  The pictures in Figures 4.4 and 4.5 clearly show that the 

method of mixing the powder into the epoxy by hand does not break up agglomerates 

present in the powder resulting in uneven distribution in the epoxy.  The agglomerates 

in the CT3000 SG alumina grade are larger than those in CR15 and it can be seen 

these have settled to the bottom of the epoxy sample.  Attempts to improve the mixing 

by gradually adding the powder did not result in improved alumina distribution and 

reduced agglomeration within both grades.   
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Figure 4.4 Photograph of epoxy filled with CR15 grade alumina mixed by hand 

 

Figure 4.5 Photograph of epoxy filled with CT3000 SG grade alumina mixed by hand 

 

Photographs of alumina epoxy samples mixed with a magnetic stirrer are shown in 

Figures 4.6 and 4.7.  This new mixing technique showed good results with the CR15 

grade alumina as no large agglomerates are seen in Figure 4.6, although there is an 

additional problem with trapped air bubbles.  Agglomerates are still observed in 

Figure 4.7 with the CT3000 SG grade alumina, although the mixing is improved as 

there is no settling of alumina particles at the bottom of the sample.  Additional trials 

agglomerates 

bottom 

top 

agglomerates 

bottom 

top 
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using a magnetic stirrer and applying a low heat to the material to reduce the viscosity 

of the epoxy further showed good results and air bubbles were removed by degassing 

the material more carefully. 

 

 

Figure 4.6 Photograph of epoxy filled with CR15 grade alumina mixed with stirrer 

 

Figure 4.7 Photograph of epoxy filled with CT3000 SG grade alumina mixed with 

stirrer 
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top 
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Three different alumina grades and two epoxies were used to make the final alumina 

epoxy composite samples.  Alumina grades MA95, CR15 and alumina nanopowder 

were mixed with Epofix and Epotek 301.  These epoxies were chosen as Epofix has 

similar properties to RX771C/HY1300 used previously, but does not shrink during 

curing and Epotek 301 has a very low pre-cure viscosity, similar to water so a higher 

solid loading can be achieved.
 (106) 

 The alumina grades were chosen after the initial 

mixing trials so CT3000SG was not used as it tended to agglomerate more and could 

not be dispersed.  The desired amount of alumina powder was weighed out and added 

to the epoxy resin and mixed by hand with a spatula (approximately 20cm
3
 volume of 

material).  The mixture was then put on to a hot plate in a cardboard container and 

was mixed again with a magnetic stirrer under a low heat for about 2 minutes.  The 

hardner was then added and the mixture stirred again at a high speed before being 

degassed and drawn into a syringe of 14.2mm diameter.  The epoxy was then left to 

cure overnight before demoulding and no post curing was necessary.  Sample discs 

were then cut for characterisation.  It was observed in the initial trials that no settling 

occurred when the alumina was fully dispersed as the density of alumina is much 

smaller than that of tungsten, so no rotation during curing was necessary as with the 

tungsten material. 

 

Higher alumina volume fractions were attempted using the viscous polymer process 

described for the tungsten epoxy material with the CR15 alumina grade to produce 

materials suitable for matching applications.  The particle size of this alumina powder 

is smaller than the tungsten powder which meant that the milling of the material was 

more difficult as it did not wet up sufficiently due to the increased surface area of the 

alumina compared to the tungsten powder and, therefore, this approach was 

unsuccessful at fabricating high alumina volume fraction material. 
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4.3 Material Characterisation 

4.3.1 Scanning Electron Microscopy (SEM) 

SEM images were taken using a JEOL 6060 microscope of all tungsten and alumina 

powders.  The dry powders were placed onto a SEM stub and then sputtered with a 

thin layer of gold for examination.  Images were also taken of cut surfaces of the 

filled epoxy samples to determine the dispersion of the filler particles in the epoxy 

and look for any evidence of porosity.   

4.3.2 Low Frequency Acoustic  Measurements 

Initial measurements of acoustic impedance for the tungsten epoxy samples were 

made at 5MHz using the non-contact-through transmission set up described in Section 

3.3.  Two 5 MHz flat immersion transducers (Panametrics-NDT, MA, USA) were 

used as the transmitter and receiver respectively and clamped in position facing each 

other, but separated by a small space, and connected to a pulser receiver (DPR300, 

JSR Ultrasonics, NY, USA) and an oscilloscope (Agilent 54641A, Agilent 

Technologies, South Queensferry, UK), as shown in Figure 4.8.  
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Figure 4.8 Schematic diagram of the experimental set up for longitudinal velocity 

measurements 

 

A pulse was transmitted by one transducer upon excitation by the pulser-receiver and 

the time scale was adjusted on the oscilloscope so that the pulse from the receiving 

transducer was clear and the edge could be seen, thus enabling the time taken for the 

wave to travel between the transducers to be observed.  This pulse was then saved so 

it could be seen in the background on the oscilloscope.  The sample was then carefully 

placed on top of the bottom transducer, ensuring that the transducers were not moved 

at all.  The pulse transmitted through the sample could then be compared to the 

original pulse and the time difference, Δt, could be calculated from the difference of 

the first arrival times of the two signals.  Between each sample measurement the 

reference pulse (without a sample present) was checked and compared to the original 
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saved trace on the oscilloscope, ensuring that the system had not changed.  The 

longitudinal velocity through the sample was then calculated using Equation 3.9 and 

the acoustic impedance was found by multiplying the velocity by the measured 

density of each sample. 

4.3.3 High Frequency Acoustic Measurements 

4.3.3.1 Characterisation Jig 

A jig was custom designed and constructed to accommodate the transmitter, receiver 

and sample for acoustic measurements of both longitudinal and shear wave properties 

at high frequencies, used courtesy of Duncan MacLennan.
 (107)

  The jig was designed 

to hold a membrane hydrophone as a receiver and a transmitting transducer attached 

to a remote pulser.  The jig allows alignment of the transducer and hydrophone; the 

platforms on which the hydrophone and sample holder are positioned can be finely 

adjusted so they are parallel and the remote pulser is attached to a goniometer and an 

x-y stage so the angle in two directions and the x-y position can be finely adjusted.  

The sample holder is attached to a gear and worm allowing it to be rotated.  A 

photograph of the whole jig, showing the key components and functions is presented 

in Figure 4.9. 

 

The sample holder had to be modified initially to accommodate samples that were not 

10mm by 10mm squares as shown in Figure 4.10.  A layer of plastic tape was 

positioned at the edges of the sample to provide an inference fit.  Consequently 

another sample holder was made that included a removable fixture so it would be 

possible to hold samples of varying size and shape in following experiments; the 

design of this sample holder is shown in Figure 4.11. 
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Figure 4.9 Photograph of acoustic characterisation jig 

 

 

 

Figure 4.10 Photograph of original sample holder modified with plastic tape 
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Figure 4.11 CAD schematic of (a) alternative sample holder with (b) removable 

fixture to accommodate disc shaped samples of 14.2mm diameter 

 

 

4.3.3.2 Experimental Set Up and Procedure 

The initial experimental setup is illustrated in Figure 4.12 with the characterisation jig 

in a container of degassed water with the tip of the transmitting transducer just 

submerged.  A 35MHz focused piezocomposite transducer (AFM Ltd, Birmingham, 

UK) was used as a transmitter and a membrane hydrophone (16µm gold PVDF film, 

Precision Acoustics, Dorchester, UK) was the receiver.  The transmitter directly 

connected to a computer-controlled remote pulser (DPR500, JSR Ultrasonics, NY, 

USA) and the hydrophone was connected directly to the Agilent 54641A oscilloscope 

via its preamplifier and a 50Ω cable. 

 

The transducer and receiver were first characterised by recording both the pulse-echo 

response of the transducer off the steel plate of the characterisation jig and also the 

through reference signal.  The signals were then analysed using fast fourier transform 

(FFT) to look at the frequency characteristics of the received echo and through 

signals.  

(a) (b) 



  C H A P T E R  4   | 90 
 

 

 

Figure 4.12 Schematic diagram of experimental set up with membrane hydrophone. 

Characterisation jig represented by dotted lines 

 

The experimental procedure was as follows: the platforms of the characterisation jig 

were adjusted so that they were level using a spirit level.  The remote pulser was used 

to generate a pulse with the PRF (Pulse Repetition Frequency) set to 2.9kHz and the 

damping value set to 100Ω (standard values).  The output from the hydrophone was 

sampled by the oscilloscope.  The position of the transmitter was adjusted using the 

goniometer and the x-y stage so that the received signal amplitude without the sample 

in place was maximised.  The reference signal was then recorded and the sample 

placed in the sample holder, without moving the jig.  The transmitted signal was then 

recorded for normal incidence. Then the sample was rotated stepwise and the signal 

recorded for a number of incident angles.  The pulser was moved laterally as 

appropriate to account for the wave being refracted in the sample so the maximum 

signal was observed.  This was necessary for thicker samples but was not done when 
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measuring thin samples (~250-500μm) as the signal was easily lost with any small 

movement. 

 

The experimental set up, as illustrated in Figure 4.12, was used to characterise the 

first tungsten epoxy samples fabricated.  Later, the alumina epoxy samples were 

measured using a slightly different set up, as shown in Figure 4.13.  Two transducers 

were used as transmitter and receiver; the transmitter was a focused 35MHz 

composite transducer (used courtesy of Jeremy Brown, Sunnybrook Health Sciences 

Centre, Toronto, Canada) which was connected to the remote pulser.  The receiver 

was a 26MHz flat piezocomposite transducer (AFM Ltd, Birmingham, UK) which 

was clamped in place.  The receiving transducer was then connected to a 

pulser/receiver (DPR300, JSR Ultrasonics, NY, USA) set to a gain of 40dB to amplify 

the signal.  The redesigned sample holder (Figure 4.11) was used so that disc shaped 

samples could be accommodated without needing further machining.  The 

measurement procedure was then unchanged as the signal was recorded with and 

without the sample present and the sample rotated through a range of incident angles 

and the signal recorded every 2°.  Both transducers were also characterised as 

described before in pulse-echo mode and also the through signals were analysed with 

one transducer acting as transmitter and the other as receiver and vice versa. 
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Figure 4.13 Schematic diagram of experimental set up with transmitting and 

receiving transducers. Characterisation jig represented by dotted lines 

 

 

4.3.3.3 Determination of Experimental Errors 

The error associated with the density measurements of the samples was calculated 

using the resolutions of the equipment used to weigh and measure the sample 

dimensions and also using the difference of the densities of the individual samples 

measured.  The velocity and attenuation of the longitudinal and shear waves through 

the samples were calculated as described in Section 3.3.  The experimental errors 

were then determined by calculating the maximum and minimum values obtained 

when the measurement errors of the time, sample thickness, sample density and the 

resolution of the oscilloscope were taken into account.  The maximum velocity was 

calculated using the smallest pathlength and shortest time, and the minimum velocity 

was calculated using the longest pathlength and longest time.  The errors associated 

54641A 
Oscilloscope 

DPR 500 
Pulser/Receiver 

Sample 

Remote 
pulser/transducer 

Receiving 
transducer 
clamped in place 



  C H A P T E R  4   | 93 
 

with the measured density and velocity values were then combined to give a total 

error for acoustic impedance.  The errors were also found for the attenuation data in 

the same way, using the combined error in the acoustic impedance values and the 

error in the amplitude measurement due to the resolution of the oscilloscope. 
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This Chapter presents the results for the tungsten epoxy materials, including 

characterisation of the filler material, as well as acoustic results at 5MHz and 35MHz 

to determine the frequency dependence of velocity through the materials.  Attenuation 

results measured at 35MHz are then presented and compared to other published work 

in the literature.   

5.1 Powder Characterisation 

5.1.1 Particle Size Analysis 

The particle size results obtained for the Alpha Aesar and Ventron tungsten powders 

are shown in Figures 5.1 and 5.2.  The graphs show density distribution and 

cumulative distribution against particle size, and indicate quite broad size 

distributions in both powders.  The mean sizes of both powders according to these 

results are very similar.  The mean size (d50) of the Alpha Aesar powder is 

approximately 6μm, and the mean size of the Ventron powder is approximately 7μm.  

Both graphs also show a secondary peak around 20μm indicating a broad distribution, 

suggesting agglomeration in both powder types.   As mentioned previously, using the 

laser diffraction technique the agglomerate size is measured if the powder is not well 

dispersed.  Table 5.1 also compares the d10, d50 and d90 values for the powders 

(cumulative undersize values, eg. d10 is the average particle diameter where the 

powder particles reach a cumulative particle number of 10% in a cumulative 

undersize particle distribution).  The d50 values for both grades are higher than the 

specification suggesting that the powders may be agglomerated. 
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Figure 5.1 Particle size results for Alpha Aesar tungsten powder  

 

Figure 5.2 Particle size results for Ventron tungsten powder  
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Table 5.1 Particle Size Data for Tungsten Powders 

Tungsten Powder Type 

Particle Size (µm) 

d10 d50 d90 

Alpha Aesar (1-5µm) 2.78 7.41 21.86 

Ventron (0.5µm) 2.02 5.97 14.78 

 

5.1.2 Scanning Electron Microscopy (SEM) 
 

SEM images were taken of the dry powders, without any kind of dispersant to 

separate the individual particles.  SEM images of the tungsten powder types discussed 

are shown in Figure 5.3.  Figure 5.3a shows that the particles of the Alpha Aesar 

powder do range in size from approximately below 1μm to 5μm and agglomerates are 

visible in the image consisting of clusters of the smaller particles.  The SEM image 

shows that most of the particles are approximately spherical in shape making them 

suitable as a scattering filler material.  The corresponding SEM image of the Ventron 

powder is shown in Figure 5.3b.  Again it is clear that the primary particle size is 

~0.5µm, with an apparently narrow distribution, but the particles are agglomerated to 

approximately 10-15µm.  The picture shows large clusters of tungsten particles 

forming shapes that are not spherical and these agglomerates also look like they are 

fused together, in contrast to the Alpha Aesar powder which looks like the particles 

may be broken up more easily.  The Alpha Aesar grade was initially chosen as the 

filler for backing materials to achieve a reasonable level of loading, as it would be 

more difficult to wet all the particles with a smaller size.  The shape of the Alpha 

Aesar particles is also more suitable to use as filler so that the scattering models 

described in Chapter 2 are valid. 
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(a) 

 

 
(b) 

Figure 5.3 (a) SEM image of Alpha Aesar tungsten powder 

(b) SEM image of Ventron tungsten powder 
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5.2 Composite Characterisation 

Using the fabrication methods described in Chapter 4 samples were made with 

volume fractions shown in Table 5.2.  It is clear that the samples made with the 

solvent are a lot lower than the design volume fraction; suggesting all the solvent is 

not removed or tungsten powder is removed from the epoxy as the solvent evaporates 

away.   Another reason for the density of the samples to be lower than the theoretical 

density is due to porosity arising from incomplete bonding and adhesion between the 

particles and epoxy; this problem has been reported experimentally elsewhere.
 (65)

  

Table 5.2 Tungsten loaded epoxy samples  

Design Volume 

fraction 

Number of 

discs 

Average disc 

density  

(g/cm
-3

) 

±0.02 

Actual volume 

fraction (to 

nearest 0.01) 

0 10 1.15  0 

0.01 10 1.29 0.01 

0.05 9 2.00 0.05 

0.10 10 2.92 0.10 

0.15 10 3.68 0.14 

0.20 10 4.52 0.19 

0.25 10 5.47 0.24 

0.30 10 6.08 0.29 

0.35 9 6.67 0.31 

0.40 10 7.23 0.33 

0.45 6 7.54 0.35 

0.50 5 7.37 0.34 

 

To determine whether all the solvent was removed from the epoxy during degassing, 

samples were fabricated with and without solvent and the densities compared.  The 

velocity through the samples was also measured at 5MHz using the experimental set 

processed 

with 

solvent 
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up described in Section 4.3.2.  Table 5.3 shows the densities and velocities of epoxy 

made with and without solvent.  The values are the average of 10 sample discs cut 

from the material made ± the standard deviation.  The values are not significantly 

different indicating that the solvent is removed during the degassing process or that 

the solvent has little effect on these properties 

 

 

 

Table 5.3 Density and Velocity through Epoxy made with and without solvent 

Sample Density (g/cm
3
) Velocity @5MHz (m/s) 

Epoxy 1.14 ± 0.02 2551 ± 130 

Epoxy + Solvent 1.12 ± 0.02 2530 ± 65 

 

5.2.1 Scanning Electron Microscopy (SEM) 

„As cut‟, unpolished samples of the composite material were examined using SEM.  

The images show evidence of tungsten agglomeration and porosity in the material, 

although generally the tungsten is well dispersed in the epoxy. 

 

The SEM image obtained from the of 0.01 tungsten volume fraction epoxy sample is 

shown in Figure 5.4.  It can be seen in Figure 5.4a that the tungsten is generally well 

dispersed in the epoxy although Figure 5.4b shows some clusters of tungsten particles 

larger than 10μm.  There is also some porosity observed but this may be due to a filler 

particle being pulled out of the epoxy during cutting, as the pore size is similar to the 

tungsten particle size.  The SEM images obtained for the 0.05 and 0.10 volume 

tungsten epoxy are shown in Figures 5.5 and 5.6 with similar features visible. 
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Figure 5.4 SEM images of 0.01 tungsten volume fraction epoxy 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.5 SEM images of 0.05 tungsten volume fraction epoxy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.6 SEM images of 0.10 tungsten volume fraction epoxy 
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Figure 5.7 SEM images of 0.15 tungsten volume fraction epoxy 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 SEM images of 0.20 tungsten volume fraction epoxy 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 SEM images of 0.25 tungsten volume fraction epoxy 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 SEM images of 0.30 tungsten volume fraction epoxy 
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As the volume fraction of tungsten is increased in the epoxy the observed agglomerate 

size is increased as shown in Figures 5.7-5.10 which represent the tungsten epoxy 

samples of volume fractions 0.15-0.30.  The SEM images in Figure 5.Xa for each 

volume fraction show general even distribution but at higher magnification shown in 

Figure 5.Xb for each sample, agglomerate sizes approximately 40μm in diameter can 

be observed, made up of clusters of relatively large particles in some cases (over 5µm 

in Figure 5.9b) and other clusters of smaller particles (approximately 1µm) shown in 

the 0.30 tungsten volume fraction epoxy in Figure 5.10b. 

 

 

Large agglomerates as shown in Figure 5.10b are not desirable in backing materials as 

they can change the scattering properties of the material.  Diffusive scattering occurs 

when the scattering object is smaller than the incident wavelength and specular 

scattering occurs when the object is larger than the wavelength, as described 

previously in Section 2.5.  Diffusive scattering is required in backing materials so the 

ultrasound beam is not reflected back into the active element of the transducer; large 

agglomerates also act as scattering objects and may cause specular scattering.  The 

agglomeration observed here in the higher volume fractions of tungsten epoxy would 

not be a problem in backing materials for conventional transducers operating at low 

frequencies.  However, high frequency ultrasound has a smaller wavelength so these 

tungsten agglomerates may interfere with the sound wave causing specular scattering.   

 

The samples fabricated by the milling technique do not show the same evidence of 

agglomeration as samples mixed by hand, as the high shear mixing process breaks 

down agglomerates.  The SEM image obtained for the 0.40 volume fraction tungsten 

epoxy that was mixed together on the twin roll mill is shown in Figure 5.11.  There is 

a lot of porosity observed as the material could not be degassed properly.  The volume 
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of porosity can be estimated by calculating what the density of the material should be 

according to the proportions of epoxy and tungsten mixed together and measuring the 

actual density.  The difference will give an indication of the porosity volume.  No 

material was lost in fabrication using this technique so the estimates are reasonably 

accurate.  The milled epoxy sample was made with 175g of tungsten powder and 

13.3g of epoxy and the measured density is 95% of the theoretical density according 

to these proportions.  Therefore the sample contains ~5% volume porosity.  It is 

shown in Figure 5.11 that this porosity is made up of large pores up to approximately  

30-50µm in diameter.  

 

 
 

Figure 5.11 SEM image of milled 0.40 tungsten volume fraction epoxy 

 

 

SEM images of the milled tungsten/PVB sample are shown in Figure 5.12.  The high 

shear milling has broken down agglomerates so none are observed.  The images do 

not show the porosity as clearly as the epoxy samples, although the material will not 

be fully dense; there are spaces between the tungsten and PVB particles.  The volume 

porosity can be estimated as before, assuming that all the solvent was removed during 

drying and only the tungsten particles and PVB remains.  The sample was made with 

150g tungsten and 2.6g PVB and the measured density is 68% of the theoretical 

100µm 
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density.  Therefore the sample contains 32% volume porosity.  This is a significant 

amount so the sample cannot be considered as a two phase material.  The SEM image 

in Figure 5.12b, however, shows tighter packing than this porosity value suggests.  

The voids in the sample will affect the acoustic velocity through it so that the velocity 

cannot be estimated using two phase models.  It is presumed that porosity would 

reduce the acoustic impedance of the material, thus resulting in a poorer matching to 

the piezocomposite transducer material.  Porosity would also result in more specular 

scattering as the trapped air acts as a scatterer, just like the tungsten filler particles.  

These voids are quite large, but probably not as big as the wavelength in epoxy 

(~50μm at 50MHz) so would not cause diffusive scattering.  The high shear milling 

technique allows a higher solid loading, hence a higher density resulting in a higher 

acoustic impedance, so it is a worthwhile technique, even though porosity exists. 

 

 

 

 

 

 

 

 

 

 

 

 

     (a)           (b) 
Figure 5.12 SEM images of 0.5 volume fraction tungsten/PVB 

 

The high solid loading also means that electrically conductive backing can be 

fabricated.  Simple measurements with a multimeter showed that composites >0.30 

tungsten volume fraction were conducting but material below this volume fraction 

was not.  A conductive backing is commonly used in the manufacture of single 

element ultrasound transducers, such as E-solder 3022
 (108) 

or Epotek 430.
 (55)

  Other 

reported work describes casting and centrifuging conductive epoxy onto the active 

10µm 
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element to ensure conductivity throughout and increase the acoustic impedance.
 (39) 

 

Electrically conducting backing is not viable for array devices as the conductivity 

would short out array elements defined with separate electrodes.  Non-conducting 

tungsten epoxy backings would be suitable for backing single element piezocomposite 

transducers as the requires acoustic impedance is lower compared with monolithic 

ceramic transducers, but the transducer design would have to incorporate a suitable 

method of electrically connecting the device, such as wiring. 

 

5.2.2 Low Frequency Velocity Results 

 

Initially the longitudinal velocity through the samples was measured at a frequency of 

5MHz as described in Section 4.3.2.  The time of flight, ∆t, was recorded for each 

sample disc as described earlier and the velocity was then calculated using  

Equation 3.9.  These results are shown graphically in Figure 5.13 compared with the 

Devaney and Kuster & Toksov scattering models.   

Figure 5.13 Effect of volume fraction of tungsten loaded epoxy on longitudinal 

velocity at 5MHz 
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These results suggest that the Devaney scattering model rather than the Kuster & 

Toksov model best describes the propagation of sound through the tungsten epoxy 

material, although both these scattering models describe the material properties better 

than any of the elastic models discussed earlier.  The acoustic impedance is the 

product of velocity and density and is shown in Figure 5.14 with the Devaney and 

Kuster & Toksov scattering models.  Both models are the same at volume fractions 

below 0.15 above which the models start to diverge.  The experimental data fit well 

with the Devaney scattering model as shown, which agrees with other work; the 

Devaney model has shown the best fit out of the models previously discussed in 

reported work measured at both 5MHz and 30MHz.
 (86,87) 

 

 

Figure 5.14 Effect of volume fraction of tungsten loaded epoxy on acoustic 

impedance at 5MHz 

 

 

Reported velocity data for PVB is lower than that for the epoxy used here  

(VL= 2350m/s)
 (69)

 so it may be expected that the velocity and acoustic impedance of a 

tungsten/PVB material should be lower than a tungsten/epoxy material of equivalent 

volume fraction.  However, although the PVB/tungsten sample is closer to the Kuster 
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model this model would be slightly different with the material parameter inputs for 

PVB, also this sample cannot be described as a two phase material due to the porosity.  

Therefore the scattering models described in this work should not be used to explain 

the material properties.   

 

5.2.3 High Frequency Acoustic Results 

 

5.2.3.1 Transducer Characterisation 
 
The transmitting transducer used in the initial set up to characterise the tungsten 

epoxy samples was known as AFMTH9.  It is a 35MHz single element focused 

piezocomposite transducer housed in a SMA casing.  The piezocomposite element has 

a diameter of 1.5mm and is curved, with a focal distance of 7mm.  It was 

characterised as described in Section 4.3.3.2 in pulse-echo mode and the transmitted 

signal received from the hydrophone was also recorded for analysis. 

 

The pulse-echo response of the transducer is shown in Figure 5.15, where the echo 

shown is reflected off the steel cover of the characterisation jig.  Figure 5.15b shows 

the frequency response after carrying out a fast fourier transform (FFT) on the data 

showing the peak frequency to be approximately 35MHz.  The through signal is 

simpler than the pulse-echo response, which should correspond to the through signal 

multiplied by itself in the frequency domain, however this may not be exact.  The 

through signal transmitted by the transducer and received with the membrane 

hydrophone with no sample present is shown in Figure 5.16a.  The alignment of the 

transducer and hydrophone affects the time the through signal arrives and can also 

affect the frequency response.  Alignment was difficult as the focus of the transducer 

was not straight and the active area of the hydrophone is very small.  This meant that 

the angle of the transmitting transducer had to be adjusted as well as the x and y 
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positions to obtain the maximum signal.  The signal could also be easily lost with 

small movements of the transmitter due to the small active area of the hydrophone. 

The FFT shown in Figure 5.16b shows a relatively flat broadband response with a  

-3dB bandwidth of approximately 22MHz. 

 

 

 

Figure 5.15 (a) Echo from steel plate (b)FFT of echo 

 

(a) 

(b) 
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Figure 5.16 (a) Signal transmitted through water received by hydrophone 

 (b) Frequency response of through signal 

(a) 

(b) 
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5.2.3.2 Longitudinal and Shear Wave Velocity  

 

The recorded data from the transmitted and reference signals at normal incidence 

from the measurements described in Section 4.3.3.2 are used to determine the 

longitudinal velocity and attenuation of ultrasound through the samples.  Some of the 

measurements at normal incidence displayed pulses in the transmitted signal due to 

reverberations within the sample.  The transmitted signal through the 0.10 tungsten 

volume fraction sample at normal incidence is shown in Figure 5.17.  The sample 

thickness is 260μm.  The pulse at approximately 19.5μs on the time axis is due to the 

echo from the far face of the sample.  When rotating the sample to excite shear waves 

it was ensured that the transmitted signals due to the shear waves could be 

distinguished from any reverberations or echoes that might be observed.  The samples 

were also thick enough for the reverberations not to impinge on the received directly 

transmitted signal.  The transmitted wave and the echo can be clearly distinguished 

from each other in Figure 5.17 and the signals may be easily isolated for analysis.     

 

Figure 5.17 Received output from signal transmitted through 0.10 tungsten volume 

fraction epoxy sample at normal incidence showing echo from rear face of sample 

transmitted 
longitudinal wave 

echo from far face of 
sample 
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The longitudinal velocity is determined by calculating the time delay between the 

reference signal and the received signal due to the transmitted longitudinal wave at 

normal incidence.  Instead of recording the arrival times observed on the oscilloscope, 

both signals were recorded and ∆t calculated using the cross correlation function in 

MATLAB as described in Chapter 3, giving a more accurate and less subjective 

result.   The value obtained for ∆t was validated for each data set by plotting the 

signals together with the transmitted signal shifted along the time axis so it 

corresponds to the reference signal.  This is shown in Figure 5.18 for a 220μm thick 

sample of RX771C /HY1300 epoxy at normal incidence.  The solid blue line is the 

reference signal without the sample present and the dotted line is the transmitted 

signal with the sample present arriving before the reference signal with a reduced 

amplitude. 

 

At oblique incidence, when the sample is rotated, two transmitted waves can be 

received; one due to the longitudinal wave and one due to a transmitted mode-

converted shear wave.  All the tungsten epoxy samples transmitted shear waves at an 

incidence angle of 40° so this data set was used calculate the shear wave properties.  

The reference signal and the received output at 40° incident angle through the epoxy 

sample is shown in Figure 5.19a.  At this incident angle, the longitudinal wave 

amplitude is almost zero as it is beyond the first critical angle.  The first critical angle 

is higher for the tungsten epoxy samples so the two waves due to the transmitted 

longitudinal and shear waves are clear on the output, as shown in Figure 5.19b for the 

0.25 tungsten volume fraction sample at the same incident angle of 40°. Therefore it 

is necessary to isolate the shear wave for analysis when the longitudinal wave has a 

greater amplitude than the shear wave. 
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Figure 5.18 (a) Transmitted and reference signals through 220μm thick sample of 

RX771C/HY1300 epoxy at normal incidence. (b) Correlated signals to allow 

calculation of ∆t. 

 

(a) 

(b) 
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Figure 5.19 Reference and transmitted signals through (a) 220μm thick sample of 

RX771C/HY1300 epoxy and (b) 265μm thick sample of 0.25 volume fraction tungsten 

epoxy both recorded at 40° incident angle 

 

longitudinal 

shear 

longitudinal shear 

(a) 

(b) 
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The longitudinal and shear velocities were calculated using Equations 3.9 and 3.28 

respectively and the acoustic impedances calculated by multiplying the velocity by 

the density of each sample from Table 5.2.   

 

The variation of both longitudinal and shear wave velocity as a function of tungsten 

volume fraction in the composites is shown in Figure 5.20.  The data is compared 

with the Devaney model, which was calculated using the material properties of the 

epoxy
 (104)

 and tungsten
 (109) 

as follows: ρtungsten = 19.25kg/m
2
, ρepoxy = 1.149kg/m

2
, 

Ktungsten = 310GPa, Kepoxy = 5.1GPa, Gtungsten = 161GPa and Gepoxy = 1.57GPa.  The 

dotted lines represent the variation of the Devaney model with a 10% error in the 

material properties input into the model.  Whilst the model lies outside the 

measurements in some case even when errors are included, there is nevertheless clear 

correspondence. 

 

 

 
 

Figure 5.20 Effect of tungsten volume fraction on longitudinal and shear wave 

velocity in epoxy measured at 35MHz 
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Figure 5.21 Effect of tungsten volume fraction on longitudinal and shear wave 

acoustic impedance in epoxy measured at 35MHz 

 

The data in Figure 5.20 shows the velocity following the trend of the Devaney model.  

The longitudinal velocity initially decreases with the amount of filler and then begins 

to level off.   As the number of scatterers in the material increases, the effective path 

length for the ultrasound increases, reducing velocity.  Although the velocity 

decreases with increasing amounts of tungsten the density increases linearly with the 

amount of tungsten so the overall effect is a monotonic but non-linear increase in 

acoustic impedance, as shown in Figure 5.21. 

 

Comparing the results measured at 5MHz in Figures 5.13 and 5.14 to these results 

measured at 35MHz it is clear that the velocity values do not significantly change (the 

difference between the two measurements is within 100m/s for each volume fraction 

and there is no trend showing the velocity being consistently higher or lower at a 

specific frequency), so it can be deduced that velocity is independent of frequency.  

This is useful because it means that the Devaney model can be used to approximate 
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the velocities at any frequency between the two measurement frequencies.  It further 

confirms that the materials are acting in all cases in a diffusive scattering mode and 

not dispersive.  The acoustic impedance values are also important for transducer 

design.  It can be seen that to match the acoustic impedance of a 0.5 volume fraction 

ceramic piezocomposite (~15MRayl), a relatively high volume of tungsten is 

required.  Therefore the volume fraction fabrication limit affects acoustic impedance 

and in turn affects the pulse length.  However, a compromise must be made when 

considering the acoustic impedance value of a backing material to achieve a 

reasonably short pulse and a greater sensitivity.  Therefore a backing with an acoustic 

impedance value between 5MRayl and 10MRayl would be desired to match the 

composite, depending on what is most important.  A transducer with a backing with 

an impedance value close to the value of the piezocomposite will have a shorter pulse 

than a transducer with a lower impedance value backing but will have a reduced 

sensitivity.  This is shown in Figures 5.22 and 5.23.  ODM data showing how the 

acoustic impedance of the backing affects the pulse length of a 0.5 ceramic volume 

fraction composite transducer is shown in Figure 5.22.  As expected the pulse length 

decreases as the backing impedance approaches the impedance value of the composite 

(~15MRayl).  The reduced sensitivity of the composite is with a backing of 15MRayl 

compared to 5MRayl is shown in Figure 5.23, where the pulse amplitude is 

significantly reduced. 
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Figure 5.22 ODM data showing how backing impedance affects pulse length for a 

composite transducer 

 

 
Figure 5.23 Pulse data generated from ODM showing reduced sensitivity of a 

composite transducer with 15MRayl backing compared to 5MRayl backing 
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5.2.3.3 Longitudinal and Shear Wave Attenuation  

The amplitudes of the transmitted signals through the samples and reference signal 

without a sample present were recorded as described in Section 4.3.3.2.  The 

attenuation of the transmitted longitudinal waves was calculated using Equation 3.12.  

The calculated longitudinal attenuation in dB/mm of the tungsten epoxy samples is 

shown in Figure 5.24.  There is an attenuation peak observed at 0.05 tungsten volume 

fraction, which corresponds with other work where a peak was reported between 0.07 

and 0.09 tungsten volume fraction with a particle size of 5μm measured at 30MHz.
 (86) 

  

 
 

Figure 5.24 Effect of tungsten volume fraction on the longitudinal attenuation 

through epoxy measured at 35MHz 

 

 

These attenuation results are comparable to other published work characterising 

tungsten epoxy at high frequencies where longitudinal attenuation values of 25dB/mm 

for 0.25 tungsten volume fraction epoxy at 30MHz have been reported, 
(86)

 compared 

to 27dB/mm measured here at 35MHz.  The values measured here at 35MHz are also 

higher than measurements taken at lower frequencies,
 (56)

 showing that attenuation is 

dependent on frequency, as expected.  A 0.10 tungsten volume fraction Spurr epoxy 
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composite was measured at 5MHz by Grewe et al
 (56) 

and the measured acoustic 

impedance is similar to the results here but the attenuation is considerably lower at 

0.69dB/mm compared to 31dB/mm measured at 35MHz here.  A high attenuation is 

required for acoustic backings so conventional backings used in low frequency 

devices will have a higher attenuation when operating at high frequencies.  

Knowledge of the attenuation values at specific operating frequencies is useful for 

transducer design.  The backing material must be of a sufficient thickness that the 

sound is absorbed before it can be reflected back towards the transducer, whilst 

minimising the volume of backing for reasons of cost and physical transducer design 

convenience.   

 

When the epoxy phase is more then 70% the tungsten epoxy composite can be 

assumed to have a 0-3 connectivity where each particle is surrounded by the epoxy 

matrix.
 (56)

  Microstructural examination of the materials produced here suggest that 

this is reasonable, as the tungsten particles are distributed well in the epoxy apart from 

some small areas of agglomeration.    Therefore scattering effects will describe the 

attenuation behaviour of the tungsten epoxy samples up to 0.3 tungsten volume 

fraction, as each particle is acting as a scattering site.  The scattering power of a 

particle is related to the difference in acoustic impedance values of the particle and 

epoxy matrix.  Other factors have also been observed to affect attenuation including 

particle size and the adhesion between the epoxy and filler particle.
 (56) 

 If the peak in 

attenuation observed at approximately 0.05 tungsten volume fraction is due to 

increased scattering at this particular volume fraction, the position of the peak will be 

affected by particle size.  The surface to volume ratio decreases with increasing 

particle size so the peak could be expected to be at higher volume fractions with 

larger particle sizes.   
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At some higher volume fraction (>0.3) the composite cannot be described as having 

0-3 connectivity.  When filler particles are touching each other a network of 

connecting particles will be created.  Therefore, attenuation will occur via processes 

other than scattering and may depend more on the actual attenuation coefficient of the 

filler material.  This could explain the high attenuation values obtained for the 0.4 

volume fraction milled epoxy sample and the tungsten/PVB sample.  Tungsten has a 

high attenuation coefficient depending on the grain structure, and it is expected to be 

significantly higher than that of epoxy, which depends on the degree of crystallinity 

and cross-linking.
 (56)  

Additionally both the milled samples are not two phase 

structures as the porosity can be considered to act as a „third phase‟.  The pores will 

affect both the acoustic impedance of the material and the attenuation values. 

 

An alternative method of calculating the attenuation is curve fitting with the 

theoretical transmission coefficient graphs as described in Section 3.3.8.  This method 

can give a greater degree of confidence in the result if the experimental data correlates 

well with the theory over a large range of incident angles.  It also gives an indication 

how accurate the measurements are compared to the theory.  A comparison of the 

experimental data for the longitudinal wave amplitude relative to the reference signal 

amplitude is compared with the theory in the following figures.  The theoretical curve 

has been fitted with the experimental data by inputting a longitudinal attenuation 

value into Equation 3.34.  

 

The curve fitting data for the RX771/HY1300 epoxy sample is shown in Figure 5.25.  

The experimental data increases first with incident angle as shown then follows the 

expected trend.  The initial increase is likely to be because of small inaccuracies in the 

rotation of the sample.  The theoretical curve was obtained by using the measured 
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velocity and density parameters input into Equation 3.34.  The red line represents the 

attenuation calculated from the normal data shown in Figure 5.24.  Over the full range 

of incident angles this value may not represent the experimental data fully therefore 

the value with the smallest mean square error (MSE) for each data point is also 

plotted.   

 

 
Figure 5.25 Longitudinal attenuation curve fitting data for 220μm thick 

RX771/HY1300 epoxy sample.   

 

 

The ratio of longitudinal and shear velocities determines the first critical angle where 

the longitudinal transmission coefficient is zero.  Therefore the correlation of the 

experimental data and theory at this point will be an indicator of the accuracy of the 

velocity measurements.   

 

Table 5.4 shows the longitudinal attenuation values obtained with the normal 

measurement data and curve fitting with the whole incident angle range. 
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Table 5.4 Longitudinal attenuation values for tungsten epoxy samples 

 

 

 

The curves for the 0.01 and 0.05 tungsten volume fraction samples are shown in 

Figures 5.26 and 5.27 respectively.  The experimental data for these samples 

generally compare well with the calculated curves, apart from where the data for the 

0.05 tungsten volume fraction epoxy sample deviates by increasing after the expected 

decrease at approximately 30° shown in Figure 5.27.  This is probably a problem with 

the rotation mechanism of the sample holder. 

Tungsten Volume Fraction 
Normal Measurement 

(Np/mm) 

Smallest MSE  

(nearest 0.1Np/mm) 

0 1.42 1.1 

0.01 2.64 2.8 

0.05 5.46 5.3 

0.10 3.55 3.4 

0.14 4.06 4.0 

0.19 4.03 4.1 

0.24 3.07 - 

0.29 3.32 3.6 

0.40 (milled) 8.57 7.7 

0.50 (W/PVB) 8.02 9.9 
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Figure 5.26 Longitudinal attenuation curve fitting data for 0.01 tungsten epoxy 

sample 

 

 

 

Figure 5.27 Longitudinal attenuation curve fitting data for 0.05 tungsten epoxy 

sample 
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Figure 5.28 Longitudinal attenuation curve fitting data for 0.10 tungsten epoxy 

sample 

 
Figure 5.29 Longitudinal attenuation curve fitting data for0.14 tungsten epoxy 

sample 

 
Figure 5.30 Longitudinal attenuation curve fitting data for 0.19 tungsten epoxy 

sample 
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Figure 5.31 Longitudinal attenuation curve fitting data for 0.24 tungsten epoxy 

sample 

Figure 5.32 Longitudinal attenuation curve fitting data for 0.29 tungsten epoxy 

sample 

 

The attenuation curves for the 0.10-0.30 tungsten volume fraction samples are shown 

in Figures 5.28-5.32.  The experimental data again generally fit the calculated curves 

well apart from some minor anomalies up to approximately 42° where the 

experimental data generally deviates from the curve.  As this seems to be a feature of 

many of the samples, it is most likely due to errors in the sample holder.  As described 

in Section 4.3.3 the sample holder had to be modified by adding tape to support the 
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samples.  As the sample holder was rotated through the incident angle range the signal 

was observed to be disrupted at an angle of approximately 60°, therefore it is possible 

that the modified sample holder affected the signal at a lower angle than that around 

42º.  A new sample holder was designed for further measurements with the alumina 

epoxy samples discussed in Chapter 6 to reduce these errors.  The improved sample 

holder did seem to improve some of the problems, but there were additional problems 

with the rotation of the sample, which are described in the following chapter. 

 

The attenuation curve for the milled 0.4 tungsten volume fraction sample is shown in 

Figure 5.33.  Apart from one major anomaly at approximately 40º the experimental 

data fits the trend of the calculated curve well. 

Figure 5.33 Longitudinal attenuation curve fitting data for 0.4 milled tungsten epoxy 

sample 

 

 

The attenuation curve for the tungsten/PVB sample is shown in Figure 5.34.  The 

experimental data does not match the calculated curve well after approximately 10º.  

The reduction in amplitude ratio after this angle means that the curve of “best fit” 
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found with the smallest mean square error for each data point is dramatically different 

to the attenuation value measured at normal incidence, so the confidence in this value 

is low.  The poor correspondence if the experimental data with the theoretical 

attenuation curve could be due to the porosity in this sample, as air has a high 

attenuation, hence ultrasound travels poorly through air. 

 

Figure 5.34 Longitudinal attenuation curve fitting data for 0. 5 tungsten/PVB sample 

 

As mentioned previously the shear velocity calculations were done at an incidence 

angle of 40° for all samples.  The first critical angle for epoxy is approximately 38° 

and this value increases with the amount of tungsten in the epoxy as the velocities 

decrease.  The shear wave velocity at incident angles below the first critical angle is 

calculated by isolating the shear wave as two waves are transmitted through the 

sample due to both longitudinal and shear waves in the sample.  The amplitude of the 

shear wave below the first critical angle is small and not significant enough to 

calculate the shear attenuation.  Experimental data at incident angles greater than the 

first critical angle are much more appropriate to determine shear attenuation as the 

data amplitudes here are much larger as only a shear wave is transmitted through the 
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sample.  The outcome of these issues is that the shear wave attenuation could be 

determined only for the epoxy and 0.01 volume fraction tungsten epoxy samples. 

 

The curve fitting data for the shear attenuation of the epoxy sample is shown in Figure 

5.35.  The curve was plotted using Equation 3.35.  The maximum shear peak was 

fitted with the calculated curve with a shear attenuation value of 3.55Np/mm.  The 

experimental data points fit very well until approximately 46º where the data deviate 

from the curve.  This is again likely to be because of the geometry of the sample 

holder interfering with the signal when rotated, effectively causing an incident angle 

limit for valid measurements. 

Figure 5.35 Shear attenuation curve fitting data for RX771C/HY1300 epoxy sample.   
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5.3 Summary 

Tungsten epoxy samples were fabricated with Alpha Aesar powder with a reported 

particle size of 1-5µm to achieve a reasonable level of loading, although experimental 

particle size data indicates the real particle size distribution is different.  Tungsten 

volume fractions up to 0.5 were achieved but only those up to 0.3 could be controlled.  

Other fabrication techniques were developed to fabricate higher volume fractions as 

the viscosity increased, but these techniques did not allow the amount of tungsten in 

the final sample to be controlled; using solvent to decrease viscosity and milling 

higher volume fractions resulted in porosity in the material.  SEM analysis showed 

that the tungsten was generally well dispersed in the epoxy but there was 

agglomeration observed in higher volume fraction samples, although the sizes of the 

pores were not larger than the wavelength in the materials at 35MHz, as the velocity 

results indicate that specular scattering was occurring.  Porosity was observed in the 

milled samples and was estimated to be 5% volume in the milled epoxy and 32% in 

the tungsten/PVB sample, although the SEM images obtained for this sample suggest 

the porosity value is lower than this.  The porosity did not seem to affect the velocity 

results, and hence the acoustic impedance but there was evidence that the porosity 

may have significantly increased the attenuation in the high tungsten volume fraction 

samples. 

 

The velocities measured through the samples at 5MHz and 35MHz were not 

significantly different and followed the expected trend of the Devaney scattering 

model.  Attenuation data compares well with other reported work at high frequency 

and is significantly higher than other measurements taken at lower frequencies, 

showing that attenuation is frequency dependent.  It was found that using a curve 

fitting approach to determine attenuation can give a greater degree of confidence in 
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the result.  Shear attenuation could not be determined for all samples as the first 

critical angle where the shear amplitude significantly increases was not always in the 

measurement range so the shear amplitude was too low to determine attenuation. 

 

These results show that tungsten epoxy is suitable for transducer backing applications 

and volume fractions up to 0.3 can be tailored to suit the application giving acoustic 

impedance values in the range of 3-10MRayl, which is suitable for backing 

composites as they have lower acoustic impedance than other ceramic elements.  For 

Z values greater than this, higher volume fractions are required that can be 

centrifuged, resulting in conductive backings.  An alternative method of electrically 

connecting the transducer is required to use non conducting backing, such as wiring, 

although this is required for array devices in any case. 
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This Chapter presents the results for the alumina filled epoxy composite materials.  

The characterisation of the alumina powders is discussed including the rationale for 

choosing the powders that were finally used from the available powders presented in 

Table 4.1.  Different grades of alumina were chosen to investigate the effect of 

particle size on the acoustic properties.  Although tungsten materials perform well as 

acoustic backing materials alumina may be useful to avoid shorting in array devices 

and costs considerably less than tungsten.  Alumina filled epoxy may also  be used for 

matching layers, which require low attenuation values, and it is expected that using 

small filler particles will reduce the effect of increasing filler volume fraction on 

attenuation.   

6.1 Powder Characterisation 

6.1.1 Particle Size Analysis 

The particle size data for the alumina powders measured are summarised in Table 6.1 

and the particle size distribution data for the individual powders are shown in Figures 

6.1-6.4.   

Table 6.1 Particle Size Data for Alumina Powders 

 

Alumina Type 

 

Particle Size (µm) 

d10 d50 d90 

 

CT3000 SG 

 

0.35 0.89 6.93 

 

CR15 

 

0.37 0.95 2.08 

 

MA95 

 

1.95 5.92 10.38 

 

Nano 

 

1.78 10.14 23.96 
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The data for both CT3000SG and CR15 correspond quite well to the manufacturer‟s 

data given in Table 4.1, with both grades having a d50 value around 1 micron.  

However, the particle size distribution plots shown in Figure 6.1 and 6.2 differ 

dramatically.  A relatively narrow distribution is shown in Figure 6.1 for CR15 

alumina, but the data for CT3000 SG however, shown in Figure 6.2, shows a broader 

distribution with a secondary peak between 10μm and 20μm, suggesting some 

agglomeration of the powder that has not been broken down in the laser diffraction 

instrument.  CT3000 SG also has a relatively high d90 value compared to that for 

CR15.  The particle size distribution of MA95, shown in Figure 6.3 also shows a 

relatively narrow distribution with a d50 around 7μm.  From the alumina powders 

analysed here, the particle size data for this powder compares best to the 

corresponding data for the tungsten powder used to make samples in the previous 

chapter.  The d50 value for the nano grade alumina powder clearly suggests that the 

powder is not fully dispersed.  The mean particle size according to the manufacturer, 

NaBond (Shenzhen, China) is 20nm, but the data presented here suggests the powder 

consists of agglomerates between 1μm and 20μm, with a d50 value of 10.14μm, 

increasing the effective particle size considerably relative to the primary particle size.   
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Figure 6.1 Particle size distribution for CR15 grade alumina powder 

 

 

 

Figure 6.2 Particle size distribution for CT3000 SG grade alumina powder 
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Figure 6.3 Particle size distribution for MA95 grade alumina powder 

 

 
Figure 6.4 Particle size distribution for nano grade alumina powder 
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(a) 

(b) (c) 

(d) (e) 

6.1.2 Powder Morphology  

SEM images of the dry powders with no dispersant are shown in Figure 6.5. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 SEM images of alumina powders (a) CR15 (b) CT3000SG x1000 

 (c) CT3000SG x150 (d) MA95 (e) nano grade 
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The image of the CR15 grade in Figure 6.5a does not seem to correspond to the data 

shown in Figure 6.1 which suggests that the particles are being broken down in the 

Sympatec analyser.  It can be seen that the primary particle size of the CR15 and 

CT3000SG grades is very fine shown in Figure 6.5a and 6.5b, but Figure 6.5c shows 

how the CT3000 SG powder tends to form rather large agglomerates, which must not 

be broken down in the particle size analyser resulting in the secondary peak of the 

density distribution on the particle distribution graph in Figure 6.2.  The image of the 

MA95 grade alumina in Figure 6.5d shows the particle size to be less than 10μm.  The 

particle shape seems to be platelets, with a thickness around 1μm and an aspect ratio 

~5-10μm.  The visible area of platelet shaped particles can change depending on the 

orientation of the particles, and this also influences the data for the laser diffraction 

measurement, as the particles are not spherically shaped with a fixed diameter.  The 

SEM image of the nano grade alumina shown in Figure 6.5e corresponds with the 

particle size data presented in Figure 6.4 showing large agglomerates larger than 

10μm in size and also some smaller agglomerates, all significantly larger than the 

primary particle size in the nanometre range, which is not dispersed, increasing the 

effective particle size.  
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6.1.3 XRD Analysis 

 

The XRD results for the MA95 and CR15 grade alumina powders are shown in 

Figures 6.9 and 6.10 respectively.  The peaks for a reference sample of alpha alumina 

(JPDS ref 00-042-1468, corrundum) are shown on each data set with the red markers, 

indicating a good match and allowing the peaks to be identified appropriately. 

 
Figure 6.9 XRD pattern for MA95 grade alumina with major peaks from powder 

diffraction file 00-042-1468 

 

 
Figure 6.10 XRD pattern for CR15 grade alumina with major peaks from powder 

diffraction file 00-042-1468 
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The nano grade was scanned at a much slower speed as the initial data was poor 

showing the background count to be relatively high.  The data count from a 36 hour 

scan time is shown in Figure 6.11.  The background is still high and the peaks are not 

well defined.  It is compared with the peaks of a standard gamma alumina sample 

(JPDS ref 00-029-0063).  The experimental data does not compare as well to the 

reference data as do the other alumina grades.  The experimental data indicates a lack 

of crystallinity within the sample but the peak width is affected by crystallite size, so 

this may be expected.  Gamma alumina is also difficult to characterise by XRD.
 (105)

 

 

 

 

 
Figure 6.11 XRD pattern for nano grade alumina with major peaks from powder 

diffraction file 00-029-0063 
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Table 6.2 shows the alumina epoxy samples fabricated and the measured densities 

compared with the theoretical densities for those particular volume fractions.  The 

measured densities compare well to the theoretical values except for with the nano 

grade, which suggests there is a greater level of porosity in these samples which 

increases with the amount of nanopowder in the epoxy. 

 

The maximum possible solid loading of the epoxy is related to the viscosity of the 

mixture before curing.  The viscosity increases with increasing amount of filler and 

there is a maximum viscosity where the material still flows enough to be degassed and 

drawn into the syringe.  The maximum volume fraction achieved with MA95 was 

0.25 in the Epotek epoxy and 0.20 in the Epofix, which has a slightly higher viscosity 

than the Epotek.  Above these volume fractions the material could not be degassed 

properly so when it was drawn into the syringe there were large air bubbles.  

Therefore the maximum solid loading for smaller particle sizes, CR15 and nano 

grade, is a smaller volume fraction than for MA95 which has a higher particle size 

and thus a lower surface area.  The maximum loading for the nano grade alumina is at 

the same volume fraction as the CR15 grade (0.15) showing that the particles are 

agglomerated.  If the nano particles were fully dispersed in the epoxy the spacing 

between the particles would be smaller than with the CR15 grade as the surface area 

is greater and it would be expected that the maximum volume fraction achievable 

would be lower than 0.15.   
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Table 6.2 Measured densities of fabricated alumina filled epoxy samples 

Epoxy / Grade Volume Fraction 
Measured Density 

(g/cm
3
) 

% Theoretical 

Density 

Epofix  / MA95 

0.01 1.12 100 

0.05 1.23 100 

0.10 1.36 99 

0.15 1.51 99 

0.20 1.66 100 

Epofix / CR15 

0.01 1.12 100 

0.05 1.23 100 

0.10 1.37 100 

0.15 1.52 100 

Epofix / Nano 

0.01 1.09 97 

0.05 1.17 94 

0.10 1.25 90 

Epotek301 / MA95 

0.01 1.12 100 

0.05 1.23 100 

0.10 1.38 100 

0.15 1.50 99 

0.20 1.64 98 

0.25 1.79 99 

Epotek301 / CR15 

0.01 1.11 99 

0.05 1.22 99 

0.10 1.37 99 

0.15 1.51 99 

Epotek301 / Nano 

0.01 1.11 99 

0.05 1.20 97 

0.10 1.31 95 

0.15 1.40 92 
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6.2 Composite Characterisation 

6.2.1 Scanning Electron Microscopy (SEM) 

 

The alumina/Epotek epoxy samples were initially polished before being examined in 

the SEM microscope.  However, polishing was very difficult because alumina 

particles were pulled out of the epoxy during the process and large agglomerates act 

as grinding media on the polishing plate resulting in further scratches on the sample.  

Therefore final SEM images were taken of the samples after they were cut with no 

further polishing.  The surface of the epoxy is not flat but the alumina particles can be 

seen.  The main features that were being investigated were the apparent distribution of 

alumina particles in the epoxy and observed porosity, and the images were generally 

suitable for this.   

 

SEM images of Epotek 301 filled with MA95 alumina is shown in Figures 6.12 and 

6.13.  There is not much evidence of large amounts of agglomeration in the MA95 

filled epoxy as shown in Figure 6.12a and 6.12b for 0.01 volume fraction alumina, 

although there is some porosity.  The spherical nature of the pores, as shown in Figure 

6.12d, suggests that the porosity is due to air bubbles trapped in the epoxy. Therefore, 

even though during the fabrication process the mixture seemed to be degassed 

properly and there are still air bubbles not effectively removed.  The SEM image in 

Figure 6.12f shows how the orientation of the platelet particle shapes affects the 

exposed area in different directions.  The particles can look like round particles or 

needle shaped particles depending on how they lie in the epoxy.  Spherical shaped 

particles are ideal to allow prediction of scattering effects, which is not the case here. 
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Figure 6.12 SEM images of MA95 alumina/Epotek epoxy composites 

(a) 0.01 volume fraction x270 (b) 0.01 volume fraction x800 

(c) 0.05 volume fraction x 100 (d) 0.05 volume fraction x200 

(e) 0.10 volume fraction x 100 (f) 0.10 volume fraction x1400 
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Figure 6.13 SEM images of MA95 alumina/Epotek epoxy composites 

(a) 0.15 volume fraction x250 (b) 0.15 volume fraction x1000 

(c) 0.20 volume fraction x 200 (d) 0.20 volume fraction x500 

(e) 0.25 volume fraction x 800 (f) 0.25 volume fraction x1000 
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SEM images of 0.15-0.25 volume fraction alumina with grade MA95 are shown in 

Figure 6.13.  There seems to be an even distribution shown in Figure 6.13a but there 

is evidence of large agglomerates at higher magnification in Figure 6.13b, which is 

also shown in Figure 6.13c and 6.13d for 0.20 volume fraction.  At the higher volume 

fractions mixing of the epoxy and powder was difficult so more agglomerations 

occur.  The 0.25 volume fraction sample shows areas where the alumina is compacted 

together (Figure 6.13f) and other areas of epoxy where the alumina particles are not 

thoroughly distributed in the epoxy (Figure 6.13e) showing that the mixing is not 

optimised for the higher volume fraction materials. 

 

SEM images of CR15 grade alumina epoxy are shown in Figure 6.14.  The alumina 

particles seem generally well dispersed in the 0.01 volume fraction material, as shown 

in Figure 6.14a and discrete particles around one micron in size can be seen as well as 

some small areas of agglomeration in Figure 6.14b.  Images of 0.05 volume fraction 

CR15 grade alumina are shown in Figure 6.14c and 6.14d showing some small areas 

of epoxy containing no alumina particles (dark area in 6.14c) and small agglomerates 

less than 10 micron in size (6.14d).  The 0.10 volume fraction sample is shown in 

Figures 6.14e and 6.14f with much larger agglomerates and Figure 6.14g and 6.14h 

shows the 0.15 volume fraction sample, which was the highest volume fraction 

obtained with this alumina type.  The distribution seems even at low magnification in 

Figure 6.14g, and at higher magnification in Figure 6.14h discrete particles are clearly 

visible but the epoxy surface appears broken up. 
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Figure 6.14 SEM images of CR15 alumina/Epotek epoxy composites 

(a) 0.01 volume fraction x500 (b) 0.01 volume fraction x2000 

(c) 0.05 volume fraction x 500 (d) 0.05 volume fraction x1000  

(e) 0.10 volume fraction x 50 (f) 0.10 volume fraction x500  

(g) 0.15 volume fraction x50 (h) 0.15 volume fraction x500 
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The epoxy samples filled with alumina nano powder show a large amount of porosity 

indicating that it is very difficult to obtain a non-porous filled alumina epoxy material, 

because porosity may exist on a scale that is impossible to determine during 

fabrication.  Figure 6.15 shows SEM images of the nano alumina epoxy material 

showing porosity around the alumina particles.  The porosity seems to only be located 

around the alumina agglomerates in all volume fractions, so is unlikely to be due to 

air being trapped in the epoxy during fabrication and is more likely to be affected by 

the agglomeration of the nano sized alumina particles. 

 

The microstructure of the nano composites is complex. It seems to consist of large 

agglomerates over 10μm in size and smaller particles that have broken out of these 

agglomerates in the surrounding epoxy.  There is porosity surrounding each large 

agglomerate, which could be due to nano particles from the surface of the 

agglomerates breaking away into the epoxy and leaving voids where the epoxy has 

not impregnated, resulting in a lower density than expected, as shown in Table 6.2.  

This also explains why the porosity increases with volume fraction of the nano type 

alumina. 

 

 

 

 

 

 

 

 

 



  C H A P T E R  6  | 149 
 

(g) (h) 

(e) (f) 

(d) (c) 

(a) (b) 

 

 

 

   
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        
 
 
 

Figure 6.15 SEM images of nano alumina/Epotek epoxy composites 

(a) 0.01 volume fraction x200 (b) 0.01 volume fraction x1000 

(c) 0.05 volume fraction x 250 (d) 0.05 volume fraction x1000  

(e) 0.10 volume fraction x 200 (f) 0.10 volume fraction x1000  

(g) 0.15 volume fraction x250 (h) 0.15 volume fraction x1000 

100µm 10µm 

100µm 10µm 

10µm 100µm 
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6.2.2 High Frequency Acoustic Results 

The alumina epoxy composite samples were characterised acoustically using the set 

up described in Section 4.3.3.2.  The transmitting and receiving transducers were 

different to those used for characterisation of the tungsten epoxy composite samples, 

therefore a brief characterisation of the transducers used in the set up was performed 

in pulse echo mode and in transmit and receive modes. 

6.2.2.1 Transducer Characterisation 

 

The transmitting transducer used in the experimental set up to characterise the 

alumina epoxy samples was a single element curved composite transducer, JB, (used 

courtesy of Jeremy Brown, Sunnybrook Health Sciences Centre, Toronto).  The 

receiving transducer was known as AFMTH10, a flat piezocomposite transducer 

housed in a SMA case manufactured by AFM Ltd (Birmingham, UK).  These 

transducers were used because of their availability at the time the measurements were 

made.  Their slightly different characteristics, as outlined below for completeness, are 

not expected to have had any effect on the results.   

 

The pulse-echo response of the transmitting transducer is shown in Figure 6.16a, 

where the echo shown is reflected off the steel cover of the characterisation jig.  The 

frequency response after a fast fourier transform (FFT) analysis is shown in Figure 

6.16b showing the peak frequency to be approximately 35MHz and the -6dB 

bandwidth to be approximately 20MHz.  The equivalent data for the receiving 

transducer is shown in Figure 6.17.  The peak frequency is at 26MHz. 
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Figure 6.16 Transmitting transducer (AFMTH10) 

 (a) echo from steel plate (b) FFT of echo 
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Figure 6.17 Receiving transducer (JB) 

(a) echo from steel plate (b) FFT of echo 
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The through signal and FFT data for both transducers acting as receivers are shown in 

Figures 6.18 and 6.19.  The signal in Figure 6.18 is transmitted by JB transducer and 

received by AFMTH10 and the signal in Figure 6.19 is the reverse.  With ideal 

instrumentation there should be no difference in the FFT data for these transducer 

arrangements but it can be seen that there is a difference here.  This may be due to the 

alignment of the transducers or the distance between them differing, as the JB 

transducer is focused.  The signals are arriving at different times in Figures 6.18a and 

6.19a so the distance is different.  The implications of this are that the FFT is more 

broadband for the signal transmitted from AFMTH10 received by JB shown in Figure 

6.19b than the for the signal received with the transducers in the other configuration 

shown in Figure 6.18, which was the configuration used for the measurements.  It is 

also possible however, that the different characteristics of the transducers, when 

connected to non-ideal instrumentation, in terms of electrical impedance, may also 

have affected the results.  Overall, the key issue is that the frequency range over 

which the two transducers operate in through transmission, as shown in Figures 6.16b 

and 6.17b, is similar to that used previously, when measuring the tungsten epoxy 

composite materials. 
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Figure 6.18 (a) Signal transmitted through water by JB transducer and received by 

AFMTH10 transducer (b) Frequency response of through signal 

 

(a) 

(b) 
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Figure 6.19 (a) Signal transmitted through water by AFMTH10  transducer and 

received by JB transducer (b) Frequency response of through signal 
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6.2.2.2 Longitudinal and Shear Wave Velocity 

 

The longitudinal and shear wave velocities of the alumina epoxies were calculated as 

described previously in Section 3.3.  The shear wave velocity was calculated from the 

data recorded at an incidence angle of 50°.  The acoustic impedance values were then 

calculated by multiplying the velocity values with the measured densities of each 

sample.   The data for each set of samples are plotted in Figures 6.20 and 6.21, which 

also show the Devaney model.  The Devaney model was calculated here using 

Equations 2.7 and 2.8 and the standard density values for the epoxies and alumina; 

ρalumina = 3.67g/cm
2
, ρepofix = 1.087kg/m

3
, ρepotek301 = 1.094g/cm

3
 (from epoxy 

manufacturer‟s data).  The standard moduli values for alumina were also used;  

Kalumina = 165GPa, and Galumina = 124GPa
 (109)

 but the K and G values for the epoxies 

were calculated using the measured velocity values and rearranging Equations 6.2 and 

6.3 below.   

GK

VL

3

4

   Equation 6.2 

G
VS     Equation 6.3 

 

The experimental results in Figures 6.20 and 6.21 generally show good agreement 

with the Devaney model.  The longitudinal data for the Epofix samples seem to show 

a better correlation to the model than the shear data.  The shear data for the  

Epotek 301 samples show a better fit with data points above and below the model.  

There does not seem to be trend involving particle size between both epoxy samples 

for the velocity results as there is no significant difference between the data for MA95 
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alumina, with a discrete particle size ~5μm and CR15 alumina with a particle size 

around 1μm.   

 

 

Figure 6.20 (a) Longitudinal and shear wave velocities and (b) acoustic impedance 

values of alumina filled Epofix samples.  Dotted lines represent how Devaney 

varies with  ±10% epoxy velocity variation 

 

 

(b) 

(a) 
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Figure 6.21 (a) Longitudinal and shear wave velocities and (b) acoustic impedance 

values of alumina filled Epotek 301 samples.  Dotted lines represent how Devaney 

varies with ±10% epoxy velocity variation 

 

 

(a) 

(b) 
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A factor affecting the velocity may be the porosity in the sample, which is highest in 

the nano samples, increasing with the amount of alumina.  Looking at the Epofix data 

in Figure 6.20 porosity may be considered to have an influence as the nano samples 

have higher longitudinal and shear velocities than the other grades. This trend also 

extends to the longitudinal and shear velocities of the Epotek 301 samples, but it is 

not as significant and here the nano data correlate better with the Devaney model.   

Other reported data for velocity in alumina filled epoxy has shown a tighter 

correlation with the Devaney model
 (86)

 but as with the tungsten data presented in the 

previous Chapter, the Devaney model describes the experimental data better than the 

other models described previously in Chapter 2. 

 

The experimental data show that a high loading of alumina (≥0.25 volume fraction) is 

required to achieve an acoustic impedance value of ~5MRayl.  Therefore for this 

material to be used as a backing material a high solid loading is necessary.  This work 

has shown that this can be only achieved practically with a filler particle size of at 

least 5μm and an epoxy with a low viscosity, such as Epotek 301.  As discussed in 

Chapter 4, high shear mixing may be possible to obtain a higher solid loading but it is 

difficult with the smaller particle sizes used.  The acoustic impedance values obtained 

here show that alumina epoxy is suitable for matching material as the required 

acoustic impedance is an intermediate value between the active material and tissue 

(~1.5MRayl).  The geometric mean calculated with Equation 2.2 using an impedance 

value of 15MRayls for the piezocomposite element is 4.7MRayl.   
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6.2.2.3 Longitudinal and Shear Wave Attenuation 

As well as a suitable acoustic impedance optimised matching layers must also have a 

low attenuation so a high proportion of the ultrasound signal reaches the active part of 

the transducer.  The longitudinal attenuation of the alumina filled samples was 

measured as described previously for the tungsten samples, in Section 3.3.3.  The 

attenuation values obtained from the normal through measurements are shown in 

Figure 6.22 along with trendlines for each type of alumina. 

 

The attenuation values for the two epoxies are different, with Epofix having a lower 

value than Epotek 301.  It has been reported previously that the attenuation depends 

on the degree of crystallinity and the amount of cross-linking in a polymer material
 (56)

 

so these factors may influence the results shown here.  The shore D hardness values 

for Epotek 301 and Epofix are 80 and 75 respectively (from manufacturer‟s data), 

indicating that Epotek 301 may contain more cross links than Epofix, resulting in a 

higher degree of crystallinity.  The Epotek 301 data compares well to other reported 

work where the attenuation increases with volume fraction alumina until a peak 

between 0.05 and 0.10 alumina volume fraction where the attenuation decreases with 

more alumina.
 (56,57,86)

 This pattern is generally followed by the MA95 and nano 

alumina grades with a polynomial trend, which suggests that this behaviour is due to 

the influence of particle size.  The effective particle size of the MA95 and nano grades 

is much larger than the CR15 grade, which does not show this pattern.  The CR15 

samples do not show a significant variation in attenuation with volume of alumina as 

the other samples do, showing a more linear trend with a small gradient.  This is to be 

expected, as if the particle size is significantly less than the wavelength, attenuation 

via scattering is minimised.  Therefore the attenuation of the alumina filled epoxy 

depends on the particle size of the alumina and the attenuation of the epoxy.   
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Figure 6.22 Longitudinal attenuation calculated from normal measurement of  

(a) alumina filled Epofix samples (b) alumina filled Epotek 301 samples along with 

trendlines 

 

 

 

(a) 

(b) 
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Curve fitting was also carried out to determine the accuracy of the measurements, as 

described previously with the tungsten epoxy data in Section 5.2.3.3, where the 

experimental data is compared with the calculated theory over a large range of 

incidence angles.  The attenuation value with the smallest mean error for the 

experimental data was then found.  Tables 6.3 and 6.4 show the attenuation values 

obtained from the normal measurements and the values with the smallest mean square 

error (MSE) from the curve fitting technique.  The curves were calculated with the 

measured values of velocity and density.   

 

Table 6.3 Epofix attenuation data determined via curve fitting 

Grade 
Volume 

fraction 

Normal Measurement 

(Np/mm) 

Smallest MSE 

(to nearest 0.1Np/mm) 

- 0 0.94 1.1 

MA95 

0.01 1.38 1.5 

0.05 1.60 1.7 

0.10 1.62 1.7 

0.15 1.83 1.7 

0.20 1.20 1.2 

CR15 

0.01 1.16 1.16 

0.05 1.12 1.12 

0.10 1.16 1.4 

0.15 1.29 1.29 

Nano 

0.01 1.11 1.11 

0.05 1.64 1.64 

0.10 1.50 1.5 
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Table 6.4 Epotek 301 attenuation data determined via curve fitting 

Grade 
Volume 

fraction 

Normal Measurement 

(Np/mm) 

Smallest MSE 

(to nearest 0.1Np/mm) 

- 0 1.53 1.5 

MA95 

0.01 1.69 1.5 

0.05 2.05 1.9 

0.10 1.85 1.8 

0.15 1.78 1.7 

0.20 1.81 1.81 

0.25 1.66 1.6 

CR15 

0.01 1.54 1.4 

0.05 1.58 1.5 

0.10 1.51 1.51 

0.15 1.68 1.7 

Nano 

0.01 1.67 1.6 

0.05 2.03 1.9 

0.10 1.86 1.6 

0.15 1.23 1.4 

 

 

 

 

The calculated longitudinal transmission coefficient curve for the Epofix sample with 

the experimental data is shown in Figure 6.23.  The shape and the value of the critical 

angle where the transmission coefficient is zero depends on the velocity values input 

into the calculation.  The experimental data does not fit well here as it goes beyond 
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the critical angle expected from the theoretical curve calculated with the measured 

velocity values.   

 

 
Figure 6.23 Curve fitting data for Epofix sample.   

 

 

Repeat measurements showed that there was a backlash in the rotation of the sample 

holder so an error of up to 6° was observed between measurements of different 

samples.  During the repeat measurements it was ensured that that the sample holder 

was normal to the jig before measurements were taken by using a small spirit level.  

However, it was observed that the alignment of the transducers could never be 

consistently repeated and the sample may not actually be normal to the ultrasound 

beam.  The transmitting transducer was adjusted in the x and y positions so that the 

maximum signal observed was received for the measurements to be taken.  These 

repeat measurements resulted in similar data to the original measurements, as shown 

in Figure 6.23.  Other measurements were taken first recording the signal when the 

sample was rotated in one direction and then the signal recorded when the sample was 



  C H A P T E R  6  | 165 
 

rotated back.  Figure 6.24 shows the longitudinal wave data for the Epofix sample 

when rotated forward then back. 

 

Figure 6.24 Repeat measurement of longitudinal wave through Epofix sample. Signal 

recorded when sample rotated forwards then back 

 

The backlash is the difference in incident angle when rotated forwards and back and 

appears to be approximately 4°, although a difference of up to 6° was observed.  

Figure 6.25 shows the shear wave data for the Epofix sample when rotated forward 

and back. 

 

It is shown in Figure 6.25 that a 3° angle shift in the theoretical curve results in a 

better fit to the data obtained from the forward rotation and the backlash is more 

clearly observed with the shear wave data when the amplitude does not change for a 

few degrees when rotated back.  This observed backlash justifies the theoretical data 

being shifted up to 6° when curve fitting with the experimental shear attenuation data.  

The repeat measurements also resulted in slightly different attenuation values for both 

longitudinal and shear waves through the epoxy sample.  However it was also 
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observed that the signal recorded from the receiver was significantly reduced 

compared to the signal from the original measurements, suggesting a loss in 

sensitivity from degradation of the transducers (the repeat measurements described 

here were taken four months after the original measurements).  Therefore there is 

more confidence in the attenuation results from the original measurements which are 

presented here.   

 

 

Figure 6.25 Repeat measurement of shear wave through Epofix sample. Signal 

recorded when sample rotated forwards then back 

 

 

The original measurement data for the shear wave through the Epofix sample where 

the theoretical curve is shifted by 3° to fit the experimental data is shown in Figure 

6.26.  There was an additional problem with the resolution of the amplitude 

measurements taken so it was difficult to fit the data of some samples to a curve, as 

shown in Figure 6.27 for the 0.01 volume fraction MA95/Epofix sample.  Therefore 

the shear attenuation was determined by fitting the theoretical curves to the maximum 
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experimental amplitude ratios for all the samples.  The longitudinal and shear 

transmission coefficient curves for all other samples are shown in Appendix 2.   

 
 

Figure 6.26 Shear attenuation curve fitting data for Epofix sample.   

 

 

 

Figure 6.27 Shear attenuation curve fitting data for 0.01MA95/Epofix sample 
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The shear attenuation results are presented in Figure 6.28 in dB/mm.  The values are 

significantly higher than the longitudinal attenuation values as expected and the 

Epotek 301 samples have a greater attenuation than the Epofix samples as before.   

 
 

 
 

 

Figure 6.28 Shear attenuation of (a) alumina filled Epofix samples (b) alumina filled 

Epotek 301 samples calculated from curve fitting 

 

 

(a) 

(b) 
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Looking at the Epofix samples in Figure 6.28a the shear attenuation seems to follow a 

similar trend to the measured longitudinal attenuation where the CR15 grade with the 

smallest effective particle size has the lowest attenuation values.  This is not the case 

with the Epotek 301 samples however, shown in Figure 6.28b where the CR15 

samples have similar shear attenuation values to the MA95 samples.  The Epotek301 

samples also have higher shear attenuation valuations than the Epofix values, as with 

the longitudinal attenuation.  The values are comparable to the only published data for 

shear attenuation of alumina filled epoxy measured at 30MHz
 (57,86)

, although the 

results here are a little lower.  Shear attenuation values between 40dB/mm and 

55dB/mm have been reported previously.
 (57,86)

  

 

 

As expected, the smaller particle size grade alumina (CR15) has the lowest 

longitudinal and shear attenuation values.  When the particle size is smaller than the 

wavelength of the ultrasound reflective scattering is avoided.  The nano grade 

alumina, which is made of large agglomerates around 20µm in diameter, shows 

similar attenuation properties to the larger grade MA95 alumina.  The same trend is 

followed, in that a peak in attenuation is observed but the attenuation of nano grade 

does decrease at a lower volume fraction compared to the MA95 grade.  This could be 

due to the large size of the agglomerates which are roughly spherical compared to the 

platelet shape of the MA95 grade, or to the increased porosity of the nano grade 

material. 

 

As discussed in Chapter 5, attenuation values of passive materials are useful for high 

frequency transducer design.  This work has shown that the longitudinal attenuation 

of alumina filled epoxy composites at a given frequency is dependent on the 

attenuation of the epoxy, which varies from epoxy to epoxy, and the particle size of 
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the alumina.  A small particle size, ~1μm diameter, can minimise the longitudinal 

attenuation for the frequencies considered here, as shown by the CR15 grade samples 

in Figure 6.22.  This pattern continues for shear attenuation only for the Epofix 

samples measured here, shown in Figure 6.28a.  It is considered that the curve fitting 

technique is superior to a discrete angle measurement to obtain both longitudinal and 

shear wave attenuation because inaccuracies in the angle measurement can be taken 

into account. 

 

For matching layer applications, the thickness of the layer is important in addition to 

the magnitude of acoustic impedance and minimisation of attenuation.  The thickness 

relates to the operating frequency of the transducer because it has been found that 

optimal transducer performance factors, such as centre frequency, bandwidth, 

insertion loss and pulse length are achieved with a matching layer of  

¼λ thickness.
 (110) 

 This is around 25μm for 50MHz and 10μm for 100MHz operation 

with the material velocities considered here.  Therefore an alumina filled epoxy 

matching layer would have to be lapped to thickness or applied to the transducer in a 

manner where the thickness can be controlled, such as spin coating.
 (58) 

  

 

6.3 Summary 

Alumina epoxy samples have been fabricated using three grades of alumina and two 

different epoxies. Particle characterisation with a particle size analyser and SEM 

showed the MA95 grade alumina to have platelet sized particles around 5µm in size, 

the CR15 grade to have spherically shaped particles that broke up to show discrete 

particles approximately 1µm in size and the nano grade alumina was found to be 

made up of large roughly spherical shaped agglomerates between 10µm and 20µm in 

size.   
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Higher volume fractions were achieved with the Epotek 301 epoxy as this has a 

slightly lower viscosity then Epofix, the other epoxy used.  Volume fractions up to 

0.25 were made using MA95, and up to 0.15 with both CR15 and the nano grade, 

although SEM images and density measurements indicated that the material made 

with the nano grade contained porosity.  The porosity was located around the alumina 

agglomerates so increased with increasing volume fraction alumina.  The other grades 

did not show the same level of porosity but some agglomeration was observed at 

higher volume fractions. 

 

The velocity was measured through the alumina epoxy samples at 35MHz and the 

experimental data follows the Devaney model as expected.  The porosity does not 

seem to affect the velocity through the nano grade alumina epoxy.  Although the 

velocity is a little higher for the nano grade than the others, it is not a significant 

difference and it would be expected that there would be a decrease in velocity due to 

porosity as the ultrasound does not propagate in air and the air effectively acts as a 

scatterer.   

  

Attenuation values were consistent with the relatively few other published values and 

the MA95 and nano grade alumina materials followed the same pattern as the 

tungsten filled epoxy, where there was generally a peak in attenuation around 0.05 

volume fraction filler.  The CR15 grade did not show this pattern as the attenuation 

was generally not affected by the volume fraction of alumina.  This was expected as 

the particle size is significantly smaller than the ultrasound wavelength.   

 

An improved sample holder was used to take measurements for the alumina epoxy 

samples, designed to accommodate discs.  The changing of the sample holder may 



  C H A P T E R  6  | 172 
 

have caused a problem with the rotation mechanism of the characterisation jig.  A 

systematic error was found when using the curve fitting technique to determine 

attenuation values so that the theoretical curve had to be shifted to fit with the 

experimental data.  There was found to be backlash in the rotation of the sample so 

that an error of up to 6° was observed, therefore shear attenuation was determined by 

matching the maximum amplitude ratio and shifting the theoretical curve up to 6° to 

fit the experimental data.  An improved rotation mechanism must be realised for 

future measurements. 

 

These results show that a high loading of alumina is required for it to be suitable for 

backing applications, and even then an acoustic impedance of up to only 5MRayl is 

possible.  Alumina epoxy with lower volume fractions is suitable for matching layer 

applications where an intermediary acoustic value is required.  For matching, the 

CR15 alumina grade would be most suitable as the particle size is small enough for 

increasing volume fraction alumina not to affect attenuation significantly.  An 

additional problem to consider is the required thickness for matching high frequency 

devices.  There are considerations for fabricating such thin layers as lapping bulk 

material is expensive and difficult so other techniques may have to be considered, 

such as spin coating. 
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CHAPTER 7 

Fabrication of High Frequency Transducers 
Incorporating Tungsten Epoxy Backing 
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It is important to show that the material discussed in previous Chapters can be 

incorporated into practical transducers easily.  This Chapter shows the development of 

transducer design to incorporate tungsten epoxy as backing.  Firstly materials used in 

previous transducer designs are discussed and compared with the tungsten epoxy 

fabricated in this work and then transducer designs incorporating tungsten epoxy are 

presented and different fabrication routes for the backing to achieve the desired shape 

are illustrated. 

7.1 Previous Transducer Design and SMA Fabrication 
 

Previous work by the author at the University of Birmingham
 (111)

 has been based on 

fabricating piezocomposite transducers using a modified SMA connector as a 

housing, similar to some of the designs by other research groups reported in the 

literature previously described in Section 2.3.2   A schematic of a SMA-housed 

curved piezocomposite transducer illustrating all the components is shown in Figure 

7.1.  This design relies on the use of a conductive backing, in this case, a commercial 

silver epoxy.  From Table 2.1 silver has an acoustic impedance value of 38MRayl, 

compared to 101MRayl for tungsten and 40.6MRayl for alumina. 

 

Some of the fabrication steps in assembling the transducer are illustrated in Figure 

7.2.  The SMA connector was modified by mounting an IC (Integrated Circuit) socket 

pin onto the inner pin (Figure 7.2a).  The socket was then filled with silver epoxy 

(186-3616, RS, UK) and the electroded piezocomposite disc set on top, as shown in 

Figure 7.2a.  The composite was then surrounded with a electrically insulating and 

acoustically isolating mixture of epoxy and glass microballoons (3M, UK) in a ratio 

of 1:1 by weight (Figure 7.2c).  Finally, the transducer was sputtered with gold to 

form the ground electrode, as shown in Figure 7.2d. 
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Figure 7.1 Schematic of curved piezocomposite transducer in SMA housing 

 

 

 

 

 

 

 

 

 
Figure 7.2 (a) Modified SMA connector with socket pin (b) Composite disc mounted 

on socket pin (c) After potting with insulating epoxy/glass micro-balloons  

(d) Complete transducer with ground Au electrode applied 

 

This fabrication procedure had some limitations as the SMA centre pin had to be 

modified.  This involved removing the original SMA centre pin and soldering it to a 

trimmed socket pin before positioning the modified pin back into the casing.
 (112)  

The 

machined socket has a cavity which was filled with conducting silver epoxy, but 
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ensuring the cavity was completely filled was difficult.  A photograph of the SMA 

housing and soldered pin is shown in Figure 7.3 and Figure 7.4 shows a cross section 

of a completed transducer. 

 
 

Figure 7.3 SMA Housing and soldered pin
 (112)

 

 

 

There were problems with the fabrication described.  As shown in Figure 7.4 the 

machined IC pin has an integral gripping mechanism in the cavity designed to grip the 

legs of the IC that would be inserted into it.  Additional fabrication steps should be 

considered to improve the final transducer; drilling to remove the gripping system and 

using an epoxy backing that has a lower viscosity allowing flow may ensure that the 

cavity is filled and there are no air spaces, as shown in Figure 7.4.  Additionally there 

were alignment problems with this transducer housing.  The diameter of the IC pin leg 

is smaller than the SMA inner pin thus introducing potential alignment errors when 

soldering, and micrometer controlled tooling was required to ensure the top face of 

the transducer element was parallel and square to the end of the SMA housing.   
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Figure 7.4 Cross-section of piezocomposite transducer

 (112) 

 

 

SEM images of the silver loaded epoxy used as backing and for electrical contact in 

the work described are shown in Figure 7.5.   

Figure 7.5 SEM images of Ag-loaded epoxy 
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This silver loaded epoxy is designed as a conducting adhesive to be used in small 

quantities.  It is a two part thermosetting material with an epoxy resin base containing 

silver flakes.  The high viscosity of the loaded epoxy means that cast shapes with no 

porosity are very difficult to achieve as it does not flow into a mould and porosity is 

still observed when the material undergoes degassing.  Additionally the conductive 

epoxy has been found to be non-conducting sometimes in practice even when made to 

the manufacturer‟s instructions.  The SEM images in Figure 7.5 show areas in the 

epoxy where the silver flakes are not fully dispersed in the epoxy, which may 

contribute to the epoxy not conducting.   

 

A sample of the silver loaded epoxy was made for characterisation to compare with 

the other materials.  Table 7.1 shows the measured acoustic properties. 

Table 7.1 Measured acoustic properties of 186-3616 silver loaded epoxy 

Velocity @5MHz 

(m/s) 

Velocity @35MHz 

(m/s) 

Acoustic 

Impedance, Z 

(MRayls) 

Longitudinal 

Attenuation 

@35MHz (dB/mm) 

1722 

 

1755 

 

4.35 ±0.05 60 

 

The acoustic impedance of the silver epoxy is between that for the 0.05 and 0.10 

tungsten epoxy material, but the longitudinal attenuation is higher than these materials 

at 60dB/mm.  This attenuation value is higher than the materials under 0.30 tungsten 

volume fraction, being more similar to the conductive milled tungsten epoxy samples 

at approximately 70dB/mm, discussed in Section 5.2.3.3.  Therefore in terms of 

attenuation it is suitable for backing, but it has a much lower acoustic impedance 

value compared to the conductive tungsten epoxy composite samples.  The limitations 

of the material are that its higher viscosity means it cannot be made without some 

porosity and it is difficult to cast into shape.  A piezocomposite transducer backed 
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with this silver epoxy would be lightly damped as the difference in acoustic 

impedance values is large.  Using tungsten epoxy as backing has advantages over the 

silver as lower viscosities are achieved so the material can be cast into shape without 

any porosity and the amount of tungsten can be tailored to suit the damping needs of 

the transducer.  It may be possible to overcome some of the problems encountered 

with this particular silver epoxy by fabricating a material and tailoring the silver 

volume fraction to adjust the viscosity and conductivity.  However, as silver has a 

lower acoustic impedance value than tungsten and alumina, a higher loading of silver 

is required to achieve the same acoustic impedance value. 

7.2 New Transducer Designs with Tungsten Backing 
 

 To overcome many of the transducer fabrication issues using the SMA housing a new 

customised casing was designed in this work.  The electrical connections in the 

transducer had to be changed to incorporate the non-conducting tungsten epoxy 

backing fabricated in this work into the design.  Although this complicates the 

fabrication somewhat, as miniature wire connections are necessary, it means that the 

composition of the backing can be altered easily within the design so transducers can 

be fabricated with backing acoustic impedance values tailored as required.    

 

Two examples of curved composite transducer designs by Applied Functional 

Materialls Ltd. (AFM Ltd.) are shown in Figures 7.6 and 7.7.   The backing is 

tungsten epoxy and the electrical connection is achieved using wiring.  The wiring 

goes through the backing in the design in Figure 7.6.  The backing material in Figure 

7.7 includes a groove down one side which is designed to accommodate the wiring 

from the composite at the front face.  The tungsten epoxy is shaped to accommodate 

the wiring and the curved face of the composite.  Both designs include a  
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wedge-shaped backing to assist with the prevention of reflection straight back towards 

the composite.  In both these designs the backing is required to be pre-fabricated and 

used as an „insert‟. 

 

Figure 7.6 AFM curved composite transducer design 
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Figure 7.7 AFM curved composite transducer design 
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7.2.1 Fabrication Routes for Tungsten Epoxy Backing  

 

There are two main fabrication routes for the tungsten epoxy backing insert; 

machining the insert out of a larger block or casting the epoxy directly into shape.  

Detailed designs can be drawn up in a computer aided design (CAD) program, such as 

Solid Works™ (Solidworks Corp., MA, US) and micro machining can be carried out 

to achieve the desired shape.  A picture of the CAD design and a photograph of the 

finished insert produced by machining are shown in Figure 7.8.   

 

 
 

Figure 7.8 (a) CAD design (b) machined backing 

 

Machining each insert is expensive and the accuracy of the detail depends on the 

tooling.  A more attractive approach is casting the filled epoxy directly into shape.  

This means that multiple components can potentially be made consistently and the 

procedure can be more easily integrated into the complete transducer fabrication 

process.  In addition the backing can be cast directly onto the active element, 

facilitating transducer assembly.   

 

(a) (b) 

8mm 
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Initial fabrication trials were carried out by filling small rubber tubes with tungsten 

epoxy (~5mm diameter).  It was found that it was necessary to degas the tungsten 

epoxy mixture before filling the tube to obtain material without large air holes and 

voids.  Pictures of some of the samples from these trials are shown in Figure 7.9; the 

samples were obtained by adding the tungsten after the epoxy had been pre-cured for 

30 minutes.  Pre-cured samples that were not degassed showed large air voids (Figure 

7.9a) and even when pre-cured samples were degassed, voids were obtained as the 

mixture was then too viscous to be degassed effectively (Figure 7.9b).    

  

Figure 7.9 Pre-cured tungsten epoxy cast into rubber tubes  

(a) without degassing (b) with degassing 

 

Samples where the tungsten and epoxy was mixed and degassed immediately showed 

less evidence of air holes, proving the method to be more suitable to cast transducer 

backings.  The resulting samples with this fabrication method are shown in Figure 

7.10, showing no small voids.   There is one large void shown in Figure 7.10a at the 

top of the tube (right hand side in picture).  This can be avoided with careful filling of 

the mould and removal of visible air bubbles. 

 

(a) (b) 

5mm 



   C H A P T E R  7  | 184 
 

 

 

 
 

 

 

 

Figure 7.10 Degassed tungsten epoxy cast into rubber tubes 

 

 

 

7.2.1.1 ‘Cast in Place’ Fabrication 

Following this preliminary work, a procedure was developed to mould the backing 

directly onto the active element of the transducer.
 (113) 

 Wiring can also be 

incorporated so non conducting backing can be incorporated into the transducer 

design.  Metal and PTFE mounts have been machined so that disposable silicone 

elastomer moulds can easily be made according to the transducer design.  A flow 

diagram of the fabrication procedure is illustrated in Figure 7.11. 

 

Figure 7.11 Illustration of ‘cast in place’ fabrication process 

5mm 

(a) (b) 
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A soft mould is fabricated with a former, making the wedge shape of the final backing 

material with two holes; one to be able to inject the epoxy backing into the mould 

using a needle syringe and another for the wire to pass through the backing.  shown in 

The piezocomposite disc (diameter 1.6mm) is attached to the mount with wax so it 

takes the shape of the former Figure 7.11d.  A wire is then attached with a small 

amount of conducting epoxy (commercial Ag epoxy), as shown in Figure 7.12. 

 
 

Figure 7.12 Wired composite on top of mount 

 
The mount is then inserted into the soft mould made in Figure 7.11c and the wire is 

carefully threaded through the hole.  Degassed tungsten epoxy is then injected into the 

mould.  When the cavity is full with tungsten epoxy, any observed air bubbles are 

removed through the walls of the silicone mould using another syringe needle.  The 

whole assembly is then left for 24 hours while the epoxy cures.  After curing the 

whole mould is put into an oven at 40ºC to loosen the wax.  The mount is then 

removed leaving the transducer element left on the tungsten epoxy, which is carefully 

removed from the silicone mould ready to be potted into a transducer casing (Figure 

7.11e and 7.11f).  A photograph of a tungsten backing cast directly onto a 

piezocomposite disc, using the method described, is shown in Figure 7.13. 
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Figure 7.13 1.6mm diameter piezocomposite disc cast onto tungsten epoxy backing 

 

An example of the final cured tungsten epoxy backing with wiring through the length 

is shown in Figure 7.14.  There are associated problems with casting a wired element. 

Casting a backing onto a piezocomposite with a wire is difficult: adhesion between 

the composite and wire is weak so the wire can easily break away from the composite.  

This is a function of the electrode adhesion to the composite, which can be quite 

strong if proper film deposition and pre-cleaning are used.   An additional problem is 

when the tungsten epoxy is cast into the mould: a column of tungsten epoxy can form 

around the wire up through the hole in the mould, as shown in Figure 7.14.  This 

epoxy around the wire can be difficult to remove without damaging the wire, 

therefore this fabrication process does require skill.  Examples of complete 

transducers fabricated using this method with custom casing are shown in Figure 7.15. 

(a) 

Au electroded 
piezocomposite  

Cast tungsten epoxy backing 
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Figure 7.14 Cast tungsten epoxy backing with wire 

 

 

 

A number of transducers have been made this way by AFM Ltd with curved and flat 

composite and PVDF active material; examples are shown in Figure 7.15. 

 

 

 

Figure 7.15 (a) Flat composite transducer (AFMTH17) (b) Curved composite 

transducer (AFMTH16) 

 

 

 

Column of epoxy 
around wire 

Piezocomposite 
active element 

Copper wire 

Tungsten epoxy 

(a) (b) 
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7.3 Transducer Properties 

The transducers made by AFM Ltd via the processes described and pictured in Figure 

7.15 were backed with 0.10 volume fraction tungsten epoxy (Z ~4MRayl) and earlier 

prototypes made with a SMA housing were backed with the commercial silver epoxy 

discussed.  Table 7.2 presents the properties of four transducers, two flat, and two 

focussed transducers, named AFMTH9, AFMTH10, AFMTH16 and AFMTH17. 

 

Table 7.2 Transducer Properties 

 

Transducer 

 

Element 

Size 

(mm) 

Element 

Thickness 

(µm) 

Operational 

Frequency 

(MHz) 

Focal 

Point 

(mm) 

Transducer 

Housing 

Backing 

Material 

 

AFMTH9 

 

1.7 ø 53 36 3.3 SMA 
Ag 

Epoxy 

 

AFMTH10 

 

1.2x0.8 73 26 - SMA 
Ag 

Epoxy 

 

AFMTH16 

 

1.6 ø 48 43 2.4 Custom W Epoxy 

 

AFMTH17 

 

1.6 ø 52 43.5 - Custom W Epoxy 

 

 

These transducers have been tested in a pulse echo mode and the -6dB data is 

reproduced here in Table 7.3.
 (107) 
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Table 7.3 Transducer Data at -6dB Pulse Echo Mode 

 

Transducer 

 

Centre 

Frequency 

(MHz) 

Bandwidth 

(MHz) 
% 

Pulse 

Length 

(ns) 

Axial 

Resolution 

(µm) 

Lateral 

Resolution 

(µm) 

Depth 

of 

Field 

(mm) 

 

AFMTH9 

(SMA/Ag) 

 

38 6 15.8% 165 127 145 3.3 

 

AFMTH10 

(SMA/Ag) 

 

28 9 32.1% 101 78 - - 

 

AFMTH16 

(Custom/W) 

 

41.75 8.5 20.4% 91 70 100 2.4 

 

AFMTH17 

(Custom/W) 

 

42 7 16.7% 103 79 430 - 

 

The operating frequency of a transducer is determined by the piezoelectric properties 

of the active element material and the geometry, namely the thickness, of the element.  

Properties such as the pulse length and percentage bandwidth will be affected by the 

properties of the backing material.  The data in Tables 7.2 and 7.3 can be used to 

compare the transducer properties of the SMA transducers backed with silver epoxy 

and the custom made transducers backed with tungsten epoxy.  They appear to 

compare well, which is expected as the acoustic impedances of the silver epoxy 

backing and 0.10 volume fraction tungsten epoxy are similar.  Using backing with 

different volume fractions may influence some of the transducer properties shown in 

Table 7.3 and is the main advantage of using tungsten epoxy over the commercial 

silver epoxy as the amount of tungsten can be altered.   

 



   C H A P T E R  7  | 190 
 

7.4 Summary 

Customised transducer housings have been developed to overcome the fabrication 

problems with the original SMA housing.  Transducer prototypes have been made 

using non-conducting tungsten epoxy as backing.  A transducer fabrication procedure 

has been developed to incorporate cast backing material straight onto the 

piezocomposite element, which is a preferred method to machining backing inserts as 

it is less expensive, can be done in house, reduces steps involved in the whole 

assembly process, and avoids potentially damaging effects of bondlines.  Wiring has 

been successfully used to compensate for using a non-conducting backing although 

the wiring is fragile and easily damaged so other methods of electrical contact may be 

needed, although wiring should be sufficient with good electrodes.  Initial 

experimental data suggests that the tungsten backing has a similar performance to 

other materials previously used as backing which cannot be altered to adjust for 

different acoustic impedance requirements.  Therefore, it is expected that better 

performance properties can be achieved by optimising the backing loading and hence, 

acoustic impedance value.  
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CHAPTER 8 
 

Conclusions and Further Work 
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8.1 General Overview 
 

Ultrasound imaging is a very well established technique in diagnostic medicine, with 

conventional systems operating at frequencies < 20MHz.  Recent advances in the 

manufacture of fine piezocomposite scale active material has led to the increased 

interest in high frequency transducer systems that are useful for applications in 

dermatology and ophthalmology amongst other applications.  As a result, there is a 

need for accurate modelling of high frequency devices to aid the transducer design 

process.  Important properties of passive materials in the transducer device are 

frequency dependent so it is necessary to obtain data for certain material properties at 

specific operating frequencies.  Additionally the acoustic impedance requirements for 

these passive materials in piezocomposite devices are different to the requirements in 

conventional ceramic devices so knowledge of material properties is important to 

determine what materials are suitable.   

 

This Thesis has described the fabrication and characterisation of materials 

conventionally used for backing and matching applications and how adjusting the 

amount of filler in the epoxy matrix can result in materials with acoustic impedance 

values suitable for use in high frequency piezocomposite devices.  The theory of the 

characterisation technique for the acoustic properties of both longitudinal and shear 

waves through the material at high frequency has been discussed.  The results 

presented detailed the measured material properties for both types of materials made; 

tungsten and alumina filled epoxy, particularly showing that a curve fitting technique 

to determine attenuation values gives a more accurate result as errors in the rotation 

angle of the sample in the experimental set up can be identified.  It has also been 

shown how backing material made here can be incorporated into practical transducers 
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and transducer performance has been compared with previous transducer prototypes 

with other backing materials. 

 

8.2 Fabrication of Materials 

Filled epoxy samples were made using tungsten and alumina as filler particles.  

Mixing procedures were developed for each material so that materials with filler 

volume fraction up to approximately 0.3 could be made easily, without the filler 

particles forming a sediment or large agglomerates.  Above this volume fraction the 

mixture proved too viscous to be degassed and cast properly.  Attempts to fabricate 

higher volume fraction tungsten materials by reducing the viscosity with a solvent 

additive resulted in a lower volume fraction than expected as filler material was lost 

as the solvent evaporated.  Higher tungsten volume fractions were made by milling 

the tungsten particles with epoxy or combining with PVB, but the milled mixture 

could not be degassed, resulting in porous material.  The alumina was found to be 

more likely to form agglomerates than the tungsten, depending on the grade used.  

Three different alumina grades were used in two different epoxies.  Higher loading 

was achieved in the Epotek 301 epoxy, which was slightly less viscous than the other 

epoxy used.  A maximum volume fraction of 0.25 was achieved with the MA95 grade 

alumina, which had the largest particle size.  Volume fractions up to 0.15 were made 

with the other grades of alumina investigated but SEM analysis showed that the nano 

grade was not fully dispersed, forming large agglomerates.  Therefore it is predicted 

that if the nano grade alumina was fully dispersed in the epoxy the maximum loading 

achievable would be significantly lower.  The nano grade material also contained 

porosity, which increased with increasing amount of filler.   
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8.3 Acoustic Characterisation of Materials 

The longitudinal velocity was measured through the tungsten epoxy samples at 5MHz 

and 35MHz.  There was no significant difference between the two sets of data, 

indicating that velocity is independent of frequency over this frequency range.  The 

longitudinal and shear velocity was also found to follow the Devaney scattering 

model so the velocity and acoustic impedance may be estimated using this model.  

This is useful for transducer design as the acoustic impedance can be tailored by 

adjusting the amount of tungsten to achieve the required damping.  Tungsten volume 

fraction up to 0.3 can be made easily using the final fabrication procedure described, 

corresponding to an acoustic impedance range of 3-10MRayl.  A backing with an 

acoustic impedance value of 10MRayl may not be suitable for a conventional ceramic 

transducer but as piezocomposite has a lower acoustic impedance, the required 

impedance value for the backing is also lower.  Therefore this range is highly suitable 

for backing a piezocomposite device.  Tungsten is more suitable for backing than the 

alumina as a much higher loading of alumina is required to achieve similar acoustic 

impedance values.   

 

The attenuation results for both the tungsten and alumina materials are higher than 

other values reported in the literature measured at lower frequencies, and similar to 

other work measured at 30MHz,
 (86)

 indicating attenuation does increase with 

frequency.  Shear attenuation is greater than for longitudinal waves, and the trend of 

attenuation shows a familiar pattern with a peak in attenuation at approximately 0.05 

volume fraction, as shown in other work.
 (56)

  The higher volume fraction tungsten 

achieved with the high shear milling does not follow this trend.  It is predicted that 

different attenuation processes are acting in these materials, as the structure cannot be 

described as a 0-3 composite with discrete scatterers.  At a certain volume fraction 
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(>0.3) the filler particles join together creating a network, and it is the attenuation 

properties of the filler material that are dominant.  The attenuation results for the 

alumina material show the influence of particle size.  It seems that the CR15 grade 

with a particle size of approximately 1µm is small enough not to influence the 

attenuation as the filler volume fraction increases, because the attenuation of this 

grade does not significantly change with increasing volume fraction.  This is not the 

case with both MA95 and the nano grade which show an increase with a peak around 

0.05-0.10 volume fraction.  The porosity of the nano grade alumina filled material 

does not seem to affect either velocity or attenuation, although the attenuation does 

reduce more than the MA95 grade, indicating that something other than particle size 

may have an influence.   

 

 8.4 Improved Transducer Design and Packaging 

The development of some piezocomposite transducer prototypes has been described.  

Tungsten backing made in this work has been incorporated into transducer devices 

and tested.  The transducer design had to be changed to incorporate the non-

conducting backing, introducing wire bonding to connect the active element 

electrically.  Two approaches were used to fabricate the required backing insert; 

machining from a bigger block of material and casting the backing straight onto the 

active element using a disposable silicone mould.  The material is suitable for casting 

in this way but including wiring can be difficult.   

 

Transducers including 0.10 volume fraction tungsten backing were tested in pulse-

echo mode along with earlier transducer prototypes that had silver loaded epoxy as 

backing.  The transducer properties were similar, showing that the tungsten backing 

was comparable to the silver epoxy as a backing, which is expected as the measured 
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acoustic impedance values were also similar.  It is expected that by using tungsten 

backing with different volume fractions and hence, acoustic impedance values, that 

the transducer properties can be improved by optimising the acoustic impedance of 

the backing so a compromise is reached so the transducer pulse length and sensitivity 

are improved. 

 

8.5 Suggestions for Further Work 

 

The results presented in this Thesis have highlighted the need for a more precise 

rotation mechanism for attenuation measurements using a through transmission 

characterisation technique.  A calibration technique must be developed to ensure the a 

precise normal measurement and further accurate rotation.  The use of a curve fitting 

approach rather than discrete incident angle measurements to determine attenuation 

meant that this problem could be easily identified.  Future measurements should also 

be taken over a full range if incident angles to easily identify any errors and obtain 

accurate results. 

 

This Thesis has mainly considered passive materials for single element devices.  

Array devices utilising a large number of elements on a piezocomposite array have an 

advantage over single element devices as the transducer can be scanned electrically 

rather than mechanically.  The backing requirements for an array device are similar to 

a single element device, only the backing must be non-conducting so the elements are 

not shorted out.  Therefore an investigation must be carried out to determine whether 

the tungsten epoxy material made here is suitable for backing array devices.  

Although this work has found that tungsten epoxy with a tungsten volume fraction 

<0.3 is non-conducting the size of the particles must also be considered.  Depending 
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on the spacing of elements or electrodes the tungsten filler particles could short the 

system. 

 

As discussed in this Thesis, the wire bonding of the transducer device may be 

unreliable and causes problems in manufacture.  Therefore in future devices it is 

desirable to move away from wire bonding to electrically connect the active material.  

It is considered that along with the investigation of array devices the packaging will 

be improved using silicon based electronics to drive the transducer device.   

 

This work has reported measurements at 5MHz and 35MHz showing particle sizes of 

about 1µm do not affect attenuation but larger agglomerates do have an influence.  

The frequency limitation of the measurements reported here mean that this work 

cannot be used to determine if this would be the case at higher frequency operation 

where at 100MHz the wavelength of ultrasound through these materials could be as 

low as 15µm.  The use of nano particles as filler material for matching material has 

been reported in the literature.
 (90; 92)

  However, as shown in this work dispersion of the 

fine particles to prevent large agglomerates is difficult.  It may be possible to obtain a 

dispersion of the nano particles using a dispersive agent in a suitable slurry.  

However, it would still be difficult to obtain a full dispersion in an epoxy, as used in 

this work.  Additionally, as discussed in Chapter 6, it would be expected that only a 

very low volume fraction would be possible using the fabrication method described 

here.  Therefore an alternative fabrication method should be investigated, such as spin 

coating.  This method may be more suitable for making the thin films that are 

necessary for high frequency matching layers as casting epoxy, as described in this 

work, and then lapping down to thickness can be a costly difficult process.   
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The prototype transducers fabricated by AFM Ltd, described in this work did not have 

matching layers.  As piezocomposite has a lower acoustic impedance value than 

conventional ceramic, it is intrinsically better matched to tissue and therefore may not 

require matching in the same way.  An investigation should be carried out to 

determine the performance of matching on a piezocomposite transducer to assess 

whether it is an essential part of the transducer needed to improve performance.  This 

may also be determined by commercial exploration regarding the additional benefits 

of such matching layers and whether the cost is acceptable. 
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APPENDIX 1 
 

Derivations of Transmission Coefficients 
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Many entry level ultrasound textbooks give the expression for the transmission 

coefficient for two mediums at normal incidence.
 (1; 76) 

 More advanced texts then go 

into more detail to give the coefficients across a range of incident angles.
 (114) 

 This 

section will show the derivations for the transmission coefficients given in Chapter 3 

for the “through transmission” set up, first at normal incidence, then at oblique 

incidence. 

A1 Plane Wave Incident at Boundary at Normal Incidence 
 

Following the analysis presented by O‟Leary
 (101)

 consider a plane wave travelling 

through a medium of acoustic impedance Z1 incident normally on a boundary with 

another medium of acoustic impedance Z2, as shown in Figure A1. 

 

Figure A1 Schematic of plane wave incident on boundary between two media 

Where  

Zn = the acoustic impedance of the medium 

Vn = the longitudinal velocity of the medium 

Ρn = the density of the medium 

n= 1 or 2 depending on which medium is being described 

0 x 

Medium 1: 
Z1, V1, ρ1 

Medium 2: 
Z2, V2, ρ2 

i  

r  

t  
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The incident, reflected and transmitted waves can be described in term of acoustic 

pressures, i
ˆ , r

ˆ and t
ˆ

respectively 

)](exp[ˆ
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1

1
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xktj

xktj
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rr

ii

  Equation A1 

Where  

ri , and t = the amplitude of the respective waves 

k1 and k2 = the wave numbers of the respective waves 

x = the direction of wave propagation 

 

For the incident wave the pressure transmission and reflection coefficients can be 

defined as follows 

i

r
P

i

t

P

R

T

ˆ

ˆ

ˆ

ˆ

   Equation A2 

The corresponding power transmission and reflection coefficients can then be derived.  

Firstly, the intensity of each wave can be defined by 

2
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1

2

1

2
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2

1
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Z
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Z
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Z
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t

t

r
r

i
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    Equation A3 

    

The intensity transmission coefficient is given in Equation A4, similar to the pressure 

transmission coefficient. 
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i

t

I
I

I
T    Equation A4 

Substituting for It and Ii from Equation A3 gives 

2

2
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   Equation A5 

Similarly Equation A6 gives the intensity reflection coefficient. 
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I
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R
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   Equation A6 

 

As the two media are in contact the following boundary conditions must be satisfied. 

 The particle pressures on both sides must be equal. 

 The particle velocities on both sides must be equal. 

Therefore at x = 0 

tri
ˆˆˆ    Equation A7 

tri uuu ˆˆˆ    Equation A8 

Where u is the particle velocity and 
u

= ±Z depending on the direction in which the 

wave is travelling so Equation A9 is obtained from A7 and A8. 
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    2Z   Equation A9 

Therefore 
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ZZ
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ri   Equation A10 

 

Solving for TP and RP in Equation A2 gives  
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  Equation A11 
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  Equation A12 

The corresponding intensity transmission and reflection coefficients are 

2

12

21
2

1 )(

4

ZZ

ZZ

I
T

  Equation A13 
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R   Equation A14 
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A2 Plane Wave Incident at Boundary at Oblique Incidence 
 

The following analysis shows the derivation of transmission coefficients for oblique 

incidence by Brekhovskikh (103) used in Equations 3.29, 3.30, 3.31 and 3.32.   

A2.1 Fundamental Equations and Boundary Conditions 

 

The particle velocity in a medium can be expressed with a scalar and vector potential 

using Equation A15. 

curlgradv    Equation A15 

In the case of a plane wave, assuming all quantities depend only on the coordinates x 

and z, and that the particle motion is in the xz-plane, the potential ψ can be chosen so 

only its y-component (denoted here by ψ) differs from zero.  Then, according to 

Equation A15, v will be a vector with the components 

zx
vx , 0yv , 

xz
vz  Equation A16 

ф and ψ are the potentials of the longitudinal and shear waves respectively .  It can be 

shown that these potentials satisfy the wave equations 

2

2

2

2 1

tVL

, 
2

2
2 1

tVS

  Equation A17 

Where VL and VS are the velocities of the longitudinal and shear waves respectively.  

They may be expressed in terms of Lame parameters λ and μ and the density ρ of the 

medium: 

2
LV , SV    Equation A18 

The normal components of the stress and displacement must be continuous across the 

boundary.  The tangential components of the stress tensor must also be continuous but 

as the tangential stresses in the liquid vanish the simple requirement is that the 
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tangential components of the stress tensor be zero at the boundary.  The following 

expressions of the stress tensor components are important for in the case of a plane 

wave: 

z

u

z

u

x

u
Z zzx

z 2 , 
x

u

z

u
Z zx

x
, 0yZ  Equation A19 

where ux and uz are the displacements along the x- and z-axes, respectively.  The z-

axis is assumed to be normal to the boundary.  The displacements and stresses can be 

expressed in terms of ф and ψ using Equation A16.  The displacement components ux 

and uz are obtained from the velocity components vx and vz by diving by –iω. 

 

Quantities referring to the solid medium will be labelled with subscript 1 and 

quantities referring to the liquid phase will be left without subscripts.  The boundary 

conditions between the solid-liquid medium at z=0 can now be written: 

continuity of Zz: 
zxz

1

2

2

1

2

11

2

1

2 2        Equation A20 

Zx equal to zero: 02
2

1

2

2

1

2

1

2

zxzx
        Equation A21 

continuity of uz 

xzz

11          Equation A22 

 

A2.2 Liquid-Solid Boundary 

 

A plane sound wave incident on a liquid-solid interface can be described by the 

potential 

)]cossin(exp[ iii zxikA   Equation A23 

where θi is the angle of incidence and A is the amplitude of the wave.  The reflected 

wave can be described with Equation A24. 
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)]cossin(exp[ iir zxikRA   Equation A24 

Where R is the reflection coefficient.  The total sound field in the liquid will be  

)sinexp()]cos(Re)cos[exp( iii ikxikxpikzA        Equation A25 

A longitudinal and shear wave will be present in the solid and can be both described 

with 

)]cossin(exp[ 111 LLL zxikAT  Equation A26 

)]cossin(exp[ 111 SSS zxiAT  Equation A27 

where TL1 and TS1 and the longitudinal and shear wave transmission coefficients 

respectively.  k, k1 and κ1 are the wave numbers: 

iV
k , 

LV
k1 , 

SV
1   Equation A28 

And θL and θS are the transmission angles of the longitudinal and shear waves 

respectively.   

 

Substituting Equations A25, A26 and A27 into Equations A20, A21 and A22, and 

setting z = 0, three equations are obtained from which the angles θL and θS and the 

coefficients R, TL1 and TS1 can be found.  For example, Equation A22 gives 

])sinsin(exp[sin])sinsin(exp[cos)1(cos 111111 xkiTxkkiTkRk iSSSiLLLi

         Equation A29 

Since the left side of Equation A29 is independent of x, the right side must also be 

independent of x.  This is only possible if Equation A30 is true where the directions of 

the waves in the solid medium are determined. 

    SLi kk sinsinsin 11   Equation A30 

Now, Equation A29 can be rewritten as 

1111 sincos)1(cos SSLLi TTkRk  Equation A31 
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Similarly, Equation A32 is obtained from A21.   

02cos2sin 1

2

11

2

1 SSLL TTk  Equation A32 

The third equation is obtained from A20 by adding and subtracting )/(2 2

1

2

1 x on 

the right side and taking into account that  

2

1

2

2

1

2

1

2

zx
. 

Then the equation can be rewritten in the form 

2

1

2

1

2

11

2

11

2 2)2(
xzx

, z = 0. 

Furthermore, remembering that  

2

2
2

k
Vi , 

2

1

2

111 2
k

, 
2

1

2

11  Equation A33 

and also that, according to the wave equations, 

22 k , 111

2 k , 

the equation can be written in the simpler form 

2

1

2

1

2

2

1

1

21

xzxm
, z = 0  Equation A34 

where      1m  . 

By substituting the values of ф, ф1 and ψ1 into Equation A34 the third equation for 

determining the coefficients R, TL1 and TS1 is found: 

11

2

2

1

2

1 2sinsin21)1(
1

SSLL TT
k

R
m

 Equation A35 

Solving the system of Equations A31, A32 and A35 and making some 

transformations using Equation A30 the coefficients are found: 

ZZZ

ZZZ
R

SSSL

SSSL

2sin2cos

2sin2cos
22

22

  Equation A36 
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T
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L
2sin2cos
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22

1

1  Equation A37 

ZZZ

Z
T

SSSL
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2sin2cos

2sin2
22

1

1  Equation A38 

where Z, ZL, and ZS are the impedances of the wave in the liquid, and longitudinal 

and shear waves in the solid medium respectively: 

i

iV
Z

cos
 , 

L

L
L

V
Z

cos

1 , 
S

S

S

V
Z

cos

1  Equation A39 

 

A2.3 Solid-Fluid Boundary 

 

A longitudinal wave with potential of amplitude AL is incident on a solid-fluid 

boundary as illustrated in Figure A2.  The wave will excite a reflected longitudinal 

wave (amplitude BL), a reflected shear wave (amplitude BS) and a transmitted 

longitudinal wave in the fluid (amplitude TL). 

 

 

 

 

 

 

 

 

 

Figure A2 Oblique incidence of a longitudinal wave at a solid-fluid interface 

 

The system of waves may be written in the form  
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)cossin(exp[ iiL zxikT  

for the wave in the liquid;  

)]cossin(exp[)]cossin(exp[ 111 LLLLLL zxikBzxikA  

for the incident and reflected longitudinal waves and 

)]cossin(exp[ 11 SSS zxiB  

for the reflected shear wave. 

Using the boundary conditions A20-A22 as previously, it can be found that R‟, the 

longitudinal reflection coefficient for this interface is equivalent to Equation A40.   
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2cos2sin
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  Equation A40 

Also: 
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1
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2

  Equation A42 

The amplitude of the incident longitudinal wave in Figure A2 can be described by TL1 

in Equation A37.  Therefore Equation A41 can be rewritten to give TL, the total 

transmission coefficient of the solid for longitudinal waves. 

SLSS
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SiL

Li

LL
ZZZ

ZZZ

V

V
TT

2cos2sin

2cos2sin
1

2coscos

cos
22

22

21
 

Equation A43 

 

When a shear wave of amplitude AS, in which the particle motion is in the xz-plane is 

incident from the solid onto the boundary, as shown in Figure A3, the system of 

waves can be written in the form 

)]cossin(exp[ iiS zxikT  
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for the transmitted wave in the liquid; 

)]cossin(exp[ 11 LLL zxikB  

for the reflected longitudinal wave in the solid medium, and  

)]cossin(exp[)]cossin(exp[ 111 SSSSSS zxiBzxiA  

for the incident and reflected shear waves. 

  Figure A3 Oblique incidence of a shear wave at a solid-fluid interface 

 
Again, using the boundary conditions A20-A22 it can be found that R‟‟, the shear 

reflection coefficient for this interface is equivalent to Equation A44.   
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  Equation A44 

Also, 

S

S

S

i

S

S

A

B

A

T
1

sin2

tan
2

   Equation A45 

S

S

L

S

S

L

S

L

A

B

V

V

A

B
1

2sin

2cos
2

  Equation A46 

As with the longitudinal wave, the amplitude of the shear wave incident on the solid-

fluid boundary can be considered to be TS1 defined in Equation A38.  Equation A45 
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can then be rewritten to give TS, the total shear transmission coefficient for the solid 

medium.  

SSSL

SSSL

S

i

SS
ZZZ

ZZZ
TT

2sin2cos

2sin2cos
1

sin2

tan
22

22

21
 

       Equation A47 



  A P P E N D I X  2  | 212 
 

 

 

 

 

 

 

 

 

APPENDIX 2 

 
Longitudinal and Shear Wave Attenuation Curves 

for Alumina Filled Epoxy Samples 
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Figure A2.1 Curve fitting data for 0.05 volume fraction MA95/Epofix sample  

 (a) longitudinal attenuation (b) shear attenuation  

 

 

 

 
Figure A2.2 Curve fitting data for 0.10 volume fraction MA95/Epofix sample  

(a) longitudinal attenuation (b) shear attenuation  
 

 

 

 
Figure A2.3 Curve fitting data for 0.15 volume fraction MA95/Epofix sample 

(a) longitudinal attenuation (b) shear attenuation  

 

 

 
Figure A2.4 Curve fitting data for 0.20 volume fraction MA95/Epofix sample 
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(a) longitudinal attenuation (b) shear attenuation

 
Figure A2.5 Curve fitting data for 0.01 volume fraction CR15/Epofix sample 

(a) longitudinal attenuation (b) shear attenuation  

 

 
Figure A2.6 Curve fitting data for 0.05 volume fraction CR15/Epofix sample 

(a) longitudinal attenuation (b) shear attenuation  

 

 

 
Figure A2.7Curve fitting data for 0.10 volume fraction CR15/Epofix sample 

(a) longitudinal attenuation (b) shear attenuation  

 

 

 
Figure A2.8 Curve fitting data for 0.15 volume fraction CR15/Epofix sample 

(a) longitudinal attenuation (b) shear attenuation  
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Figure A2.9Curve fitting data for 0.01volume fraction Nano/Epofix sample  

(a) longitudinal attenuation (b) shear attenuation  

 

 
Figure A2.10 Curve fitting data for 0.05 volume fraction Nano/Epofix sample 

(a) longitudinal attenuation (b) shear attenuation  

 

 

 
Figure A2.11 Curve fitting data for 0.10 volume fraction Nano/Epofix sample 

(a) longitudinal attenuation (b) shear attenuation  

 

 
Figure A2.12 Curve fitting data for Epotek 301 sample 

(a) longitudinal attenuation (b) shear attenuation  
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Figure A2.13 Curve fitting data for0.01 volume fraction MA95/ Epotek 301 sample 

(a) longitudinal attenuation (b) shear attenuation  

 

 

 
Figure A2.14 Curve fitting data for0.05 volume fraction MA95/ Epotek 301 sample  

(a) longitudinal attenuation (b) shear attenuation  

 

 
Figure A2.15 Curve fitting data for0.10 volume fraction MA95/ Epotek 301 sample 

(a) longitudinal attenuation (b) shear attenuation  

 

 

 
Figure A2.16 Curve fitting data for0.15 volume fraction MA95/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation  
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Figure A2.17 Curve fitting data for0.20 volume fraction MA95/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation  

 

 

 

 
Figure A2.18 Curve fitting data for0.25 volume fraction MA95/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation  

 

 
Figure A2.19 Curve fitting data for0.01volume fraction CR15/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation 

 

 
Figure A2.20 Curve fitting data for0.05 volume fraction CR15/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation 
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Figure A2.21 Curve fitting data for0.10 volume fraction CR15/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation 

 
 

 
Figure A2.22 Curve fitting data for0.15 volume fraction CR15/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation 

 

 

 
Figure A2.23 Curve fitting data for0.01 volume fraction Nano/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation 

 

 

 
Figure A2.24 Curve fitting data for0.05 volume fraction Nano/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation 
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Figure A2.25 Curve fitting data for0.10 volume fraction Nano/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation 

 

 
Figure A2.26 Curve fitting data for0.15 volume fraction Nano/ Epotek 301 sample.  

(a) longitudinal attenuation (b) shear attenuation 
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