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ABSTRACT 

Conventional ultrasonic non-destructive evaluation techniques require some form of liquid 

coupling between the piezoelectric transducer and the sample under inspection to facilitate 

mechanical energy transfer. Under automated conditions, maintaining a consistent couplant 

layer can constitute a problem and is manifest in slower scanning rates. To improve scanning 

speed the ultrasound should ideally propagate across an intermediate airgap. This possibiliJy 

has been inhibited by the lack of a suitable transducer technology to overcome the practical 

difficulties inherent in the air medium. The large acoustic impedance mismatch, between a 

piezoelectric element and air, and the large air attenuation factor ensures both poor sensitivity 

and resolution characteristics. This Thesis advances transducer technology, enabling these 

problems to be chaUenged effectively. 

InitillUy, the Thesis describes the creation of a wideband characterisation methodology for air­

coupled ultrasonic transducers operating in the range 100kHz - 2MHz. The proposed 

technique utilises piezopolymer transducers in both transmission and reception modes and 

despite the obvious measurement difflCuUies, good agreement between theory and experiment 

is iUustrated. ResuUs are presented on the characterisation of both electrostatic and 1-3 

connectivity piezocomposite devices, in which the inherent narrowband nature of the 

piezocomposite transducer demonstrates considerable potential for airborne applications. 

Subsequently, the performance of air-coupled 1-3 connectivity piezocomposite transducers is 

investigated using both un~dimenswnal andflnite element modelling techniques. Experimental 

verification of these techniques enables the finite element approach to be used as the 

benchmark for evaluation of practical transducer configurations. Consequently, a series of 

design guidelines are presented for practical air-coupled composite transducer systems. For 

many applications, the conventWnal method to improve system resolution, through attachment 

of a backing block, produces an unacceptably low system sensitivity. Hence, an aUemative 

approach is proposed, utilising strong coupling between the fundamental thickness mode and 

the first lateral resonance in a 1-3 piezocomposite. Finite element analysis has been employed 

in the design of a laterally-coupled composite receiver and a -6dB bandwidth of 150% at a 

centre frequency of 1 MHz is presented. Finally, the new transducer design techniques were 

applied to three different airborne non-destructive testing applications. Successful detection 

of various defects in carbon-fibre reinforced composite plates is demonstrated. 
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LIST OF SYMBOLS 

The following is a list of symbols referred to throughout this Thesis. All symbols relating to 

piezoelectric operation comply with the IEEE standard on piezoelectricity [1 J. Localised 

expressions are defined in the text as required. 

Symbol Definition Unit 

Cxy elastic stiffness constant Pa or Nm-2 

exy piezoelectric stress constant Cm-1 

hxy piezoelectric charge constant Vm-1 or Ne1 

kxy piezoelectric coupling coefficient 

kt thickness mode coupling coefficient 

fn frequency of minimum impedance Hz 

fm frequency of maximum impedance Hz 

£S3/£0 relative dielectric constant, laterally clamped 

£ permittivity Fm-1 

£0 permittivity of free space 8. 854xl a12 Fm-1 

Co transducer static capacitance F 

ZA specific acoustic impedance MRayl 

Y Young's modulus Nm-2 

(J Poisson Ratio 

p density kgm-3 

f frequency Hz 

A. wavelength m 

c speed of sound ms-I 

v, mechanical bulk wave velocity in the thickness direction ms-I 

P pressure Pa or Nm-2 

T temperature K 

ex, attenuation Npm- l or dBm-1 

F force N 

t time s 

TT transducer thickness transit time s 

(xi) 



Symbol Definition 

I current 

V voltage 

C capacitance 

L inductance 

R resistance 

Z impedance 

SRX receive sensitivity of the transducer 

Srx transmit sensitivity of the transducer 

Superscripts : 

D .- constant electric displacement 

E .- constant electric field 

S .- constant strain conditions 

Axis convention : 

Unit 

A 

V 

F 

H 

n 
n 

VPa-1 

PaV1 

The following axis convention has been used throughout this Thesis and is relevant to the 'xy' 

subscript in the above symbol list. 

1 and 2 are 'lateral' directions 

3 is the 'thickness' direction 

(xii) 
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transducer poled ill 
thicwss direction 



CHAPTER 1 
INTRODUCTION 

ABSTRACT 

The requirement for ultrasonic techniques applicable to through air operation, and a brief 

synopsis of the fundamental difficulties in the design of robust and reliable airborne 

ultrasonic systems are described. Within this context, the aims of this Thesis and 

subsequent contributions to the field of airborne ultrasound are presented. Finally, a 

short overview of the content of each Chapter is presented. 
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1.1 BACKGROUND 

Ultrasonic techniques have found widespread application in the fields of non-destructive 

evaluation (NDE), biomedical analysis, materials characterisation and underwater 

systems. Indeed, this brief list may be extended to encompass general instrumentation, 

whenever the generation and detection of mechanical energy is required. In the case of 

NDE, there is an increasing requirement for more rapid and accurate inspection of 

component structures, often in conjunction with a high degree of automation. Examples 

include the aerospace, nuclear and nautical industries, where detailed manufacturing and 

in-service inspections of relatively large samples are necessary. Conventional ultrasonic 

NDE, involving some form of piezoelectric transducer, requires a thin film of liquid 

coupling fluid between probe and test specimen to facilitate mechanical energy transfer. 

The requirement for adequate couplant monitoring and fluid irrigation, while maintaining 

close probe contact, can often constitute a restricting factor, especially under automated 

conditions. In many cases, the alternative solutions are impractical. These include 

immersion testing, whereby the probe and test specimen are inserted in a fluid bath, or 

the use of a localised water jet for the provision of an acoustic path between probe and 

sample. 

Ideally, the ultrasonic energy should propagate over an intermediate air gap which may 

be varied according to surface geometry and scanning application. However, with 

conventional piezoceramic probes, the resultant sensitivity and resolution is extremely 

poor, as a result of attenuation in air and the mechanical mismatch at the transducer and 

test component air boundaries. Alternative technologies such as optical or magnetic 

generation and detection of ultrasonic energy may suffer additional restrictions. Most 

recent developments in through air transducer technology have involved improving 

existing piezoceramic, piezopolymer and electrostatic transducer configurations. 

The primary limitation in an air-coupled piezoelectric system is the energy losses which 

arise as a consequence of the large acoustic impedance mismatch at the transducer/air 

and air/sample boundaries. Figure 1.1 illustrates this problem at the four principal 
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boundaries for a conventional piezoceramic air-coupled through-transmission system. 

The insertion loss for this system can be calculated from the product of transmission and 

reflection coefficients at each boundary [2]. For the solid/air boundaries shown in the 

Figure, an insertion loss of -173dB can be calculated. This figure demonstrates an 

approximate 140dB reduction in system sensitivity when compared to an identical 

configuration operating under water load. Also, many NDE applications involve 

minimum scan speed criteria, which necessitates an ultrasonic system to operate without 

recourse to signal averaging or any off line post-processing techniques to maximise 

system signal-to-noise ratio. This problem is accentuated through the slow velocity of 

sound in air, compared to conventional liquid or gel coupling, which is manifest in 

extended propagation delays between the transmit and receive elements of a NDE 

system. Consequently, data should be acquired under single shot conditions. This 

requires a good signal-to-noise ratio (SNR) for the detected signal, but the combination 

of the acoustic mismatch problem and the large airborne attenuation factor [3], 

especially at frequencies in the Megahertz range, inevitably creates poor SNR conditions. 

specific acoustic impedance 
of air (4.4e-4 MRayls) 

piezoceramic 
receiver 

( -33MRayls) 

air/receiver boundary 

sample under investigation 
(e.g 17MRayls) 

piezoceramic 
transmitter 
( -33MRayls) 

transmitter/air boundary 

sample/air boundary air/sample boundary 

Figure 1.1 Influence of losses at solid/air boundaries for a piezoceramic NDE 
system 

3 



The low SNR conditions inherent in an air-coupled ultrasonic system cannot be 

recovered by improvements in transducer technology alone, but a comprehensive 

evaluation of each component in the ultrasonic system is required. Thus, advances in 

appropriate transducer technology, techniques to improve the acoustic impedance 

mismatch at the transducer/air boundaries and the design of dedicated transmission and 

reception circuitry must be considered collectively. This Thesis addresses the transducer 

problem, specifically involving 1-3 piezocomposite configurations, comprising an array 

of active piezoceramic rods embedded within an inactive polymer phase. 
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1.2 AIMS AND CONTRIBUTIONS OF THESIS 

1.2.1 Aims of Thesis 

• To develop a characterisation technique for air-coupled transducers, using 

standard laboratory equipment. This technique should provide the capability to: 

provide standard characterisation data to enable comparison between 

various transducer technologies. This necessitates the acquisition of the 

transmit voltage response and open circuit voltage response for devices 

operating in either transmission or reception mode, respectively. 

calculate the system insertion loss for practical transducer arrangements. 

• Evaluate the 1-3 connectivity piezocomposite transducer technology for practical 

airborne applications. 

• Investigate the design of a wideband air-coupled ultrasonic receiver with 

sufficient bandwidth to complement the high resolution afforded by laser 

generation. 

• Demonstrate practical applications for the theoretical air-coupled transducer 

designs introduced in this Thesis. 

1.2.2 Contributions to the Field of Airborne Ultrasound 

• A versatile methodology is presented for the characterisation of the impulse 

response for air-coupled transducers operating in the frequency range 50kHz -

2MHz. This technique utilises broadband piezopolymer transducers for the 

transmission and reception of airborne ultrasound. Close correlation between 

experimental and simulated responses, incorporating the influence of airborne 

attenuation, substantiates this as a practical technique for the comparison of 

different air-coupled technologies. 
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• An experimental approach to measure the two-way system insertion loss for 

practical air-coupled pitch-catch transducer configurations is proposed. This 

measurement technique includes the influence of airborne attenuation and 

therefore is directly representative of the realistic system performance for air­

coupled NDE applications. 

• A combination of theoretical modelling and experimental analysis is used to 

predict and assess the performance of 1-3 piezocomposite transducers for 

operation in an air-coupled environment. Both finite element and uni-dimensional 

techniques are employed to evaluate transmission and reception characteristics, 

including the influence of mechanical matching and damping, over the complete 

volume fraction range, for operating frequencies in the region of 500kHz. 

Subequently, this modelling approach is utilised to produce a set of practical 

design guidelines for 1-3 composite transducers for airborne applications. 

• A wideband 1-3 connectivity piezocomposite receiver has been designed by 

utilising a unique property of the transducer structure, whereby close coupling 

between the fundamental thickness and first lateral resonances effectively extends 

the bandwidth. The performance of the laterally-coupled composite receiver is 

shown to compare favourably with a conventional wideband electrostatic 

transducer. 

• The 1-3 connectivity piezocomposite transducer design guidelines presented in 

this Thesis have been incorporated into three practical non-destructive evaluation 

applications. These systems demonstrate the successful detection of defects in 

carbon-fibre reinforced polymer composite materials, as found in the aerospace 

industry. 
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1.2.3 Publications to Date Arising as a Result of this Thesis 
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1.3 OVERVIEW OF THESIS 

Chapter 2 : Air Transducer Technology 

This Chapter presents a review of several air transducer technologies and appraises the 

individual attributes of each approach. From this review, electrostatic and 1-3 

connectivity piezocomposite designs are considered as the two principal candidates for 

the airborne applications. Subsequently, a theoretical evaluation of the fundamental 

properties of 1-3 connectivity piezocomposite transducers illustrates their suitability for 

application into low acoustic impedance media. The manufacturing processes used to 

construct these two transducer designs are described. 

Chapter 3 : Characterisation of Air-Coupled Transducers 

This Chapter describes a theoretical and experimental study for determination of the 

through-air system impulse response and insertion loss characteristics for air-coupled 

transducers. Wideband piezopolymer transducers (PVDF) were designed to operate in 

both transmission and reception modes and very close agreement between experimental 

and uni-dimensional modelling results are reported. An investigation into the field 

profile for air-coupled disc transducers illustrates that the peak value of the spatial 

response does not correspond to the magnitude of the conventional near-far field 

boundary. This peak magnitude occurs at a position closer to the source and is 

considered to be more realistic, from a practical applications viewpoint, for the air 

separation distance utilised in the characterisation process. Subsequently, the wideband 

response for a selection of 1-3 connectivity piezocomposite and electrostatic transducers 

were evaluated. To complement the investigation, relative performances for narrow band 

operation are also presented under transmission and transmit-receive conditions. The 

methodology is shown to provide a convenient and robust procedure for comparison of 

through-air transducers operating in the frequency range 50kHz to 2 MHz. The practical 

considerations reported in this Chapter are applied to all experimentation in the 

remainder of the Thesis. 
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Chapter 4 : A Theoretical Evaluation of 1-3 Connectivity Composite Transducers 

A combination of theoretical modelling and experimental analysis is used to predict and 

assess the performance of 1-3 composite transducers for operation in an air-coupled 

environment. Specifically, finite element analysis, supported by linear systems 

modelling, is employed to evaluate transmission and reception characteristics over the 

complete volume fraction range, for operating frequencies in the region of 500kHz. The 

theoretical approach is then extended to assess the influence of mechanical matching and 

backing on transducer sensitivity and bandwidth, with a view towards verifying the 

models for more practical arrangements. Generally, the finite element technique is shown 

to agree well with, and hence confirm, the linear systems approach. Where this is not 

the case, the former is used as the benchmark for experimental comparisons. 

Chapter 5 : Improving the Bandwidth of 1-3 Connectivity Composite Receivers using 

Mode Coupling 

An novel approach to extend the bandwidth of 1-3 piezocomposite transducers is 

proposed utilising strong coupling between the fundamental thickness mode and the first 

lateral resonance. Finite element modelling techniques are employed to evaluate the 

influence of mode coupling on the electromechanical coupling factor, surface dilation 

quality and transducer receive sensitivity and bandwidth. The theory is verified under 

water loaded conditions and then extended to air-coupled composite transducer designs. 

A laterally-coupled composite receiver is constructed and its air-coupled performance 

assessed using a thickness mode composite and a wideband electrostatic device. 

Chapter 6: Through Air Applications for 1-3 Piezocomposites 

This chapter describes three examples of NOE systems to which air-coupled 1-3 

connectivity piezocomposite transducers have been applied. A pulsed laser has been used 

to generate ultrasonic transients in samples of metal and fibre-reinforced polymer 

composite material. These have been detected using both thickness mode and laterally­

coupled composite designs and examples of imaged defects in polymeric materials are 

given. Two rapid scanning systems have incorporated piezocomposite transducer 

technology for NOE applications. An air-coupled composite transduction system has 
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been utilised for the generation and detection of Lamb waves. Through which, real-time 

images of defects in both metallic and carbon-fibre plates have been produced. The 

second application is a prototype through-transmission system to investigate defects in 

a variety of composite materials. 

Chapter 7 : Conclusions and Suggestions for Further Work 

The Thesis ends with a review of the conclusions from each Chapter. Subsequently, 

from the foundation of the work presented in this Thesis, a collection of suggestions for 

further work is proposed. 

11 



CHAPTER 2 
AIR TRANSDUCER TECHNOLOGY 

ABSTRACT 

There are at present various transducer designs proposed for the generation and detection 

of ultrasonic energy in an air-coupled environment Therefore, work in this field has 

encompassed several technologies : piezoceramic, piezopolymer, piezocomposite, 

electrostatic, optical and magnetic. These devices have been utilised in proximity 

sensing, thickness gauging and non-destructive evaluation for a diverse range of 

materials. This Chapter will present a review of these air transducer technologies, 

evaluating the individual attributes of each approach. Electrostatic and piezocomposite 

designs are considered as the two principal candidates for the airborne applications. 

Subsequently, a theoretical evaluation of the fundamental properties of 1-3 connectivity 

piezocomposite transducers will illustrate their suitability for application into low 

acoustic impedance media. 
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2.1 REVIEW OF AIR-COUPLED ULTRASOUND 

2.1.1 ~ezocer~cs 

(a) Applications in Non-Destructive Evaluation 

Conventional piezoceramic transducers have been described for application in general 

NDE [4], non-contact thickness measurements [5], non-destructive inspection of 

composite materials [6,7] and paper roughness measurements [8]. Deka utilised a double 

matching layer composition, using low density polystyrene foam as the outer layer [4]. 

Operating at a frequency of 450kHz, a pitch-catch transducer arrangement was described 

through which several NDE applications were demonstrated : the detection of holes and 

a major delamination in a rolled aluminium sheet; Lamb wave techniques were utilised 

to detect delaminations and resin rich areas in steel sheets ; and proximity sensing and 

gauging using a low excitation voltage (lOV). Yang et al described the use of a IMHz 

air-coupled transducer to measure the thickness of paint coating for use in the 

automobile industry [5]. Under pulse-echo conditions, the transducer resolved the paint 

thickness to within 25J.Ull. Both Rogovsky [6] and Chimenti and Fortunko [7] have 

illustrated the application of focused piezoelectric transducers for non-destructive 

evaluation of composite materials. Neither paper detailed the design of the transducer 

employed for their study, but the results reported are considered important Both these 

papers imply that piezoceramic transducers were used and hence, their work is included 

within this section. Rogovsky utilised both dry-contact and air-coupled systems to 

evaluate the integrity of 0.5 - 6.Ocm thick composite plates [6]. A through transmission 

system using wheel probes was shown to detect defects, with dimensions O.5cm 

diameter, at an operating frequency of 600 - 700 kHz, although the scanning speed was 

low (6-10cms-1
). The air-coupled transducer systems used both through transmission and 

single sided pitch-catch configurations, at an operating frequency of 400kHz. The 

systems operated with increased scan speeds (25-5Ocms-1
), which is comparable to a 

water jet NDE system, and detected defects down to 6.35mm diameter. Chimenti and 

Fortunko [7] demonstrated the NDB of pre-impregnated graphite-epoxy lamina 

(approximately O.15mm thick) using a pair of air-coupled 500kHz focused piezoelectric 

transducers, in a through transmission configuration. Results were presented in which 
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the quality of the 'prepreg' was determined as a function of the adhesion between the 

epoxy and the graphite fibres. Also, an interesting proposal to increase the energy 

transfer into the sample was described. A 25dB enhancement in energy transfer was 

predicted by transmitting the ultrasound at an angle and matching the phases of the 

incident longitudinal wave and the generated plate wave in the sample. Focussed 

transducers were also utilised by Stor-Pellinen and Luukkala to measure paper roughness 

[8]. This technique employed a pulse-echo transducer configuration, operating between 

500kHz and 4MHz, where paper roughness was calculated from the reduction in 

amplitude of the detected signal. 

(b) Methods to Improve the Acoustic Impedance Mismatch 

Thickness mode piezoceramic transducers possess a specific acoustic impedance of 

approximately 33MRayl which results in a large acoustic impedance mismatch for 

airborne applications (the specific acoustic impedance of air is 430Rayl). The sensitivity 

of these devices can be enhanced by the application of mechanical matching layers to 

the transducer front face. Such matching layer configurations can be designed using 

Equation 2.1, where ZA is the specific acoustic impedance of the transducer, ZL is the 

specific acoustic impedance of the load medium and ZiOPT is the specific acoustic 

impedance of the i1h layer of an n-Iayer matching set [9]. 

1 

Z =(Z(n+l-i) Z·i\ ii+T 
iOPT A 'V 

(2.1) 

For a single matching layer condition, the intermediate matching material should possess 

a specific acoustic impedance of 0.12MRayl. Available materials with an acoustic 

impedance close to this value, e.g. balsa wood or cork [10], are highly attenuative. 

Therefore, partial matching is the preferred approach in practise. Fox et a1 [11,12] 

bonded RTV silicone rubber, specific acoustic impedance of approximately l.OMRayl, 

onto PZT5H piezoceramic. Acoustic range measurement systems with operating 

frequencies of 1, 2 and 8MHz were described. The lower frequency devices operated 

over a 400mm range with an accuracy of ±O.Smm. Whereas, the 8MHz transducer 

operated over a range of 0.5mm, with a resolution of O.21.1ll1, and employed an angled 

buffer, attached between the front face and the matching layer, to increase transducer 
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bandwidth by inhibiting reflections from re-entering the piezoceramic. To improve the 

accuracy of measurement based upon time of fight criteria. Hiclding and Marin [13] 

compensated for the dependence of the speed of sound with variation in temperature and 

perpendicular distances up to 2S0mm were measured with an accuracy of ±O.lmm. 

The problems associated with the manufacture of a material with an acoustic impedance 

lower than 1.0MRayl has been addressed by several research groups. One methodology 

through which this has been achieved being the introduction of pockets of air into a 

material possessing a relatively low acoustic impedance, between approximately 1-

3MRayl. The problem associated with this method is that the attenuation and/or 

scattering of the ultrasonic signal in the material is significantly increased. Yano et al 

[14] loaded the RTV silicone rubber material with a low density microshpere filler. 

producing a material with a specific acoustic impedance of O.3MRayl. This material was 

utilised as the outer layer in a double matching layer configuration. where the 

intermediate layer had an acoustic impedance of SMRayl. Khuri-Yakub et al [IS] 

utilised a similar transducer configuration and proposed the use of silica aerogels. 

measured acoustic impedance of O.lMRayl, for further transducer designs. Similarly, 

Gerlach et al [16] suggested the employment of Si02 aerogels and supported the 

suggestion that a O.lMRayl material could be fabricated. This paper discussed the use 

of matching layers with an acoustic impedance gradient, that is, the acoustic impedance 

of the transducer at one end reducing to the load media at the other. Unfortunately, their 

application had a medical basis and the matching layer presented was matched to human 

skin, i.e 1.5MRayl. Although silica aerogels have an excellent potential, Schiller et al 

reported that very careful handling is necessary and manufacturing is expensive for the 

tolerances required for construction of good matching layers [10]. Both Schiller et al 

[10] and Stor-Pelinen et al [17] have utilised balsa wood matching layers, which has a 

specific acoustic impedance of 0.08MRayl. However, the acoustic matching benefit is 

compromised by the high attenuation in this material. More recently, developments by 

Fletcher and Thwaites [18] and Haller and Khuri-Y akub [19] have utilised improved 

manufacturing approaches to introduce a regular array of air pores into a material. The 

former proposed a regular array of horn shaped air paths through a low acoustic 
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impedance material. This design reduced the acoustic impedance of the material, whilst 

providing acoustical amplification for the sound pressure wave. However, this approach 

was limited by the manufacturing process utilised, restricting the manufacture of multi­

horn matching plates to an operating frequency of 100kHz. The latter approach utilised 

a micromachined 1-3 Kaptonlair composite material, capped at both faces using 56~ 

tape. In contrast to the former technique, matching layers for operation at frequencies 

around IMHz are attainable by this approach. It was suggested that by adjusting the 

volume fraction to approximately 0.05%, a O.IMRayl matching layer could be 

fabricated. Although this value was not realised, a 2dB improvement was shown by a 

manufactured 1-3 Kaptonlair composite layer over a reference PZT5H transducer 

incorporating a RTV silicone rubber matching layer. In common to all of these 

techniques is the requirement for good and reliable bonding techniques when applying 

these layers, as discussed in [17]. 

The acoustic mismatch problem associated with piezoceramic transducers has 

encouraged several other methods to facilitate energy transfer into air. Kielczytlski et al 

[20] fabricated a transducer by embedding a piezoceramic ring in a low impedance 

elastic material. Thus both the thickness and radial vibrations of the ring couple into the 

elastic material, where the amplitude of the vertical vibrations on the radiating surface 

reaches a maximum in the centre of the disc. These devices operated below 250kHz, but 

demonstrated good bandwidth. The addition of a radiating membrane, Babic [21], to the 

cylindrical part of a ceramic disc was utilised to couple the radial vibrations into 

transverse vibrations on the front membrane. The membrane employed was described 

as an aluminium can, with a wall thickness of Imm, surrounding a ceramic disc and 

produced a multi-modal transducer operating around 200kHz. Okada et al described a 

technique to improve the output drive performance for ultrasonic distance sensors, 

operating between 20 - 40 kHz [22]. An annular piezoceramic element is used to relieve 

the strain between the active ceramic and the passive vibration metal plate, when driven 

under high voltage. An exponential horn, bonded onto the vibration plate, was utilised 

to amplify the radiated sound. This design was reported to increase the maximum sound 

pressure levels by between 5 - 20dB, compared to commercially available transducers. 

16 



Dabirikhah and Turner [23] proposed a design similar to that of Babic, where a passive 

polymer is formed into a conical shell and bonded to a ceramic disc or ring. By 

appropriate choice of wall thickness and cone angle, vibrations in the ceramic are 

coupled into the cone in the form of plate wave or Lamb modes. The devices can be 

designed to operate at the thickness or radial mode associated with the ceramic and have 

been shown to transmit and receive a 1.2MHz ultrasonic signal across a 45mm airgap. 

Seyed-Bolorforosh described a novel approach in which a piezoelectrically inert 1-3 

connectivity composite matching layer was manufactured in the host piezoceramic block 

[24]. This integrated construction method was intended to find application as a medical 

ultrasonic transducer and would not be applicable for air-coupled work due to the 

minimum achievable acoustic impedance for the matching layer being constrained by 

the mechanical properties of the polymer filler phase. 

The above methodologies have been proposed to enhance the acoustic energy transfer 

between a piezoceramic element and an air load. However, they can also be employed 

for most piezoelectric technologies which may exhibit better acoustic matching to air, 

relative to the high specific acoustic impedance of the piezoceramic. 

2.1.2 Piezopolymers 

Piezopolymer materials offer attractive options for airborne ultrasound by means of 

improved mechanical matching, good bandwidth potential, and the ability to be 

configured as a flexible membrane. The main restriction to the use of piezopolymer is 

the low dielectric constant (Er=10) and electromechanical coupling co-efficient (kt=O.2) 

associated with this material resulting in poor transmission performance. However, the 

lightweight nature of the material supports its use in acoustic ranging and imaging for 

robotics applications. Schoewald and Martin [25] utilised 110flIll thick polyvinylidene 

flouride (PVDF) film to produce a lcm x 2cm transducer operating below 20kHz. 

Recently, Fiorillo has employed PVDF for robotic applications, where the operational 

frequencies of the transducers have been increased up to 380kHz [26]. Differing design 

approaches have been utilised to enhance the performance of PVDF : the use of multi­

layered piezopolymer assemblies was estimated to increase system sensitivity [27] ; and 
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an array of PVDF elements, constructed to operate at two distinct frequencies (60 and 

86 kHz), was shown to enhance spatial resolution when compared to images obtained 

from analogous single operating frequency devices [28]. 

2.1.3 Optical Methods 

Optical methods of generating and detecting ultrasonic energy can theoretically provide 

better accuracy and resolution because the optical wavelengths are significantly smaller 

than those attainable by ultrasound propagating through an air medium. This 

improvement is due to the highly attenuative nature of air restricting the operating 

frequencies of ultrasonic propagation of more than a few millimeters to below 2MHz 

and the lesser effect of variations in temperature, pressure and humidity in the 

propagating channel on optical methods. Unlike conventional techniques, for optical 

based ultrasound both the efficiency of the transduction process and the spatial 

distribution of the resulting ultrasonic waves are strongly influenced by the 

characteristics of the material being inspected. 

Laser generated ultrasound is well documented as a good wideband source of ultrasonic 

energy [29,30]. The main two methods of producing ultrasound are thermoelastic 

generation, where a substrate is heated in a transient fashion, and ablation, where a 

coating applied to the surface prior to irradiation is evaporated. The former is considered 

a good source of shear energy, whereas the latter produces higher amplitude longitudinal 

waves. The detection of ultrasound is achieved through interferometric methods, where 

mechanical displacement on the surface of the sample is converted into an electrical 

signal [31,32]. The sensitivity of these detectors is strongly dependent on the quantity 

of light that is reflected from the material surface. However, even with a highly 

polished, highly reflective surface these devices are not as sensitive as conventional 

piezoceramic transducers [33]. Therefore, fundamentally, these systems are limited by 

the requirement for a highly absorptive surface during ultrasonic generation and a 

reasonably reflective surface for ultrasonic detection. 

The research effort into optical methods of ultrasonic generation/detection has focused 
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mainly on the non-destructive evaluation of composite materials commonly found in the 

aerospace industry : Monchalin described laser generation and detection of ultrasound 

for on-line thickness gauging in the steel industry and inspection of contoured composite 

panels [34] ; and Dewhurst et al have utilised a through transmission system and 

employed digital signal processing techniques to detect 3mm x 3mm defects in lOmm 

thick carbon fibre composite materials [35]. Sensitivity improvements for optical systems 

have been suggested by narrowing the bandwidth of the generated ultrasonic wave using 

a tone burst of laser pulses [36] or by using an array of optical fibres through which 

shear and surface ultrasonic waves could be generated [37]. 

Conventional NDE techniques, utilising optical technology, require the sample under 

consideration to be moved and the transmission/detection system to be fixed [35,38]. 

This could restrict their scope for NDE applications. However, McKie et al [39] have 

designed a system incorporating a mirror within the scan head to allow rapid scanning 

of composites. Here, variations in the angle of the mirror manoeuvre the incident laser 

pulse across the sample and subsequently, the reflected pulse is deflected back to a 

receiving interferometer system. Thus, large areas of composite can be scanned without 

the necessity to move either the optical system or the sample. In addition, an 

enhancement in system performance has been achieved through the suppression of 

'scanning noise', which has been characterised by unpredictable variations in the 

sensitivity of the receiver system. However, it should be noted that the experiments 

described in this paper utilised a paint coating on the surface of the sample to improve 

signal-to-noise ratio (SNR). 

2.1.4 Electrostatic Transducers 

Electrostatic or capacitive transducers possess considerable potential for airborne 

operation, since the vibrating membrane is well coupled to the load medium. They 

consist of a meta1lised polymer membrane, stretched across a conductive backplate, to 

which a bias voltage is usually applied. This voltage draws the film tightly over the 

backplate resulting in pockets of air trapped between the membrane and the backplate. 

Under application of an AC stimulus, these air pockets can be forced to vibrate through 
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which the generation of ultrasound is realised. They demonstrate good bandwidth 

potential due to their non-resonant nature and a high degree of damping between the 

membrane and the backplate. Another prominent feature is that these transducers are 

essentially reversible, in that they exhibit an equivalent performance characteristic when 

operating either in transmission or reception [40]. In the design of a capacitive 

transducer, the membrane film thickness, bias voltage and the quantity, dimensions and 

distribution of the air pockets dictate the beam profile, frequency response and 

sensitivity of the device [40,41]. As a consequence, the transducer design engineer has 

difficulty interpreting the interplay of the various operating mechanisms. Although 

potential modelling approaches have been proposed, there is a lack of a definitive 

strategy: Mattila et al represented the transducer (with v-grooved backplate) as an 

electrical equivalent circuit and predicted transmission, reception and pulse-echo 

performance characteristics at an operating frequency of approximately 50kHz [42] ; 

finite element modelling has been used to estimate the transducer resonant frequency 

(again with v-grooved backplates) to a reasonable degree of accuracy, although 

bandwidth was significantly underestimated [43] ; Hailer and Khuri-Yakub extended 

Mason's theory to account for the geometry of their micromachined device and the 

resultant equivalent circuit was used to predict electrical impedance, displacement at the 

front face and insertion loss [44] ; and through using an electrical equivalent circuit and 

incorporating mechanical stiffness effects, electrical admittance and transmit sensitivity 

have been predicted to within 10% of experimentally measured results over the 

frequency range 50 - 500kHz [45]. 

Repeatability in manufacture is of primary importance with regard to formulating a 

theoretical analysis for electrostatic transducers. This has been achieved through several 

approaches in which the backplate has been designed to comprise of a specific pattern 

of air pockets: Mattila et al [42] and Rafiq and Wykes [46] have utilised periodic 'v' 

shaped grooves; Suzuki et al [47], Schindel et al [40], Haller and Khuri-Yakub [44] and 

Anderson et al [45] have used micromachining techniques; and Hutchins et al [48] have 

utilised a laser-machined aluminium backplate. 
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A significant proportion of the work presented has employed electrostatic transducers 

with operational centre frequencies of 100kHz [42,46] and 500kHz [45,49], where 

approximately a 100% bandwidth, measured at the -6dB points, has been attained. At 

these frequencies the transducers have sufficient sensitivity to permit their application 

in an air-coupled environment. However, very recent micromachined devices have been 

reported with operating frequencies in the 1 - 10MHz range. Schindel and Hutchins have 

demonstrated the employment of a capacitive device, with a -6dB bandwidth between 

170kHz and 1.9MHz, for various measurements and NDE applications [50]. These 

authors also reported an electrostatic transducer, comprising of 2.51JIl1 Mylar film, 

operating at frequencies beyond 4MHz [40]. Although it should be noted that the fragile 

nature of this thin membrane demands great care for both handling and operation and 

consequently, questions its operational robustness in industrial environments. Haller and 

Khuri-Y akub described the manufacture of a 1.9MHz device using silicon surface 

micromachining [44]. This device was reported to operate with a slightly higher 

insertion loss compared to a conventional piezoceramic device, but with a better 

bandwidth characteristic. Although, it should be noted that the measured bandwidth of 

20% is low when compared to other capacitive transducer designs. Ladabaum et al [51] 

have reported electrostatic transducers operating up to IIMHz, using the fabrication 

techniques described by Haller and Khuri-Yakub [44]. The large air attenuation factor 

in the megahertz frequency range, between 75 and 85 dB/mm at 20MHz [52], may 

inhibit their practicality for NDE applications and hence, the realistic operating range 

of these devices will be in the order of a few millimetres. 

Early work by Luukkala and MeriHiinen used air-coupled electrostatic transducers to 

generate plate waves within thin metal sheets at an operational frequency of 100kHz 

[53]. Using a 'pitch-catch' configuration on one side of the sample, the fundamental 

antisymmetric Lamb wave detected the presence of both holes and a laminar flaw within 

aluminium sheets. Recently, Hutchins and Schindel have reported several possible 

application areas for the advanced micromachined electrostatic devices. A through 

transmission system was demonstrated to detect both Teflon inclusions (down to 

6.35mm square) and impact damage in a 2.2mm thick unidirectional carbon fibre-
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reinforced composite plate, at an operating frequency of approximately 500kHz [49]. 

Using both pulse-echo and through transmission configurations, topographic images of 

a pcb board were presented and the regular array of 2mm diameter holes was effectively 

illustrated [50]. In both experiments the transmitting ultrasound was focused onto the 

material under investigation using a concave optical lens. The transducers utilised in 

these applications featured an approximate 1.7MHz bandwidth in pitch-catch mode 

operation. Another through transmission system utilised tone burst excitation to detect 

defects within carbon-fibre reinforced polymer plates [54]. The toneburst was produced 

at the through-thickness resonance of the plate under investigation to improve system 

sensitivity. The wideband nature of the electrostatic devices would enable a single 

transducer pair to evaluate materials of different thickness. Lamb wave tomographic 

techniques have been employed to detect a defect in a O.69mm thick aluminium plate. 

A pitch-catch transducer configuration was used and the detection of a 8mm half 

thickness defect was illustrated. 

A final point of note is the construction of an electrostatic transducer using an electret 

film [48]. This material is permanently polarised and is stretched over a laser machined 

aluminium backplate. The backplate consists of a regular array of 50llffi holes. The 

device demonstrated an excellent bandwidth characteristic, which was centred around 

IMHz and extended beyond 2.5MHz. This transducer structure presents significant 

potential for industrial applications as they have no requirement for a large d.c. bias 

voltage. 

2.1.5 Piezocomposite Devices 

A composite transducer, with improved mechanical matching to air, can be manufactured 

by loading a conventional piezoceramic material with a low acoustic impedance polymer 

filler. Several ceramic-epoxy composite transducer configurations can be constructed and 

examples of these are illustrated by Mockl et al [55]. The two principal designs 

employed for airborne applications are 2-2 connectivity [55], which consist of strips of 

piezoceramic sandwiched between a passive polymer material, and 1-3 connectivity [2], 

where a regular 2-D array of ceramic pillars is embedded in a passive polymer matrix. 
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The sandwich-layer transducer, or 2-2 connectivity composite, uses the piezoelectric d3c 

effect present in thin rectangular ceramic plates to couple energy into the polymer, 

through which improved acoustic matching to air is achieved. The transducer properties 

can be varied by altering the geometric dimensions and the number of layers in the 

device, where operating centre frequencies below 200kHz and -3dB bandwidths of 

approximately 80% have been reported [55,56,57]. This transducer design has been 

utilised in proximity sensing and object identification applications. M5ckl et al [55] have 

presented a 2.5% ceramic volume fraction composite, through which a 30dB gain in 

electroacoustic efficiency compared to conventional piezoceramics has been described. 

The 1-3 connectivity composite transducer utilises a passive polymer matrix, separating 

active piezoceramic pillars, to reduce lateral clamping in the piezoceramic phase and 

hence, to promote the electromechanical coupling co-efficient, ~, towards the higher k33 

coupling factor, improving efficiency of the composite by up to 40% [58]. This factor 

combined with a reduced acoustic impedance, due to loading the ceramic with a low 

impedance polymer filler, encouraged their use in air-coupled applications. 

The Ultrasonics group at the University of Strathclyde are currently involved in several 

air-coupled projects utilising 1-3 connectivity piezocomposite transducer technology. A 

feasibility study conducted by Hayward and Gorfu [59] revealed potential advances in 

airborne ultrasonic technology. A series of composite transducers were evaluated for air 

operation at frequencies between 250kHz and 1.5MHz, using voltage excitation levels 

down to 50V. Through transmission airborne signatures were demonstrated on a number 

of solid samples, including glass, aluminium and carbon fibre composite plates ranging 

from 3mm to 50mm in thickness. Further work by Reilly and Hayward [60] produced 

a through transmission 'c' scan image for a damaged carbon fibre composite sample, 

which compared reasonably with a corresponding scan acquired using conventional 

water loading. The modelling work presented in Chapter 4 of this Thesis, formed the 

basis for two NDE applications [2,61,62]. Firstly, a two transducer pulse-echo system 

was employed to generate and detect Lamb waves in thin plates of carbon fibre 

composite and aluminium, through which detection and imaging of defects has been 
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demonstrated [2,61]. Secondly, large SNR has been achieved, in real time, for ultrasonic 

transmission/detection through a 22m thick honeycomb structure [62]. Each technique 

has demonstrated good resolution in the detection of impact damage (down to 10J) and 

PTFE inclusions (down to 6mm diameter) in carbon fibre reinforced composite plates. 

A more comprehensive description of this work can be found in Chapter 6 'Through-Air 

Applications for 1-3 Composite Transducers'. 

2.1.6 Electromagnetic Acoustic Transducer 

An electromagnetic acoustic transducer (EMAT) [63] requires the test specimen to be 

electrically conducting and moreover, only very small separation distances between the 

probe and test specimen may be tolerated. For ultrasonic generation, a current transient 

is passed through the coil, which induces an eddy current in the surface of the sample. 

A Lorentz force is established, due to the presence of the static magnetic field, which 

causes ultrasonic waves to be radiated. In reception, ultrasonic waves at the surface of 

the specimen cause the movement of the conducting material within the magnetic field. 

This leads to eddy current generation which can then be detected by the coil. Detection 

of a particular type of ultrasonic wave can be optimised through varying the coil and 

magnetic field geometry. 

A summary of various EMAT systems has been described by Maxfield et al [64]. This 

paper detailed principal practical factors in the design of EMAT transducers and 

suggested thickness gauging and elevated temperature NDE as potential applications 

areas. Unfortunately, the EMAT operating as a transmitter provides both a poor 

bandwidth coupled with low sensitivity. Hence, this has restricted the utilisation of 

complete EMAT non-contact systems. This problem has been addressed by Hirao et al 

[65], where improved system sensitivity has been demonstrated by utilising narrowband 
, 

excitation conditions. This system was reported to operate at 10MHz, with a separation 

distance of 2mm between the transducer and the sample. 
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2.1.7 Hybrid Systems 

Over recent years, several publications have detailed air-coupled ultrasonic systems 

combining the different technologies described above. A common feature present in the 

majority of these designs is the use of laser generated ultrasound. Thus, maintaining 

good wideband source characteristics, but replacing interferometric detection with more 

sensitive transducer designs. At present, piezoelectric, electrostatic and EMAT detectors 

have been utilised and a brief summary is presented below. 

Wang et al [66] employed laser generation and a focused 1.0MHz piezoceramic receiver, 

incorporating a low acoustic impedance matching layer. The laser beam (modulated 

acousto-optically) is focused onto the sample surface, with the air transducer situated at 

an angle and on the same side of the sample in order to collect the ultrasonic echo. This 

system was utilised to measure the thickness of thin films with a reasonable degree of 

accuracy. Several papers have been produced through the work undertaken for this 

Thesis, in conjunction with the expertise in laser generation of ultrasound associated 

with the Ultrasonics Group at Warwick University. This collaboration combined both 

narrowband [67] and wideband [68,69] 1-3 composite receivers, in the detection of 

longitudinal, shear, Rayleigh and Lamb waves generated by an incident laser beam in 

metals and composite materials. Details of this application are described in Chapter 6. 

The utilisation of an electrostatic receiver has been investigated by Wright et al [70]. 

This work used a micromachined capacitance transducer, operational centre frequency 

of approximately 500kHz, for the detection of longitudinal, shear, Rayleigh and Lamb 

waves. This combination is theoretically well matched due to the wideband nature of 

both technologies. Although, to complement the high resolution afforded by laser 

generation, a capacitive device with a higher operational frequency would be desired. 

As previously discussed, in Section 2.1.6, EMAT transducers are more optimally 

employed as ultrasonic detectors and this characteristic has been utilised by Taylor et 

al [71], Edwards et al [72] and Hutchins et al [73]. Both Taylor and Edwards designed 

an annular EMAT receiver, through which a laser beam was directed, and detected the 

25 



longitudinal echoes from the sample. The former approach required Cepstral processing 

to obtain the periodicity from the acquired time signals and subsequently, the inspection 

of diffusion bonds was illustrated. The latter characterised waveforms through thick 

metallic samples (up to 25mm thick). The third approach, generated Lamb waves in thin 

aluminium plates. Two different receiver designs were adopted to enable the detection 

of either antisymmetric or symmetric Lamb wave modes and the subsequent imaging of 

defects was illustrated. 

Another hybrid system arrangement has been adopted by Safaeinili et al through which 

the characteristic parameters for a composite plate can be determined [74]. This 

approach has utilised a focussed piezoceramic transmitter and a wideband electrostatic 

device in reception to enable the calculation of angular position for the generation of 

Lamb waves and both longitudinal and shear velocities in composite plates. 

2.1.8 Summary 

The performance of thickness mode piezoceramic transducers may be enhanced 

significantly by incorporation of multiple matching layers or the addition of a radiating 

membrane to facilitate energy transfer into air. However, it is difficult to obtain the 

optimal degree of improvement owing to the relatively high mechanical impedance of 

piezoceramic materials. For optical systems, there is usually a requirement for a high 

quality surface finish and although laser generation is well established, detection 

sensitivity is relatively low. In the case of EMAT's, there is a requirement for the test 

specimen to be electrically conducting and moreover, only very small separation 

distances between probe and test specimen may be tolerated. Electrostatic transducers 

possess considerable potential for airborne operation, since the vibrating membrane is 

well coupled to the load medium and the recent introduction of a micromachined 

backplate has enabled repeatability in manufacture. Piezopolymer and piezoceramic­

epoxy composite materials also offer attractive options for airborne ultrasound by means 

of improved mechanical matching. Also, in the case of the piezopolymers, the ability 

to be configured as a flexible membrane can be of benefit, although application may be 

restricted due to its low dielectric constant. Consequently, electrostatic and 
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piezocomposite designs are considered as the two principal candidates for the airborne 

applications, in the megahertz range. 

Two review papers, presented at the 1994 and 1995 IEEE Ultrasonics International 

Symposiums, are excellent sources of the current air-coupled transducer technology 

[75,76]. These papers are complimentary in that they report on work undertaken in both 

Europe [75] and the USA [76]. These papers cover a selection of technologies and 

describe several practical applications for the present air-coupled transducer designs. 

Earlier review papers concentrated on piezoelectric transducer designs [6,57], but hold 

valuable information with regard to NDE applications [6]. 
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2.2 Suitability of 1-3 Composites for Air Applications 

2.2.1 Introduction 

Piezocomposite transducers incorporate active piezoceramic elements within a passive 

polymer phase, to yield enhanced piezoelectric properties with respect to the parent 

ceramic. These devices are expressed in terms of the connectivity of each phase (the 

representation corresponds to connectivity in the ceramic phase, followed by the polymer 

phase), where this refers to the number of orthogonal directions in which each particular 

phase is continuous [77]. The common connectivity patterns and applications are as 

follows: 0-3 connectivity transducers are effective in hydrophone applications [78]; 1-3 

connectivity devices are utilised in numerous application areas, for example, medical 

[79], imaging [80] and NDE [81]; 2-2 connectivity composites have been employed in 

airborne robotic systems [54]; and 3-3 connectivity devices have been reported for 

imaging and NDE applications [82]. Although each of these transducer configurations 

have merit, the 1-3 connectivity piezocomposite structure is by far the most efficient and 

versatile. Consequently, it was chosen for this study. 

With reference to Figure 2.1, 1-3 composites offer considerable advantages for airborne 

operation when compared to standard piezoceramic materials. Mechanical stiffness may 

be adjusted by an appropriate choice of filler material and ceramic volume fraction [83]. 

Moreover, further design optimisation is possible by varying ceramic rod shape and 

distribution, an aspect which is critical at the low volume fractions required for some 

airborne applications [84]. Other parameters which must be taken into consideration for 

operation into air include mechanical matching and backing, in addition to the form of 

electrical stimulation in transmission and electrical loading in reception. These aspects 

are important for most applications since a low signal to noise situation invariably exists. 

As a result of the inherent structural complexity and large number of constructional and 

operational variables, design understanding and possible optimisation of 1-3 connectivity 

composites for air-coupled operation is not a straightforward matter. The design process 

would benefit greatly from the availability of an accurate computer simulation model. 

For many applications the theoretical behaviour for 1-3 connectivity composites is now 
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Figure 2.1 Standard construction for a 1-3 connectivity piezocomposite 

reasonably well documented (see for example [58] and [83-85]). Provided that the 

ceramic pillars are sufficiently tall, with low inter-pillar spacing, composite transducer 

behaviour may be predicted well via one-dimensional (I-D) theories [58,85]. However 

this approach can be difficult to justify at the extremes of ceramic-polymer volume 

fraction where inter pillar (or internal modes within the ceramic) resonances can corrupt 

the desired thickness mode. Furthermore, manufacturing constraints do not always permit 

the proper geometry for I-D operation and more computationally intensive methods are 

required for prediction of composite performance [84]. 

2.2.2 Fundamental Evaluation of Principal Properties of 1-3 Composites 

The introduction of a modelling strategy for 1-3 connectivity transducers, by Smith et 

al [83], enabled the generation of computer models for the prediction of composite 

transducer behaviour. This modelling approach requires the simultaneous solution to the 

piezoelectric-elastic equations for both active and passive phases in the composite 

transducer, resulting in a single set of equivalent thickness mode parameters. For a given 

ceramic/polymer composite configuration, the specific acoustic impedance, Z;, the 
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thickness mode electromechanical coupling factor, K" and the bulk wave velocity in the 

thickness direction, VI' of a composite transducer can be expressed in terms of Smith's 

equivalent parameters, ~, ~, 7i;, and e 33 as described in Equations 2.2 and 2.3. Here, 

the density of the composite, p, is derived from the equilibrium densities of the 

ceramic, pC, and filler materials, pt, as in Equation 2.4. 

K, = 7i;/ ~~ (c33 / £33) z;. = Jti p - J~/ VI = C33 P 
(2.2) 

Where; 

LJ J! e.e::J2/"T C33 = C33 + e33 £33 7i; = e317;; 
(2.3) 

S 2 E 
,- £33+2(e 31) _ C13-C12 
£33 = v[ ] +(l-v )£11 e33 =v[ e33 - 2e31 ] 

C(V) c(v) 

and 

p = vpc+(1-v)pf 
E E v(cn +C12) (2.4) c(v)=c11 +c12+ 

(l-v) 

The bar symbol denotes a composite parameter, V represents the volume fraction of 

piezoelectric ceramic in the composite and all other symbols have their usual meaning 

as defined in [1]. In this notation the superscripts E and S are used for ceramic constants 

only. 

This one dimensional modelling approach requires the piezoceramic pillars to have a low 

wid~-to-height ratio (aspect ratio) and sufficiently fine lateral pillar spacing in order to 

promote homogeneous behaviour from the composite. Through implementation of the 

above Equations, it is possible to obtain characteristic responses for 1-3 composite 

transducers, assuming the above geometrical constraints, over the entire ceramic volume 

fraction range. For the purposes of reviewing the behaviour of 1-3 composites, a PZT5A 

piezoceramic and CffiA-GEIGY CY13011HY13oo epoxy combination, operating at 

500kHz, has been analysed. The relevant parameters employed in these calculations can 
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be found in Appendix A. From this evaluation, the electromechanical coupling co­

efficient, kt and specific acoustic impedance, ~, are of particular relevance to air-

coupled performance and are presented in Figures 2.2 and 2.3, respectively. From Figure 

2.2, it can be observed that the electromechanical efficiency of the composite transducer 

approaches the value for k33 (=0.7) for the ceramic and is relatively constant over the 

volume fraction range 30% to 80%. At the extremities, the values for ~ have fallen due 

to either lateral clamping by the polymer, at high volume fractions, or through the 

elastic loading of the surrounding polymer, in the lower volume fraction range. At the 

intermediate volume fractions, a combination of both elastic and lateral clamping ensures 

that kt does not attain the actual value of k33• The estimated specific acoustic impedance, 

shown in Figure 2.3, confirms the ability of these composite transducers to realise a 

better match to air, when compared to conventional piezoceramics. For the PZT5Nhard 

set composite, an essentially linear acoustic impedance range between 5 - 28MRayl has 

been predicted, although this could be reduced further through application of a lower 

acoustic impedance polymer filler. 

Unfortunately, it is not possible to simultaneously optimise all of the parameters in a 1-3 

composite. This is illustrated through the linear relationship between volume fraction and 

relative permittivity shown in Figure 2.4, where the higher volume fraction devices 

exhibit the higher driving capacity. Thus, a compromise is obvious between good 

acoustic impedance matching to air at lower volume fractions, and the higher electrical 

permittivity required for driving purposes, manifest at the higher volume fractions. 
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2.2.3 Adopted Simulation Approach 

Firstly, the 1-D equivalent thickness parameters described in Equations 2.2,2.3 and 2.4 

are incorporated within a linear systems model of the transducer system [86]. This 

approach permits convenient simulation of transducer structure (including backing and 

matching), electrical loading and the influence of air propagation for both transmission 

and reception. Provided that the composite vibrates uniformly in the thickness or height 

dimension, behaving as an effective homogeneous medium, excellent results can be 

achieved [85]. For those situations incompatible with a 1-D approximation, a finite 

element approach is employed to perform a harmonic analysis of composite behaviour 

in the air environment. This approach has been used extensively by Hossack and 

Hayward [84] and Hayward and Bennett [87] for assessment of composite characteristics 

and the methodology is described within these References. The finite element analysis 

involved calculation of the surface pressure at discrete frequency steps with the 

excitation signal delivered from an ideal voltage generator. Both of these modelling 

approaches will be used extensively throughout this Thesis. 

The air transducer characterisation, described in Chapter 3, has utilised piezopolymer 

and piezocomposite transducers with the uni-dimensional modelling approach. The 

composite devices employed have approximated good thickness mode operation and 

excellent results have been obtained. In Chapter 4, a dual approach has been chosen for 

the theoretical evaluation of 1-3 composite transducers for through-air applications, over 

the complete volume fraction range. Generally, the finite element technique is shown to 

agree well with, and hence confirm, the linear systems approach. Where this is not the 

case, the former has been used as the benchmark for experimental comparisons. 

Investigation into mode coupling within a composite transducer, Chapter 5, has 

exclusively utilised the finite element technique. Through this Thesis, the limitations of 

the linear systems model are highlighted where relevant. 
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2.2.4 Manufacture of 1-3 Composite Transducers 

Throughout this Thesis, selection of constituent materials for the composites was made 

on the basis of availability and consistency, ease of manufacture and accurate 

documentation of parameters for simulation purposes. Consequently, PZT5A ceramic and 

a relatively stiff polymer, CIBA-GEIGY CY1301IHYI300 were chosen, although it was 

recognised that both materials may be sub-optimal with respect to through-air operation. 

However, a small selection of composites were manufactured using PZT5H ceramic to 

enlarge the scope of the air transducer characterisation, described in Chapter 3. 

The manufacturing method utilised to construct the 1-3 connectivity composite 

transducers was the standard 'dice and fill' technique [88]. Here, a series of parallel cuts 

are made into a prepolarised piezoceramic. The parallel slots in the ceramic are filled 

using a suitable polymer. The ceramic/polymer combination has a second series of cuts 

made, perpendicular to the first and again, the polymer filler material is used to fill the 

parallel slots. The resultant diced ceramic/polymer composite is then lapped to attain the 

appropriate centre frequency, after which, each device is electroded using a thin layer 

of conductive epoxy, as illustrated in Figure 2.1. A holder is constructed from a mild 

steel tube, incorporating a BNC socket within the end cap, and the transducer positioned 

within the holder for ease of mounting. The general transducer arrangement is shown 

in Figure 2.5. It should be noted that, the front face of the composite and the casing are 

connected to ground to ensure good electrical screening. 

When required, a backing block or matching layer was added to the transducer structure, 

with a view towards increasing bandwidth and/or sensitivity. This enabled the modelling 

to be verified for more practical arrangements. A perspex backing block was utilised due 

to ease and consistency of manufacture and concise parameter information, as detailed 

in Appendix A. A variety of matching layer materials have been examined and are 

described, as required, throughout this Thesis. It should be noted that the transducer 

arrangement shown in Figure 2.5 illustrates a two matching layer system bonded onto 

the active piezocomposite layer. 
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The manufacturing equipment utilised in the Ultrasonics Laboratory, at the University 

of Strathclyde, imposes practical limitations on the dimensions of a 1-3 composite 

transducer. Therefore, only simple geometries can be constructed using parallel cuts. 

Although a range of saw blade widths are available, 0.17mm up to 1.00mm, it is 

difficult to manufacture long, thin pillars at the extremities of the volume fraction range. 

This will be detailed, when appropriate, throughout this Thesis. Advances in 

manufacturing techniques (injection moulding [89] and lost mould [90]) are being 

utilised to construct more complicated geometries, possessing a finer lateral spatial scale. 

Therefore, the simulation work presented here has been utilised to estimate the optimum 

1-3 composite transducer configurations, with a view towards future design of composite 

transducer systems. 
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2.3 Electrostatic Transducer Manufacture 

Due to the potential of these transducers for air-coupled operation, a selection of 

capacitive devices have been constructed to differing specifications. The manufacturing 

tools at Strathclyde have limited the transducers to comprise of random roughness 

backplates, although this was seen as a restriction principally for manufacturable 

repeatability. Aluminium, steel and brass materials have been used for backplates, where 

a variation in average roughness was achieved using a commercial lapping and polishing 

machine. To evaluate a more comprehensive selection of electrostatic devices, three 

different thicknesses of mylar film (2.5fJ1ll, 3.5fJ1ll and 5.0fJ1ll) have been used as 

vibrating membranes. 

The basic transducer design is shown in Figure 2.6. Here, aluminium coated mylar film 

was pre-tensioned between two aluminium rings to support the vibrating membrane. The 

membrane support ring was bolted to an aluminium holder containing a removable 

perspex plug to insulate the backplate from the rest of the transducer assembly. Three 

screws allow the membrane to be brought into contact with the backplate and tension 

can be adjusted as required. The bias and excitation signals are applied to the backplate 

via a BNC connection which also provides a ground return for the housing assemblies. 

The aluminium support rings are each 4.0mm thick and the tension screw heads protrude 

by O.5mm, hence this arrangement results in a minimum 4.Smm air separation between 

the active vibrating membrane and a test sample or receiving transducer. 

It is important to describe the interconnection between the bias voltage, the transducer 

and the driving electronics, as in transmission, or the pre-amplifier, as in reception. 

Figure 2.7 illustrates the electrical connections required to isolate the connecting 

electronics from the bias voltage (HT). The high voltage rating capacitor effectively 

blocks the bias voltage from the terminals of the connecting electronics. This electrical 

arrangement was housed in a screened steel casing and is required for every experiment 

involving electrostatic transducers. 
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Finally, it should be noted that no attempt was made to describe the theory of operation 

for electrostatic devices. At the time of writing no convenient theoretical model was 

available, although a potential approach is described comprehensively in [45]. 
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Figure 2.6 Electrostatic transducer construction 
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2.4 Experimental Arrangement 

The experimental layout utilised throughout this Thesis is shown in Figure 2.8. The 

transducer performance is examined under two different operating conditions, 

corresponding to transmission and reception modes of operation. For each experimental 

phase, a precision manipulator (capable of 1 JllD. resolution) was utilised to carefully align 

both the transmit and receive transducers. The transmitting device is positioned using 

the X and Y axis of the manipulator. In addition, the rotational alignment of the 

transmitter, with respect to the reception device, was necessary to ensure that the 

transducer faces were parallel. The detector is attached to the Z-axis of the precision 

manipulator which was employed to maintain consistency with respect to propagation 

distances. With the transmitter/receiver alignment correct, indicated by the position of 

maximum received signal, both transducers were then locked in position. 

For the Thesis, it was necessary to perform all experimentation m a constrained 

environment to ensure consistency with respect to attenuation [3]. A standards laboratory 

was utilised to conduct all the air-coupled experimentation described in the Thesis. This 

laboratory provided a controlled environment, in which the temperature and relative 

humidity were maintained at 20°C±2° and 40%±S% respectively. In addition, the 

experimental system, was housed within a glass enclosure (to minimise the influence of 

air currents) containing a digital thermo-hygro unit that enabled monitoring of air 

temperature and relative humidity. The transmitting device is stimulated under either 

wideband (pulser unit) or narrowband (function generator) excitation conditions. For 

some narrowband excitation, a SOdB power amplification stage is necessary to drive the 

transmitting device and this will be detailed as appropriate in the Thesis. The receiving 

transducer may require a pre-amplification stage before data acquisition and again this 

will be detailed where necessary. The bias electronics is only applicable to the 

electrostatic transducer experiments. Specific details of driving and detection electronics 

are described where necessary throughout the Thesis. 
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2.5 Conclusions 

A review of the predominant technologies associated with airborne ultrasonic 

generation/detection has described the relative merits of each approach. Consequently, 

electrostatic and piezocomposite transducers are considered most suitable for operation 

in air-coupled ultrasonic systems. Unfortunately, there is a limited theoretical knowledge 

concerning the electrostatic technology. However, this matter is being addressed at 

present by several research groups. Well defined modelling methodologies have been 

reported for 1-3 connectivity piezocomposite transducers, which coupled with an 

increased electromechanical coupling co-efficient and lower specific acoustic impedance, 

compared to conventional piezoceramic, provides considerable potential for airborne 

ultrasound applications. 

40 



CHAPTER 3 
CHARACTERISATION OF 

AIR-COUPLED TRANSDUCERS 

ABSTRACT 

This Chapter describes a theoretical and experimental study for determination of the 

through-air system impulse response, insertion loss and characteristic field profile for 

air-coupled transducers. Wideband piezopolymer transducers (PVDF) are employed in 

both transmission and reception modes and their behaviour assessed by means of 

mathematical modelling and experiment. Specifically, a linear systems model approach, 

modified to include the influence of attenuation in the propagation medium, was used 

to design suitable PVDF transducers for wideband operation in air. Suitable devices 

were then manufactured for determination of the transmission and reception response 

characteristics of piezocomposite and electrostatic transducers when operating in the air 

environment. Within the characteristic field profile for air-coupled disc transducers, the 

influence of airborne attenuation ensures the conventional near-far field boundary is not 

observed and hence, a restricted operational field exists. These factors are significant for 

the correct operation of an air-coupled device and experimentally acquired field 

characteristics are used to position the transducer system. A range of transducers was 

evaluated, including 1-3 connectivity composites of different ceramic volume fraction 

and mechanical matching conditions, in addition to electrostatic devices of varying 

design. To complement the investigation, relative performances for narrowband operation 

are also presented under transmission and transmit-receive conditions. Despite the 

obvious measurement difficulties, good agreement between theory and experiment was 

observed and the methodology is shown to provide a convenient and robust procedure 

for comparison of through-air transducers operating in the frequency range 50kHz-

2MHz. 
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3.1 INTRODUCTION 

Considerable research effort has produced several ultrasonic transducer calibration 

techniques, examples of which include tone burst testing [91], thermal equivalent 

calorimetric method [92], time delay spectrometry [93], reciprocity calibration [94], 

vector calibration [95] dynamic calibration [96] and beam profiling [92,97]. These 

procedures each possess relative merits for the calibration of transducers in a water 

loaded environment, but they lose robustness in the transition to air-coupled transducer 

operation. Principal reasons include the very short wavelengths, the high attenuation in 

air and the insensitivity of available transducers. Therefore, these constraints have 

restricted air-coupled transducer characterisation to devices with operating frequencies 

below 150kHz [98], although recently Anderson et al [45] have reported characterisation 

of electrostatic transducers using standard microphone air calibration techniques. 

However, despite the advances made in air transducer technology, there is at present a 

lack of suitable calibration tools for characterisation and evaluation of air-coupled 

systems operating in the important range 250kHz and 2MHz. 

The principal transducer parameters of interest are the transducer operational impedance 

profile, the impulse response when the device is operated either as a transmitter or a 

receiver and the characteristic beam profile. The impedance profile enables the 

determination of the resonant modes within the transducer, hence the electrical and 

mechanical resonances particular to a mode can be extracted and consequently the 

electromechanical coupling coefficient associated with the mode can be obtained. These 

parameters are utilised to verify that the transducer will operate at the desired frequency 

and that the electromechanical coupling efficiency of the device is sufficient. The 

impulse response of the transducer will characterise the sensitivity and operational 

bandwidth of the transducer when employed as an ultrasonic source or detector. This 

information can be acquired by utilising Erikson's tone burst testing method [91], but 

the process is time consuming and maintaining a stable experimental environment 

presents a problem, especially in air. The nature of the ultrasonic field of the transducer 

defines the suitability for a device to operate in a given ultrasonic system [99]. This 
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field profile is of particular importance in an air-coupled system due to the highly 

attenuative nature of air, resulting in a restricted operating range. 

This Chapter will discuss the use of piezopolymer transducers (PVDF) to measure the 

transmission and reception response of air-coupled transducers, over the frequency range 

O.25MHz - 2MHz, under both wideband and narrowband operating conditions. PVDF 

transducers were designed through a uni-dimensional modelling technique [86] to 

operate either as a transmitter or as a receiver and to possess unipolar, planar and 

broadband characteristics for air-coupled operation. Due to the low signal to noise ratio 

(SNR) in air, the piezopolymer devices were first evaluated in a water environment 

using a calibrated hydrophone [100], in order to validate the simulation approach. The 

model was then extended to predict the corresponding performance in air, where the 

influence of the frequency dependent attenuation was included to yield realistic 

simulation results. The experimental field profile for an air coupled transducer, operating 

around 500kHz, has been acquired using a standard hydrophone in conjunction with a 

precision manipulator, capable of l~m resolution. The short wavelengths and high 

attenuation factor ensures that the traditional near/far field boundary is not established 

in an air environment. Hence, the positioning of air transducers is of paramount 

importance and the measured field profiles are used to evaluate the optimum transducer 

position for the characterisation process. 

Two different types of air transducer were considered. Firstly, a range of 1-3 

connectivity composite devices of differing microstructure and under different 

mechanical matching conditions was evaluated with respect to transmission, reception 

and transmit-receive performance. To complement this study, a range of wideband 

electrostatic transducers was also evaluated under similar operating conditions. Here 

manufacturing aspects such as bias voltage, membrane thickness and backplate 

roughness were varied and experiments performed to extract the same performance 

parameters. 
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3.2 THICKNESS MODE MODELLING 

The modelling strategy for 1-3 connectivity transducers by Smith et al [58], described 

in Section 2.2.2, enabled the generation of computer models for the prediction of 

composite transducer behaviour. The thickness mode parameters were modified 

according to the composite volume fraction to obtain an equivalent uni-dimensional 

response. Hayward and Hossack [85] combined this modelling strategy with a linear 

systems modelling approach [86] to generate a comprehensive computer model. This 

computer model has the facility to investigate the influence of electrical stimulation in 

transmission, electrical loading in reception and the inclusion of mechanical matching 

and/or damping, to predict impedance, transmission, reception and pulse-echo 

characteristics for piezoceramic, piezocomposite and piezopolymer transducer 

performance as a function of the operating environment. Hence, the model can be used 

to produce transducer characteristics such as centre frequency, bandwidth and sensitivity 

and present this information as either the time or frequency domain plots. Throughout, 

care was taken to ensure that the composite pillar dimensions and spacings were 

compatible with homogenous operation. For the devices under consideration, this 

constrained the minimum pillar aspect ratio (width to height) to approximately 0.1 [87]. 

A more detailed description of this modelling approach can be found in Appendix B. 

To enhance accuracy, the equivalent thickness mode parameters of each transducer were 

measured (as far as possible) according to the IEEE Standard on Piezoelectricity [1], 

prior to insertion within the model. This involves measurement of the transducer 

thickness, weight and electrical and mechanical resonances to yield the device velocity, 

density, electromechanical coupling factor, acoustic impedance, h33' e33, C3~ and C3~' 

In addition, the capacitances at a frequency lower than the lowest resonance ( 0.01 or 

less of measured fm ) and at a frequency higher than the principal natural resonances 

( greater than twice fn ) are required to calculate the dielectric permittivities at constant 

stress, E~, and constant strain, E;, respectively. 
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3.3 THE EXPERIMENTAL ApPROACH 

3.3.1 Experimental Arrangement 

The experimental equipment was maintained constant throughout with the six basic 

elements shown in Figure 3.1. Here each component is expressed in either electrical or 

mechanical terms and provides individual building blocks through which the experiment 

can be defined in terminology suitable as input for the linear systems model. The 

electrical stimulation circuit is represented by an equivalent T-network, represented by 

Zl' Z2 and Z3' Here each impedance can be configured as an RLC circuit connected 

either in series or in parallel. The cabling effects are modelled as a inductor/capacitor 

combination, where the capacitance, Co is connected across the cable and the inductor, 

Le> is a series impedance. Each piezoelectric device is simulated using a set of 

equivalent thickness mode parameters, but in electrical terms it is represented by the 

operational impedance, Zl' The operating medium is considered as a mechanical 

interface at the front face of the transducer and the appropriate attenuation factor will 

be applied to the propagating pressure wave. Two methods of detection are employed 

throughout this paper, firstly the resistor/capacitor parallel combination of an 

oscilloscope and secondly the effective resistive load of a pre-amplifier stage, possessing 

a 90dB gain. Combining these various components enables the experimental 

environment to be simulated accurately by the linear systems model. 

The influence of cabling was approached from three different aspects. Firstly, in the case 

when a piezoelectric receiver is under investigation, the cabling effects are ignored. For 

the purpose of this experiment, the detector can be deemed to be directly connected into 

the input stage of the pre-amplifier, because the detector and the pre-amplifier were 

housed together to ensure that lead lengths were minimised. Secondly, the membrane 

hydrophone was supplied with cable and connector attached and hence, manufacturers 

specifications have been used [101]. Finally, for all other cases, the influence of cabling 

effects can be significant. Therefore, for the purposes of this paper the cable connected 

to the PVDF device remained constant. The values utilised for Cc and Le were 

calculated from manufacturers specifications and basic transmission line theory. The 
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cable employed has a characteristic impedance of 50n and a capacitance stated as 70pF 

per meter length, which translates into a capacitance of 84pF for the 1.2m cable length 

used. Transmission line theory defines the characteristic impedance as given in Equation 

3.1, where Zo is the impedance, RC is the resistance, LC is the inductance, GC is the 

conductance and CC is the capacitance associated with a transmission line. 

Z= o 

RC+jwLc 

Gc+j(J)Cc 

(3.1) 

Typical values for RC and GC are insignificant and hence the equation can be simplified 

and solved to give a value of O.21~H for the cable inductance, Lc. This was 

subsequently confirmed by experimental measurement. 
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Figure 3.1 Block diagram of the experimental system 
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Two different means of electrical stimulation have been employed and are depicted in 

Figure 3.2 : a pulser unit delivering a 200V differentiated step, with a rise time of IOns, 

through a configuration of Ra, the on resistance of the MOSFET, CB' the blocking 

capacitor and Re, the damping resistor [102]; and a Panametrics 5052PR pulser/receiver 

unit producing a pseudo-impulsive forcing function, characterised by a 30ns triangular 

spike delivered through a low impedance source resistance, Ra. These will be described 

in the text as the pub;er unit or the Panametrics unit, respectively. The significance of 

evaluating these two electrical stimulation circuits will be described fully later. 

Panametrics 

Pulser/Receiver 

500hms 

30nsecs -' , 

80hms 

lOnsecs 

Pulser 

Unit 

10nF 

Figure 3.2 Electrical excitation circuits utilised in simulation 

3.3.2 Design and Evaluation of Wideband PVDF Transducers 

Polyvinylidene Fluoride (PVDF) was selected as the basis for a wideband 

transmission/reception transducer [103]. Several factors influenced the choice of this 

material, namely the possession of a high operating frequency coupled with good 

bandwidth potential and a reasonable acoustic impedance match to air. Importantly, 

circular PVDF probes can be manufactured to demonstrate minimal edge diffraction and 

hence approximate well to an ultrasonic plane wave source [99], thereby minimising 

possible response variations due to aperture diffraction. 
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(a) Transmission 

The application of a PVDF transmitter to generate an approximate planar pressure 

impulse incident on the front face of a composite receiver was considered. The main 

restriction to the use of a piezopolymer as a transmitter is the low dielectric constant 

associated with this material, resulting in a poor drive performance. However, the 

advantages were considered sufficient to merit investigation. Appendix A details the 

electromechanical characteristics for the piezopolymer film used to construct a wideband 

transmission device. A pair of piezopolymer transducers, 20mm in diameter, were 

constructed from 251Jl11 thick PVDF film and bonded to a 40mm thick perspex backing 

block. A thin layer, measured to be 31lm, of CIBA-GEIGY CY1301IHY1300 hard set 

epoxy was used as the bonding agent. This backing medium has a measured acoustic 

impedance of 3.2MRayls, which compares favourably with the PVDF acoustic 

impedance of 3.9MRayls, ensuring a reasonable bandwidth is obtained from the device. 

The backing block was also shaped carefully to minimise internal reverberation and the 

entire assembly placed within an electrically screened housing. 

In addition to the potential wide bandwidth (20MHz) of this transducer, a principal 

advantage is that it is relatively straightforward to clamp the circumference to minimise 

edge diffraction and hence create a plane wave response [99]. Figures 3.3 (a) - (f) 

demonstrate this property for the constructed transmitter, where a membrane hydrophone 

has been utilised to obtain several axial field measurements, under water loaded 

conditions. This Figure demonstrates that as the separation between the transducers 

increases the received pulse shape remains reasonably constant and a decrease in 

amplitude is evident due to attenuation in the medium. 

A PVDF membrane hydrophone [100] was used firstly in a water environment to 

evaluate the source and confirm the theoretical model. Results were acquired with the 

PVDF transmitter driven under both pulser and Panametrics excitation and the standard 

hydrophone connected directly into an oscilloscope. The spectral and temporal responses 

for the pulser unit, driving the PVDF/hydrophone system, are illustrated in Figures 

3.4(a) and 3.4(b), respectively. Corresponding responses for the Panametrics unit are 
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shown in Figure 3.5(a) and 3.5(b). Under both excitation conditions, it can be seen that 

the linear systems modelling approach has predicted the system response to a reasonable 

degree. The influence of the cabling connected to the PVDF transducer has tuned the 

systems to approximately 15MHz and 20MHz, for pulser and Panametrics excitation 

respectively. 

The linear systems model was then used to investigate the theoretical plane pressure 

wave generated by the PVDF transmitter when operating directly into air. The simulated 

transmitted force spectra when the PVDF device operates into both water and air media 

are illustrated in Figure 3.6(a) and 3.6(b), for pulser and Panametrics excitation 

respectively. Due to the inefficient energy transfer at the transducer/air boundary, the 

curves for each medium have been normalised, with a 66dB difference in signal level 

predicted between water and air loaded conditions. In the absence of propagation 

attenuation, this reveals that the frequency content does not differ significantly for the 

two load media. Hence, both systems are capable of producing a pressure wave which 

would be considered adequate for the simulation of impulse excitation for transducers 

operating below 2MHz. 
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Figure 3.3 Axial field measurements for the PVDF transmitter, under water loading 
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(b) Reception 

For field and calibration measurements, the detection transducer should not interfere 

with the incident acoustic field and should not distort the pressure profile, either as a 

consequence of aperture diffraction or frequency response limitations. With its relatively 

low specific acoustic impedance, the PVDF membrane hydrophone provides a good 

match to water and may be configured to possess a flat response up to 20 MHz. Its 

active dimensions are much smaller than the incident wavelength and as such, it is 

ideally suited for water measurements in the low MHz frequency range. However the 

situation is quite different in the air environment, where the presence of any physical 

device will interfere with the acoustic field and the short wavelengths (0.34Smm @ 1 

MHz) introduce sensitivity problems with the resultant small sensor dimensions. 

Although non-contact optical systems have been described recently [104] for operation 

in water, no air calibration data has been reported to the knowledge of the author. Of 

available hydrophones, the membrane configuration, although by no means ideal, 

appears to offer the best prospect for air operation and it was thus decided to investigate 

this relatively low cost route. 

A bilaminar PVDF membrane hydrophone [lOO], supplied by GEe-Marconi [l01], with 

an active area of 0.2mm2 and a film thickness of 28~ was studied as a basis for 

wideband reception to enable absolute pressure measurement The device was calibrated 

for immersion use and the relevant data is shown in Table 3.1, from which the wideband 

properties are apparent. This is confirmed by the linear systems simulations shown in 

Figure 3.7, which show the hydrophone impulse response when subject to both air and 

water loading. In these examples the hydrophone was assumed to operate into a resistive 

load of 1Mn via different conditions of cable capacitance. Interestingly, the responses 

in air and water appear to be identical over the critical frequency range 50 kHz to 5 

MHz. This somewhat unexpected result is due to the fact that cable capacitance 

dominates the hydrophone response and the modelling results indicate that apart from 

overall sensitivity changes, the spectral profiles for air and water are in close agreement 

for variations in cable capacitance of 20% around the measured hydrophone value of 

11 OpF. Indeed, provided that the electrical loading connected to the hydrophone is 
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maintained within recommended guidelines (a parallel load resistance greater than 50ldl 

and an end of cable capacitance, including any integral cable and connector, greater than 

50pF) its response is stated to be Iflat' within ±ldB over the range 50kHz to 20MHz. 

Subsequently, it was considered possible to use the hydrophone for calibration of 

absolute pressure in the field of an air-coupled transducer. 

Table 3.1 

-as a.. 
3> 
::1. -
~ 
'> 
~ 
'c;; 
c 
Cl) 
If> 

Frequency (MHz) 2 3 4 5 10 

Sensitivity (nV/Pa) 53 53 53 54 59 

Calibrated data for the standard hydrophone [101] 
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Figure 3.7 Calibrated membrane hydrophone under air and water loading 

The generation of flexural waves in the membrane hydrophone can be problematic, 

especially for air-coupled measurements. These Lamb wave modes will be generated at 

shallow angles of incidence [105], 100 for the fundamental symmetrical mode (so), and 

consequently, careful alignment of the transmitter and hydrophone is necessary. 

Interference from the Lamb wave is governed by the group velocity of the Lamb wave 

m the PVDF membrane and the overall dimensions of the hydrophone. For the 
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experimentation described in this Thesis, Lamb wave generation did not constitute a 

problem. 

3.3.3 Air Transducer Manufacture 

(a) 1-3 Connectivity Composite Transducers 

A range of composite transducers were constructed through the methodology described 

in Section 2.2.4. A selection of the manufactured transducer properties are summarised 

in Table 3.2, along with that of a 'pure' ceramic transducer. The Table describes each 

piezoelectric device by specifying the constituent materials, any mechanical matching 

/ damping applied to the device and the electromechanical coupling co-efficient, kl' as 

described in Equation 3.2. Where the electrical and mechanical resonances are described 

as Im and In respectively. Note that no attempt was made to repolarise the composites 

after the dicing operation and some depolarisation is evident (from the slightly lower 

than expected values of coupling coefficient) in the measured data. As indicated in the 

Table, three devices included damping at the rear face, either in the form of a backing 

block of tungsten loaded epoxy, possessing a measured specific acoustic impedance of 

8 MRayls, or perspex (3.2 MRayls). Front face matching layers were bonded to some 

of the transducers as either a single hard setting epoxy layer or a double loaded silicone 

rubber matching layer. Unless otherwise stated, the transducer centre frequencies for 

transmission or reception were measured at 550kHz +/- 10%. 

(3.2) 

(b) Electrostatic Transducers 

The basic transducer configuration has been described earlier in Section 2.3. Differences 

in membrane thickness and backplate roughness resulted in a wide operational frequency 

range, although, for the majority of transducers, maximum response was produced over 

the range 450 - 650kHz. Importantly, the most sensitive electrostatic and composite 
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transducers were centred very close to 600kHz, enabling a more accurate comparison 

of the two technologies. Details of the various devices are summarised in Table 3.3. 

Transducer Mnemonic Matching Backing ~ 

PZT5H PZT5H No No 0.470 

20% PZT5A1Hard set C20 No No 0.446 

20% PZT5A1Hard set C20B No 3.2MRayl 0.476 

30% PZT5A1Hard set C30ML Double No 0.612 

40% PZT5A1Hard set C40 No No 0.591 

40% PZT5A1Hard set C40MLB Single 8MRayl 0.577 

60% PZT5A1Hard set C60 No No 0.587 

60% PZT5A1Hard set C60B No 8MRayl 0.586 

70% PZT5A1Hard set C70ML Double No 0.570 

70% PZT5H1Hard set C70 No No 0.622 

Table 3.2 Constituent materials for piezoelectric transducers 

Material Mnemonic Backing Plate Average Roughness Bias 

51lm mylar RB5.0 Rough Brass 50J.1m 250V 

51lm mylar LAS.O Lapped Aluminium 9J.1m 250V 

51lm mylar PS5.0 Polished Steel 3J.1m 250V 

3.51lm mylar RB3.5 Rough Brass 50J.1m 200V 

3.5J.1m mylar LA3.5 Lapped Aluminium 9J.1m 200V 

3.51lm mylar PS3.5 Polished Steel 31lm 200V 

2.5J.1m mylar RB2.S Rough Brass 50J.1m 120V 

2.5J.1m mylar LA2.5 Lapped Aluminium 91lm 120V 

2.5J.lm mylar PS2.5 Polished Steel 3J.1m 120V 

Table 3.3 Constituent materials for electrostatic transducers 
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3.4 Airborne Attenuation 

3.4.1 Evaluation of Standard Theory 

For the considered range of frequencies, attenuation of the propagating ultrasonic wave 

within the air environment can be significant. The atmospheric absorption of sound 

energy has been presented by Bass et al [3] and a methodology proposed for the 

calculation of the attenuation constant as a function of frequency, where variations in 

air temperature, pressure and relative humidity, in the propagation channel, are also 

incorporated. The expression shown in Equation 3.3 has been proposed in [3] for the a 

calculation of the attenuation constant, a. (Npm·1
), in air. 

(3.3) 

where f is the frequency (Hz); T is the air temperature (K); To = 293.15K; P is the 

atmospheric pressure (Nm·2); Po = 1.0 1325x 1 OS Nm-2
; and fr.o and Ir.N are the rotational 

relaxation frequencies (Hz) for oxygen and nitrogen, respectively. 

A more detailed description of the airborne attenuation theory described by Bass et al 

is presented in Appendix C. 

Bass et al have stated that the algorithm is accurate to +/- 5% over the temperature 

range 273.l5°K-313.15°K; the range of relative humidity O-Hx)%; the range of 

frequencies from 50Hz to 10MHz when the pressure is 1 atm; and for pressure from 1 

atm down to a few hundredths of an atmosphere. From this information, one important 

feature to note regarding this theory is that it is restricted to frequencies below lOMHz, 

but due to the large attenuation in air at these frequencies, between 75 and 85 dB/mm 

at 20MHz [52], this was not considered to be a serious constraint. 
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Consequently, this attenuation coefficient is applied to the general form of the absorption 

equation and the result is shown in Equation 3.4. Here, P is the resultant pressure 

amplitude after the pressure wave has travelled a distance defmed by z, Po is the initial 

pressure amplitude at the front face of the transducer and a has been calculated from 

Equation 3.3. In the following analysis, these Equations were implemented to facilitate 

comparison between theoretical and experimental data, where the approach simulates a 

low pass filter. 

(3.4) 

3.4.2 Linear Systems Model modified to include Air Attenuation 

The modified airborne attenuation theory has been combined within the linear systems 

model [86] to enable the prediction of the pressure wave incident on the front face of 

an air-coupled detector. Both of the proposed excitation methods have been examined 

to estimate their characteristic response in air. Thus, the variation of the intermediate 

airgap between the PVDF transmitter and a detector has been simulated and the results 

are illustrated in Figures 3.8(a) and 3.8(b), for differentiated step excitation (pulser unit), 

and Figures 3.9(a) and 3.9(b), for pseudo-impulsive excitation (Panametrics unit). These 

Figures illustrate the theoretical frequency spectra and time plots respectively, for 

different separation distances and assuming no multiple reflections within the gap. Here, 

the data has been presented relative to the zero air attenuation simulations shown 

previously in Figures 3.6(a) and 3.6(b). Considerable differences in the frequency 

content when the pressure wave experiences airborne attenuation is portrayed for both 

excitation methods. The corresponding time plots show unipolar behaviour and an 

expansion in pulse width, with increasing airgap separation. 
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Experimental confirmation of these results proved extremely difficult, due to the low 

sensitivity of both the PVDF transmitters and the membrane hydrophone (active area 

0.2mm2
). However, it was just possible to measure the pitch-catch response of two 

PVDF devices of identical design, with the puis er unit used to excite the transmitter and 

the receiver operating directly into the preamplifier. This is shown in Figure 3.10, for 

an air separation distance of 20mm. Despite a low peak signal level of Sm V and poor 

SNR, reasonable correlation between theory and experimental data has been achieved. 

The result is significant since the unipolar nature of the theoretical response is verified 

by the experiment, inferring validity of the data shown in Figure 3.8(b). 
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Figure 3.10 Air coupled PVDF transducer pitch-catch system response 

However, it is apparent from these results that generation of even an approximate 

impulsive pressure function is extremely difficult in the air environment and that the gap 

separation distance can be critical. Moreover, for a valid comparison of different 

transducers, it is essential that the transmitted force spectrum overlaps that of the 

receiving devices. To investigate the validity of the proposed wideband transmission 

systems, the PVDF output was compared theoretically with ideal impulsive excitation 

applied to the reception device. Figure 3.11 illustrates the predicted normalised response 

for a damped 20% piezocomposite receiver, (device C20B described in Table 3.2), under 
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four different stimulation conditions: ideal impulsive excitation (delta function); impulse 

excitation including the influence of airborne attenuation (delta + air attenuation); the 

PVDF transmitter/pulser combination including airborne attenuation (pulser + air 

attenuation); and Panametrics excitation of the transmitter including air attenuation 

(panam + air attenuation). A separation distance of 20mm between transmitter and 

receiver was assumed. The low pass characteristic of air attenuation is evident, but the 

transducer receive impulse response has been reproduced quite well by the PVDF/pulser 

unit transmission method. This can be explained through analysis of the predicted 

spectral characteristics shown in Figures 3.8(a) and 3.9(a) for pulser unit and 

Panametrics excitation respectively. These plots show the main frequency content for 

the pulser unit case to be concentrated at frequencies below IMHz, for an air separation 

distance of 20mm. Whereas, Panametric stimulation produces a spectra with a higher 

frequency content, but with the main concentration at frequencies above IMHz. For the 

receivers presently under evaluation, most operational centre frequencies were in the 

region of 500kHz, with only two electrostatic devices extending significantly beyond 

1 MHz. The transmitter spectral characteristics, under pulser unit excitation, were thus 

considered adequate for air separation distances of approxiamtely 20mm. 
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3.4.3 Evaluation of Modified Modelling Theory for 1·3 Composites 

(a) Transmission 

The impulse transmission responses for composites C40 and C60B were measured using 

puIs er unit stimulation and the membrane hydrophone. To assess simulation of air 

attenuation, the separation between transducer and hydrophone was set at 35mm and 

17 .5mm respectively, with the corresponding transmission response profiles illustrated 

in Figures 3.12(a) and 3.12(b). In both cases, good agreement between theory and 

experiment may be observed, with the model predicting correctly the principal features 

of each configuration. 

(b) Reception 

The pulser unitIPVDF transducer combination was then used to simulate a broadband 

transmission for evaluation of the through air reception 'impulse' response for the C20B 

and C40 devices. The separation distance between the composite under test and the 

PVDF transmitter was set to 35mm and 17.5mm respectively. The received voltage 

profiles are shown in Figures 3. 13 (a) and 3.13(b) and again, good agreement is apparent, 

with the experimental data appearing to validate the theoretical approach. 
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3.5 Radiated Fields of Air-Coupled Transducers 

3.5.1 Introduction 

The ultrasonic field profile associated with a transducer is an important feature that can 

limit system performance, especially in an air environment. Many investigators have 

analysed the radiated field pattern from ultrasonic transducers operating into a fluid load 

[106,107] and an excellent review of their work can be found in Reference 99. Three 

main problems exists for through air ultrasonic propagation. Firstly, the requirement for 

a calibrated receiver, with sufficient sensitivity and an active area comparable to the 

sound wavelength in air. Secondly, the short wavelengths will increase the number of 

maxima and minima associated with the interference pattern between plane and edge 

wave components. Finally, the influence of airborne attenuation will dominate the 

ultrasonic field structure limiting propagating distances. The following work will 

incorporate standard beam profile theory and the influence of airborne attenuation to 

analyse air-coupled beam profiles. An experimentally acquired axial field profile for an 

air-coupled composite transducer, operating around 500kHz, will be presented. 

Consequently, the transducer positioning criteria used in the characterisation process will 

be proposed. 

3.5.2 Theoretical Air-Coupled Acoustic Field Characteristics 

Considering the air propagation media using standard theory [106] permits a preliminary 

guide to the irradiated field structure. This analysis will use Equations 3.5 and 3.6 to 

assess the near-far field boundary, N, and the angle of divergence of the sound energy, 

Yo' respectively. Where, a is the radius of the transducer and A. is the wavelength of the 

ultrasound. 

(3.5) 

sin 1. = l.22 2:. 
o 2a 

(3.6) 

Table 3.4 illustrates the predicted difference in ultrasonic field structure for a 30mm 

diameter ceramic disc, operating at 500kHz, in both water and air media. For the 
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purposes of this comparison, the influence of air attenuation has not been included in 

the analysis. These results illustrate the influence of the smaller wavelength of sound 

energy in air, where the near-far field boundary is located further from the transducer 

and the beam divergence is at a shallower angle compared to operation under water 

load. Although, the narrow beam divergence can be considered a benefit to overall 

system performance, the location of the near-far field boundary could be a constraining 

feature due to the influence of airborne attenuation. 

Table 3.4 

Water Load Air Load 

N 75 mm 326 mm 

6.50 

Comparison between theoretically predicted behaviour of the ultrasonic 
field in both water and air media 

The on-axial air-coupled field profile of a piston mounted in a rigid infinite baffle can 

be considered by combining standard theory [106] and the air attenuation theory, 

discussed in Section 3.4. This theoretical approach has been used to predict the acoustic 

field behaviour under three different load conditions : a standard water load ; an air 

load, not incorporating the influence of airborne attenuation ; and with the theory 

modified to include airborne attenuation. A 30mm disc transducer is assumed to be 

driven under continuous wave (cw) conditions at an operating frequency of 500kHz. 

Figure 3.l4 illustrates the predicted on-axis directivity profile under these load 

conditions. The results shown in this Figure compare favourably with the results 

presented in Table 3.4, for both water and air loads (neglecting the influence of air 

attenuation). It should be noted that the concept of conventional Inear field' and Ifar 

field' zones is not strictly valid for operation in air, due to the high attenuation, which 

can dominate the field structure at these frequencies. Consequently, the axial positioning 

of a air-coupled detector is of critical importance. It should be noted that the limited 

resolution of the graph disguises the response close to the transducer and total 

constructive and destructive interference will occur in this region. 
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Figure 3.14 On-axis directivity profile for a 30mm disc under cw conditions 
operating into various load conditions 

3.5.3 Experimental Air-Coupled Field Profiles 

By utilising an air-coupled transmitter / hydrophone arrangement, it is possible to 

experimentally measure the on-axial field profile using the apparatus described in 

Section 2.4. The transmitter is excited using a lO-cycle tone burst, delivered at the 

transducer centre frequency (496kHz), and 50dB of power amplification. The 

experimentally acquired field profile for composite device C60, from Table 3.2, is 

presented in Figure 3.15. In the near field of the transducer a constructive/destructive 

interference pattern is evident. When combined with the influence of airborne 

attenuation, which is manifest as the exponential decrease in signal strength as the air 

separation distance is increased, these attributes unite to modify the concept of a 

conventional near/far field boundary. Therefore, the peak axial signal strength is closer 

to the transmitter, at approximately 22.5mm. 
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Figure 3.15 Experimentally measured axial field profile for a 60% composite 
transducer, operating at 496kHz 

The axial field profile illustrated in Figure 3.15 differs markedly from the theoretical 

prediction shown in Figure 3.14 for an air load and including the influence of air 

attenuation. A lower number of fluctuations due to interference between the plane and 

edge wave components is evident in the experimentally acquired response. In fact, at a 

distance of 100mm, an experimental null has been measured, which contradicts the 

theoretical prediction. To fully evaluate the experimentally measured response both the 

directivity of the hydrophone and the surface displacement profile for the transmitting 

device, to ensure plane wave generation, would have to be investigated. In addition, the 

transducer was driven under tone burst excitation conditions. For the purpose of the 

Thesis, the principal feature from the experimentally measured axial field profile is the 

position of maximum pressure, at 22.5mm. Consequently, the separation between the 

transmit and receive transducers, for the work presented in the Thesis, will correspond 

to the experimentally measured peaks in the acoustic fields for the range of devices 

under consideration. This was also considered to be more realistic from an applications 

viewpoint, where the air separation distance is often required to be as small as possible. 
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3.6 Characterisation for Air-Coupled Transducers 

3.6.1 Evaluation of Wideband Response 

(a) Results 

To facilitate logical comparison between differing transducer configurations, the power 

source, transducer shape and surface area, air gap size, air temperature, pressure and 

relative humidity and the receive electronics were maintained constant for each 

experiment. Section 2.4 describes the experimental arrangement in more detail. Unless 

otherwise stated, each transducer was circular with a diameter of 30mm, and as far as 

possible designed to operate at a median frequency of 550kHz (±10%). 

The experimental results for both transmission and reception, are detailed in Table 3.5, 

with the -3dB bandwidths indicated in parenthesis. To provide additional insight into 

potential performance, the pulse-echo insertion loss and -6dB bandwidth are also shown 

in the Table. For transmission evaluation, the hydrophone signal was used to calculate 

an absolute source pressure level, while open circuit voltage response is used to quantify 

reception sensitivity. To achieve the latter, it was necessary to calibrate the PVOF 

transmitter. This was performed in conjunction with the membrane hydrophone by 

means of the substitution technique [108]. 

(b) Transmission Analysis 

Considering firstly the transmission characteristics, the results indicate that the 70% 

PZT5A1hard set piezocomposite, incorporating a double front face matching layer, 

exhibits a 12.2dB improvement in sensitivity over the best electrostatic device, (2.5~m 

mylar with rough brass backplate), although the piezocomposite bandwidth is 

considerably lower. However, the very thin membrane proved to be extremely fragile, 

even under laboratory conditions, and for more robust operation, the 5~ film is 

recommended. In this case the sensitivity difference is greater at 15.2dB. A reasonably 

wideband response can be observed for the damped 40% composite transducer, although 

the sensitivity is reduced as a result of the sub-optimal volume fraction. The actual best 

composite transmitter is a complex function of constituent materials, centre frequency 
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and the type of matching layer(s), and the results here are intended only as a guide to 

absolute variations between different transducer configurations. Chapter 4, 'An 

evaluation of 1-3 connectivity composite transducers for air-coupled ultrasonic 

applications', will describe the optimisation of the piezocomposite transducer. 

Transmit 
Mnemonic Voltage 

Open Circuit 
Voltage 

Response 
(dB re 1V/IlPa) 

Pulse-echo 
Impulse Response 

PZT5H 

C20 

C30ML 

C40 

C40MLB 

C60 

C70ML 

C70 

RB5.0 

LA5.0 

PS5.0 

RB3.5 

LA3.5 

PS3.5 

RB2.S 

LA2.5 

PS2.5 

Table 3.5 

Response 
(dB re 1IlPa/V) 

116.8 (19kHz) 

115.0 (22kHz) 

122.3 (71kHz) 

116.8 (54kHz) 

118.8 (148kHz) 

117.9 (22kHz) 

134.6 (62kHz) 

120.5 (24kHz) 

119.4 (242kHz) 

118.0 (293kHz) 

117.5 (311kHz) 

121.1 (329kHz) 

119.3 (486kHz) 

118.6 (587kHz) 

122.4 (458kHz) 

121.7 (594kHz) 

120.1 (806kHz) 

-210.2 (13kHz) 

-200.9 (19kHz) 

-186.1 (58kHz) 

-199.7 (77kHz) 

-194.2 (132kHz) 

-202.2 (14kHz) 

-188.8 (41kHz) 

-204.5 (15kHz) 

-196.3 (322kHz) 

-206.6 (348kHz) 

-201.8 (375kHz) 

-193.7 (483kHz) 

-204.1 (556kHz) 

-199.1 (590kHz) 

-189.4 (525kHz) 

-196.9 (632kHz) 

-193.2 (677kHz) 

Insertion BIW 
Loss (dB) (kHz) 

-87.0 109%@403 

-89.9 124%@457 

-101.5 138%@470 

-85.0 73%@551 

-89.3 142%@645 

-99.5 92%@1220 

-77.1 126%@597 

-79.3 168%@672 

-97.3 90%@1403 

Wideband characterisation for a selection of the transducers described in 
Tables 3.2 and 3.3 

69 

l 



(c) Reception Analysis 

The reception data described in Table 3.5 reveal some interesting differences. The best 

reception sensitivity for the piezocomposites occurs for the lower volume fractions and 

double matching layer, at -186.1dB re IV/IlPa. This result was expected and further 

explanation can be found in Chapter 4. Interestingly, this figure is comparable with 

receiving transducers operating in a water environment. The most sensitive electrostatic 

device is only 3.3dB lower and the more robust 5Jlffi configurations are at best lOdB 

down, although in all cases with significantly improved bandwidths. Indeed, 

conventional methods such as backing, for extending the bandwidth of the resonant, 

thickness mode devices, are unlikely to yield the wideband performance of the 

electrostatics. However, the bandwidth may be extended (at the expense of sensitivity) 

by means of alternative methods, as described in Chapter 5. Throughout, there was some 

variation in bandwidth across the ranges of both types of transducer. In the case of the 

piezocomposites, this is due to the different structure (volume fraction, backing and 

matching layers), in addition to the fact that for the mode of operation described, the 

transmission and reception sensitivities peak at the frequencies of impedance minimum 

and maximum respectively [102,109]. For the electrostatic transducers, the variation was 

due in part to differences in surface roughness, membrane tension and thickness. 

(d) Sensitivity-Bandwidths Measurements 

It is interesting to compare the sensitivity-bandwidth product for the best electrostatic 

and composite transducers. In transmission, sensitivity-bandwidth products of 58700 

V.Hz, 22300 V.Hz and 33000 V.Hz were calculated for transducers RB2.S, RBS.O and 

C70ML, respectively. In addition, values of 211000 V.Hz, 60000 V.Hz and 34000 V.Hz 

were calculated for transducers RB2.5, RB5.0 and C30ML, respectively, when operating 

in reception. These results emphasise the significant wideband characteristic of the 

electrostatic transducer, where a six-fold improvement, comparing devices RB2.S and 

C30ML, is evident from the reception data. 
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(e) Pulse-Echo Analysis 

In the wideband pulse-echo tests, the normal reflector was a polished glass block 

positioned approximately IOmm from the transducer face, with the received voltage 

taken directly from an oscilloscope of input resistance 1Mohm in parallel with a 

capacitance of 20pF. The results indicate that the electrostatic devices are far superior 

with respect to both bandwidth and sensitivity, which is somewhat surprising given the 

previous data for separate transmission and reception performance. Indeed, for most of 

the piezocomposites and the piezoceramic transducer, there was insufficient signal to 

permit accurate measurement. The reasons for this are due primarily to the relatively 

narrowband nature of the piezocomposites and the fact that the frequency of 

transmission is significantly different from that which is required to maximise reception 

response. Furthermore, none of the piezoceramic based devices under consideration were 

designed specifically for pulse-echo operation and only two are considered at all suitable 

for air operation (C30ML/C70ML). The sub-optimal matching of the other 

piezocomposite to give a measurable response (C40MLB), has also resulted in a peak 

spectral response at the relatively low value of 394kHz, which corresponds to the 

fundamental resonance of the transducer/matching layer combination. These results serve 

to illustrate the requirement for extremely careful design of piezoceramic air-coupled 

transducers. These problems do not arise for the electrostatic devices, although there is 

considerable variation in the measured pulse-echo centre frequency. An illustration of 

the temporal and spectral wideband response from RB2.5 is shown in Figure 3.16, from 

which the enhanced bandwidth of the electrostatic device is evident. This was the most 

efficient electrostatic device, which is confirmed by the separate transmission and 

reception results. The centre frequency is very close to 600kHz, facilitating narrowband 

comparison with corresponding composite designs. 

3.6.2 Narrowband Characterisation 

(a) Transmit Voltage Response 

The best transducers from the previous experiments were then evaluated under 

narrowband operating conditions. The transmit voltage responses for the RB2.5 
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electrostatic and C70ML composite transducers were measured in air using a 20 cycle 

600kHz tone burst (7SV peak to peak). The gap separation distance was 2Omm, with the 

hydrophone connected directly to the pre-amplification stage. Sensitivity figures of 

138.2dB re IJlPaIV and 126.8dB re IJlPaIV were achieved for the composite and 

capacitive devices respectively, with the difference due to the resonant properties of the 

composite transducer. 

(b) Through Transmission Performance 

Narrowband transmit-receive comparisons were also performed using a 20 cycle tone 

burst (lOV peak to peak) by connecting the separate receiving transducer directly into 

an oscilloscope. In this case, RB2.S, RBS and C70MUC30ML transducer pairs were 

positioned 20mm apart in transmit-receive mode and the transmission frequency adjusted 

to achieve maximum response. The received temporal responses are illustrated in Figures 

3.l7(a) - 3.17(c) respectively. It should be noted that the SJlffi mylar electrostatic 

transducer pair operated at approximately 400kHz, whereas the other two combinations 

employed a 600kHz excitation signal. Also, these signals were acquired in real-time, 

with no signal averaging applied to the data. The piezocomposite pair demonstrate 

superior sensitivity over both electrostatic combinations, 22.7dB and 30.9dB 

respectively. The high SNR associated with the composite pair (greater than 3SdB) 

would enable their application to real-time non-destructive evaluation systems. 

Finally, it was interesting to compare the differences in sensitivity when the electrostatic 

receiver in the transmit-receive experiments was replaced by a composite device. The 

previous narrowband experiment was repeated using the same RB2.S electrostatic 

transmitter but with the C30ML composite as the receiver, as shown in Figure 3.17(d). 

Here, a 13.6dB improvement in receive sensitivity has been exhibited by the composite 

detection system. Hence, the resonant nature of the piezocomposite devices has 

demonstrated superior narrowband sensitivity performance in transmission, reception and 

pitch-catch modes of operation. 
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3.7 System Insertion Loss 

Several workers have introduced the concept of insertion loss in an attempt to define a 

standard comparison between various air transducer designs. In 1983, Fox et al measured 

a two way insertion loss of 52dB for the pulse-echo response of a PZT5H ceramic 

transducer, including a RTV silicone rubber matching layer, under electrically tuned 

conditions [10]. Similarly, Yano et al measured one way insertion loss to compare the 

relative advantages of several different matching layers for a 1MHz PZT5H device [13], 

yielding values in the order of 30dB. To characterise a micromachined composite 

matching layer, Haller and Khuri-Yakub reported a 17dB one way insertion loss for a 

Kaptonlair layer when used with a PZT5H transmitter [19]. Recently, Mattila et al 

described a two way insertion loss of approximately 46dB for the pulse-echo response 

from a 50kHz electrostatic transducer with a v-grooved backplate [42]. Unfortunately, 

these applications of insertion loss differ and there appears to be no standard 

measurement technique for both two way and one way insertion loss. The well known 

microwave theory relates the decibel ratio of the maximum available power from the 

excitation source to the power delivered into a matched load [110]. This approach was 

employed by Selfridge [111] for comparison of array transducers in ultrasonic imaging. 

Since the transducers were designed to operate into 50U, this definition of two way 

insertion loss is appropriate. However in many applications the ultrasonic transducers 

are interfaced quite differently and moreover, maximum voltage reception sensitivity is 

obtained under open circuit conditions [109]. For the purpose of this work the following 

definition is used to describe the two way insertion loss. 

VR IL=2010g lO(_) 

VI 
(3.7) 

where V R is the electrical voltage generated by the receiving transducer into a 1 MU load 

and VI is the voltage produced by the electrical source across a similar load. In practice 

VR was measured using an oscilloscope of sufficiently high input impedance (IMU in 

parallel with 20pF) that is known to approximate closely to an open circuit for the 

transducers under consideration [109]. 

75 



The two way system insertion loss across a fixed airgap, under both narrowband and 

wideband excitation, has been evaluated using the best transducers from the experiments 

in Section 3.6.1. Narrowband excitation utilised a 20 cycle tone burst (lOV peak to 

peak) and the transmission frequency adjusted to achieve maximum response. Whereas, 

wideband conditions were generated using the pulser unit (240V differentiated step 

function). In both situations, the receiving transducer has been connected directly into 

an oscilloscope. For these experiments, RB2.S and RBS electrostatic transducer pairs and 

C70ML/C30ML composite transducer combination were positioned 20mm apart in 

transmit-receive mode. 

The experiments described earlier in Section 3.6.2(b), 'Through-Transmission 

Performance', have been utilised to evaluate the narrowband insertion loss 

characteristics, as shown in Figures 3.17(a) - (c). Insertion losses of SO.8dB, S7.2dB and 

26.3dB were measured for the RB2.S and RBS.O electrostatic pairs and the composite 

pair respectively. The corresponding insertion losses measured under conditions of 

wideband excitation were 74.4dB, 81.8dB and 61.3dB supporting the narrowband results 

and again reflecting the sensitivity gain afforded by the composite transducers. The 

experimentally acquired through transmission wideband responses are shown in Figures 

3.18(a) - (c), for the 2.S~ and 5.0~ electrostatic and composite pairs respectively. 

However, it should be noted the difference in bandwidth exhibited by each transduction 

system, where the wideband characteristic of the electrostatic transducer is clearly 

evident from these Figures. 
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Figure 3.18(a) 

Figure 3.18(b) 

Figure 3.18(c) 
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3.8 Conclusions 

This Chapter has attempted to assess and quantify the performance of different ultrasonic 

transducers when operating in the air environment at frequencies around 500kHz. The 

influence of air as a propagation medium has been discussed and good agreement 

obtained between theory and experiment for both PVDF and piezocomposite transducers. 

For operation in this frequency regime, it is shown that a properly configured PVDF 

transmitter approximates well to a wideband source, producing reliable and repeatable 

results for near range calibration purposes. Interestingly, the PVDF membrane 

hydrophone, although calibrated initially for use in water, may be applied directly to the 

air environment, provided that the electrical loading is maintained within certain bounds. 

Under these conditions, the hydrophone may be used to give quantitative information 

on through air transmission performance, although SNR is reduced when compared to 

the water coupled situation. The extent of this reduction is due entirely to the transmitter 

properties and the influence of attenuation within the air channel. 

An experimental comparison of two different transducer technologies has also been 

conducted. This involved piezocomposite and electrostatic transducers of identical 

dimensions and operating under similar conditions. It should be noted that no attempt 

was made to optimise any particular transducer configuration and both types of devices 

may be subject to improvement. The results indicate that the best sensitivity figures are 

obtained for piezocomposite transducers, under narrowband operating conditions. 

However, it is considered unlikely that standard piezocomposite designs will ever match 

the sensitivity-bandwidth product figures of electrostatic transducers. Importantly, new 

developments in micro-machined design of electrostatic devices will also provide a 

significant cost benefit in terms of manufacture. Although techniques such as injection 

moulding will reduce the volume cost of piezocomposites in the medium term, 

electrostatic transducers may well have a distinct competitive edge. 
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CHAPTER 4 
A THEORETICAL EVALUATION OF 1-3 

CONNECTIVITY COMPOSITE TRANSDUCERS 

ABSTRACT 

A combination of theoretical modelling and experimental analysis is used to predict and 

assess the performance of 1-3 composite transducers for operation in an air-coupled 

environment. Specifically, finite element analysis, supported by linear systems 

modelling, is employed to evaluate transmission and reception characteristics over the 

complete volume fraction range, for operating frequencies in the region of 500kHz, and 

the theory confirmed using the novel experimental techniques described in Chapter 3. 

The theoretical approach is then extended to assess the influence of mechanical matching 

and backing on transducer sensitivity and bandwidth, with a view towards verifying the 

models for more practical arrangements. Throughout, the influence of air propagation 

is included in the simulation approach and highlighted where this factor is significant. 

Generally, the finite element technique is shown to agree well with, and hence confirm, 

the linear systems approach. Where this is not the case, the former is used as the 

benchmark for experimental comparisons. 
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4.1 INTRODUCTION 

The characterisation process, described in Chapter 3, indicated that 1-3 connectivity 

piezocomposite transducers have significant potential for airborne applications. The 

range of composite transducers utilised in this process were not necessarily designed to 

operate in air. Therefore, an evaluation of 1-3 connectivity composite transducer for 

airborne operation could facilitate improved transducer designs. 

As demonstrated in Chapter 3 excellent results can be achieved through uni-dimensional 

modelling techniques, provided that the composite vibrates uniformly in the thickness 

or height dimension, behaving as an effective homogeneous medium. This approach has 

been employed to assist with the design of a prototype through transmission scanning 

system, for operation in air [60]. For composite devices exhibiting multi-modal 

behaviour, the introduction of finite element analysis (FEA) has enabled detailed 

investigation into the transducer microstructure [84,87]. Consequently, FEA has been 

utilised to investigate design criteria to promote uni-modal operation through the 

application of maximum pillar aspect ratio guidelines [87], and enhance the 

electromechanical coupling coefficient through appropriate choice of ceramic rod shape 

and distribution [84,87] and polymer filler material [112]. 

A dual approach has been chosen for the theoretical evaluation of 1-3 composite 

transducers in through-air applications. The linear systems model of the transducer 

system [85], described in Appendix B, permits convenient simulation of transducer 

structure (including backing and matching), electrical loading and the influence of air 

propagation for both transmission and reception. For those situations incompatible with 

a 1-0 approximation, a finite element approach is employed. The commercially available 

ANSYS code [113] is used to perform a harmonic analysis of composite behaviour in 

the air environment. This analysis involves the calculation of surface pressure at discrete 

frequency steps with the excitation signal delivered from an ideal voltage generator. For 

the theoretical results shown here, both models are used over the complete volume 

fraction range. 
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4.2 FINITE ELEMENT ANALYSIS 

The finite element analysis work presented in this Thesis has utilised a software library 

of routines in the form of a simplified interface to the ANSYS code. A detailed 

discussion of these programs has been presented by Bennett [114], where the objective 

was to develop a transparent environment where the ANSYS code could be utilised by 

users possessing a minimum knowledge base in PEA. Therefore, this Thesis will not 

examine the fundamental operation of the fmite element code, but will apply the models 

developed by Bennett to investigate the different aspects of behaviour of 1-3 composite, 

air transducer structures. The approach developed by Hossack and Hayward [84], for the 

analysis of transmission and reception transducer performance, has been extended by 

Bennett to incorporate mechanical matching and damping conditions, under both air and 

fluid loading. A description of the necessary input and output information required for 

this modelling environment is provided in Appendix D. Here, only the relevant aspects 

of the FEA modelling technique will be discussed. 

Finite element analysis considers the structure under investigation to be an assembly of 

discrete elements, connected together at a finite number of nodes. The solution is formed 

from the summation of the interaction between elements in the structure, where each set 

of elements is considered small enough to enable their behaviour to be assumed to be 

linear. The overall behaviour of the structure is determined from the collective 

contribution of each set of elements. Within the ANSYS code, a multi-field solid 

element and a standard isotropic solid element are employed to model the piezoelectric 

ceramic and inactive polymer phases, respectively. These are both 8 node brick elements 

in which three-dimensional nodal displacements are the degrees of freedom for the 

system. Additionally, each node of the multi-field elements has voltage as the degree of 

freedom. Within the ANSYS code it is assumed that the device operates into a vacuum. 

Therefore no addition loading mechanism is required because the specific acoustic 

impedance of air is close to that of a vacuum, when compared to the relatively high 

specific acoustic impedance of a composite transducer. Also, the implementation for the 

finite element technique incorporates ideal impulsive stimulation conditions, as the 
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ANSYS code cannot readily incorporate accurately the actual electrical stimulation 

circuitry. 

The size of the structure to be modelled is constrained by the available computer 

memory and determines the processing time required. As a consequence, the analysis 

of the full transducer structure is only undertaken when a detailed investigation is 

necessary, for example to determine the influence of plate modes. Hence, only a portion 

of the composite will be modelled. For this work the composite transducer comprises 

of square section ceramic pillars embedded periodically in the polymer phase and 

includes the application of mechanical matching and/or damping. Therefore, the quarter 

symmetry section, shown in Figure 4.1 , is sufficient to analyse the modal behaviour of 

the composite transducer. 

TopVmw 

Passive 
Polymer 
Phase 

Quarter Symmetry 
Section Analysed 

"" Squm./ 
Piezoceramic 

Pillar 

SIDEVmw 

Passive 
Polymer 
Phase 

Figure 4.1 Quarter symmetry section employed by FEA 

The behaviour of the piezocomposite can be described by different output parameters 

that are generated from the finite element analysis. As the behaviour of the transducer 

is required over a band of frequencies and losses in each component are important, 

harmonic analysis was used. The analysis produces the complex charge, Q(ro) , as a 
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reaction to the input voltage, V(m), allowing the electrical impedance, 2-/..m) , to be 

calculated as: 

" V(m)A t Zr<m) = -,,::---­
jmQ(m)Aexp 

(4.1) 

where At and Aexp are the areas of the modelled and physical transducer respectively. 

With 1-3 piezocomposites, the displacement across the surface is not constant as the 

ceramic rods will generally displace with a slightly greater amplitude than the polymer 

matrix. An indicator of these phenomena is dilation quality, Qdil' which is defined as: 

(4.2) 

where Ai is the area surrounding the node i which is one of N nodes; Di(m) is the 

complex nodal displacement at the node i; and IDmax(m) I is the maximum nodal 

displacement on the surface of the transducer. Qdil factors approaching unity indicate 

uniform surface dilation of both phases and confirm that the composite is operating as 

an effective homogeneous medium. 

The current through the composite structure can be determined from the FEA predicted 

charge held on the device and since the input voltage is known, the electrical impedance 

may be calculated at every frequency step. This enables the resonant frequencies of the 

device to be obtained. The electromechanical coupling coefficient, k" of a particular 

mode may be evaluated, as in Equation 3.2, from its impedance minimum, fm' and 

impedance maximum, f". 

The transducer can be operated in two possible modes: transmission or reception. Under 

transmission conditions, the complex input voltage, V jn(ro) , generates the complex 

average output pressure, p ou,(oo) , across the front face of the transducer giving the 
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transmit sensitivity, Sr/.ro), as: 

(4.3) 

The receive sensitivity, Sdro), has a similar definition: 

(4.4) 

Here Vour(ro) is the complex output voltage generated by the complex pressure, Pin(Q» 

impinging on the whole front surface of the transducer. 

The output pressure, pj(ro), at node i can be calculated from the surface displacement, 

(4.5) 

where ZL is the specific acoustic impedance of the load, 400 Rayl for air. 

ANSYS requires specific material parameters to analyse the behaviour of a piezoelectric 

structure. For its application to 1-3 composites, the piezoceramic elements require 

density, dielectric constants, elastic co-efficient matrix and piezoceramic matrix to be 

defined, whereas the polymer phase requires the definition of density, Young's modulus 

and Poisson's Ratio. The combination of these material parameters and the device 

geometry enable the fmite element package to construct the matrices necessary for the 

computational stage of the analysis. Details of all material properties included with the 

modelling are presented in Appendix A. 
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4.3 THE EXPERIMENTAL ApPROACH 

4.3.1 Experimental Arrangement 

This section describes the adopted approach, through which experimental verification of 

the modelling techniques was achieved. Wideband transducer performance was examined 

under transmission, reception and pitch-catch modes of operation, in an effort to obtain 

the impulse response. In practice this involves approximating the true impulse response 

owing to the bandlimited nature of the drive and receive electronics and the propagation 

medium, as described in Chapter 3. Since the transducers under investigation were all 

operating around 500kHz, the techniques employed in Chapter 3 to characterise air­

coupled transducers were considered appropriate. Therefore, a standard hydrophone will 

be utilised to acquire the transmission response and a wideband PVDF transducer was 

utilised to generate a wideband pressure wavelet for the receiver experiments. In all 

experiments, the transmitting device was driven by the pulser unit, described in Section 

3.3.1, and the receiver element was interfaced to a high gain pre-amplifier (90dB) with 

an input resistance of lMO and a -3dB bandwidth of 6MHz. It may be noted that all of 

the circuit parameters, including cabling, were incorporated within the linear systems 

model. Although, the finite element code only produced the ideal transducer impulse 

response, for reasons stated previously, this was not expected to constitute a significant 

problem. 

As stated in Section 2.4, it was necessary to perform all experiments in a constrained 

environment to ensure consistency with respect to air attenuation [3]. Where necessary, 

the influence of airborne attenuation, Equation 3.3, was used to facilitate comparison 

between theoretical and experimental data. 

4.3.2 Composite Transducer Manufacture 

Selection of constituent materials for the composites was made on the basis of 

availability and consistency, ease of manufacture and accurate documentation of 

parameters for simulation purposes. Consequently, PZT5A ceramic and a relatively stiff 

polymer, CY1301IHY1300 were chosen, although it was recognised that both materials 

85 



may be sub-optimal with respect to through-air operation. Details of the parameters 

utilised for these materials can be found in Appendix A. A range of transducers were 

constructed using the manufacturing process described in Section 2.2.4. At a later stage 

a perspex backing block and different matching layers were added to the transducer 

structure, with a view towards verifying the finite element code for more practical 

arrangements. 

Each transducer comprised a square slab of dimensions 12.5mm x 12.5mm and the 

principal properties are summarised in Table 4.1, where Im and In are defined as the 

fundamental electrical (impedance minimum) and mechanical (impedance maximum) 

frequencies respectively. The ceramic pillar aspect ratio (width to height) is critical and 

must be sufficiently low to minimise the influence of inter-pillar resonances and promote 

homogeneous operation in the thickness dimension [87]. Unfortunately this constraint 

was difficult to meet at the lower volume fractions using available slicing equipment and 

moreover, exact uniformity in transducer centre frequency was not achieved. However 

the maximum variation of 6% across the volume fraction range was not expected to 

constitute a problem for experimental evaluation and in any case, all relevant composite 

dimensions and materials constants were included within the finite element analysis. 

volume 10% 20% 30% 40% 50% 60% 70% 80% 90% 
fraction 

height(mm) 2.56 2.73 2.80 2.82 2.77 2.82 2.78 2.77 2.78 

aspect ratio 0.19 0.09 0.10 0.14 0.19 0.26 0.40 0.47 0.89 

fm (kHz) 569 559 553 567 568 583 591 592 593 

/,. (kHz) 610 627 630 654 662 692 700 705 660 

k, 0.394 0.491 0.518 0.537 0.553 0.586 0.575 0.582 0.476 

Static (pP) 46.9 87.5 127.8 169.1 215.1 253.2 299.1 341.9 594.6 
Capacitance 

Table 4.1: Characteristics of the manufactured range of composite transducers 
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A comparison between the theoretical and experimental values for thickness mode 

coupling coefficient is shown in Figure 4.2. Although the trends are similar, it may be 

noted that measured values are approximately 10% lower across the range. At 

intermediate volume fractions (20% - 80%) this difference is caused primarily by 

depolarisation during the slicing process, while at the extremities, errors are introduced 

by lateral mode interference in the location of fm and In during the impedance analysis. 
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Figure 4.2 Comparison between simulated and experimental values for k, 

The piezoelectric transducer will operate most efficiently at fm for transmission or fn for 

reception. The impedance minimum defines the value for fm and consequently, when 

operating in transmission, the frequency for maximum current flow through the 

transducer. Subsequently, maximum charge will be realised at this frequency, which will 

result in maximum stress at the transducer faces due to the indirect piezoelectric effect. 

The mechanical thickness resonance, fn' for a piezoelectric transducer is defined by the 

transducer thickness and the longitudinal velocity of sound through the transducer 

material. Consequently, when operating in reception, the device will tend to naturally 

vibrate at this frequency. Thus it is apparent that careful consideration of both the 
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transmit and receive elements for the design of an air-coupled NDE system will be 

required to maximise system efficiency. The influence of these two parameters on the 

overall transducer system performance will be highlighted later in this Chapter. 

A final point of note concerns the form of pulser used for transducer excitation. This 

involves deposition of a quantity of charge on the transducer electrodes from a blocking 

capacitor [102]. Since there is a considerable variation in transducer static capacitance 

(46.9pF at 10% to 594.6pF at 90%), it was important to ensure that each device was 

subject to uniform excitation. Practically, this was achieved by maintaining a ratio of 

10:1 with respect to blocking and transducer capacitance respectively. 
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4.4 EXPERIMENTAL RESULTS 

4.4.1 Introduction 

In the following analysis, the prediction capabilities of both modelling techniques for 

the manufactured range of 1-3 piezocomposite transducers will be evaluated for 

transmission, reception and pitch-catch performance. This process will include the 

application of fixed mechanical matching and damping over the range, in addition to a 

comparison on the influence of several matching layer combinations to one device. This 

section is intended to substantiate the application of both modelling approaches and is 

not to be perceived as a definitive solution. Once validated, these techniques can be 

employed for evaluation of improved transducer designs for through-air operation. 

It should be noted that owing to the very different implementations for the finite element 

and linear systems models and the fact that ANSYS cannot readily incorporate 

accurately the actual electrical stimulation circuitry, all results are presented in 

normalised form, where the peak response (over the volume fraction range) was used 

to normalise the range of results for each data set. 

4.4.2 Impedance Profile 

The initial stage in the experimental program was to ensure that modelling techniques 

employed have the capacity to predict the impedance profiles for the range of 

manufactured composite devices, detailed in Table 4.1. To demonstrate the effectiveness 

of each modelling approach, two composite transducer configurations are illustrated : 

the multi-modal nature of the 90% composite and the 40% transducer, with a Silicone 

Rubber matching layer bonded to the front face. 

The ability of the finite element analysis to successfully predict multi-modal behaviour 

in a 1-3 piezocomposite transducer is illustrated in Figure 4.3, for the 90% device. The 

linear systems model will always estimate uni-modal performance for the transducer, but 

the PEA predicted the two main resonances with good accuracy being observed. From 

89 



the Figure it can be seen that the fundamental thickness resonance occurs at 660kHz, 

with the first lateral resonance, at 760kHz, impinging upon this resonance. The close 

proximity of these two vibrational modes can be attributed to the aspect ratio (0.89) for 

the 90% composite lying outwith the maximum pillar aspect ratio (MP AR) criteria 

(0.55) described by Hayward and Bennett [87]. The experimental profile depicts two 

smaller resonances at around 500kHz and 575kHz, these represent plate modes within 

the device. By modelling the entire transducer structure, the finite element approach has 

predicted the occurrence of these modes within the device to a reasonable degree. 
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Figure 4.3 Impedance profile for the 90% composite transducer 

The impedance profile for the 40% composite transducer, including a 0.43mm thick 

Silicone Rubber matching layer, is presented in Figure 4.4. Here, the composite 

transducer is operating as a thickness mode device, with the aspect ratio for the 40% 

transducer below the MP AR guidelines of 0.3 [87]. Consequently, both modelling 

techniques have successfully predicted both resonances present in the device. The Figure 

depicts two resonances associated with this device, the fundamental resonance is that of 

the actual composite transducer at 630kHz and a second mode at 450kHz which 

corresponds to the combined transducer and matching layer resonance. 
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Figure 4.4 Impedance profile for 40% composite, including a silicone rubber 
matching layer 

4.4.3 Transmission Analysis 

Normalised transmission levels for the elementary composites (Le. no matching or 

backing) are outlined in Figure 4.5, from which good agreement between theory and 

experiment may be observed. It is evident that 50% to 70% composites possess the best 

drive performance as a result of the inevitable compromise between coupling coefficient, 

electrical permittivity and acoustic matching to air. 

The experiments were then repeated with the addition of a silicone rubber matching 

layer at the front face of each transducer. The matching layer possesses an specific 

acoustic impedance of 1.05MRayls and a thickness of 0.43mm was selected to provide 

quarter wavelength matching at a frequency of 575kHz, corresponding to the mean of 

the transducer range. For the relatively wideband conditions, this was considered to 

approximate uniform matching across the transducer range. The results are shown in 

Figure 4.6 and again there is reasonable agreement between theory and experiment. A 

comparison with Figure 4.5 indicates that the peak. response has been shifted slightly up 

the volume fraction range, as a consequence of silicone rubber providing improved 

acoustic matching at higher volume fraction. Interestingly, for the 70% composite, a 

12dB improvement was recorded by inclusion of the matching layer. 
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Figure 4.6 1-3 Composite, plus matching layer, transmission performance 
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A perspex backing block was then bonded to the rear face of each transducer, providing 

a variable level of damping across the range. At 10% the backing provides 50% 

damping, while at 90% it is approximately 10% and a corresponding reduction in 

transducer bandwidth is to be expected. The results are shown in Figure 4.7(a), with 

similar trend as before although the peak response at 70% has been reduced by 6dB. 

Figure 4.7(b) illustrates the variation in -3dB bandwidth expressed as a percentage of 

the transducer centre frequency. The damping example presented here has discriminated 

against the higher volume fraction devices, but the intention is to illustrate the validity 

of the modelling approaches not to define an optimum level of damping. 

Good agreement was observed between theory and experiment in all cases, with the 

linear systems model providing an adequate prediction of the trends. Here, the finite 

element results agree more closely with the experimental data, despite excluding the 

actual electrical loading. For both modelling techniques, the frequency spectra were 

modified to include attenuation of air, according to Equation 3.3. 
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4.4.4 Reception Analysis 

Figure 4.8 shows the variation in reception impulse response for the elementary 

transducers. Since the aspect ratio for the 10% composite is too high for homogeneous 

operation, the linear systems data has been normalised to the 20% composite, providing 

good agreement between theory and experiment over the remainder of the range. 

However, the finite element data and experimental results are in good agreement across 

the entire range, indicating maximum sensitivity at 20% volume fraction. Interestingly, 

the sub-optimal behaviour of the 10% device has been predicted well by the finite 

element model. For completeness, Figure 4.8 shows the finite element results for optimal 

pillar dimensions, where the maximum pillar aspect ratio (MP AR) compatible with 

homogeneous operation [87] has been used. These results have been normalised to the 

predicted performance for the 20% transducer and better agreement with the linear 

system approach is evident. 
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Figure 4.8 Wideband 1-3 piezocomposite reception sensitivity 
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Owing to the multi-modal behaviour of the experimental 10% composite, the linear 

systems model was restricted to the range 20% to 90%, for evaluation of mechanical 

matching and damping in reception. Figure 4.9 illustrates the influence of adding a 

silicon rubber matching layer and due to this sub-optimal matching, the peak response 

has been shifted to 40% with a 6dB gain over the unmatched composite at 30% volume 

fraction. Good agreement is observed between theory and experiment, particularly for 

the finite element data. Corresponding results for a perspex backing block are shown in 

Figures 4.1O(a) and 4.10(b). As previously discussed in the damped transmission 

experiment, Section 4.4.3, the level of damping is varied across the volume fraction 

range. The expected reduction in bandwidth is again obtained, with a corresponding 

increase in reception sensitivity due the more narrowband nature at higher volume 

fractions. At 30% a 4db reduction is sensitivity was recorded over the unbacked case. 
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4.4.5 Application of Mechanical Matching Layers 

The introduction of matching layer(s) to the front face of an air-coupled 1-3 connectivity 

piezocomposite transducer was investigated using the materials described in Table 4.2, 

where their properties have been calculated from velocity and density measurements. A 

detailed description of the parameters utilised for these materials can be found in 

Appendix A. The 40% composite transducer was utilised to validate simulation data 

under these conditions for both transmission and reception. The thickness of each 

material was designed to approximate quarter wavelength conditions at 610kHz, which 

represents a compromise between Im and In for this device. In addition to using each 

material as a single matching layer, a silicone rubber/perpsex matching layer 

combination was examined. The transducer construction for a two matching layer system 

is illustrated in Figure 2.5. Figures 4. 11 (a) and 4.11(b) present this analysis, for 

transmission and reception respectively, in which the results from each individual 

structure have been normalised to the performance of the unmatched case, indicated by 

NOML. Good correlation between theory and experiment may be observed. It should 

be noted that, in the transmission experiment, the single silicone rubber layer has 

outperformed the double matching layer condition, as a consequence of the sub-optimal 

thickness of each layer. As stated in the Introduction, Section 4.4.1, the purpose of this 

evaluation is to validate the application of the modelling approaches and not as a 

definitive solution. 

Material Mnemonic Thickness Specific Acoustic Impedance 

Perspex PX 1.14mm 3.2MRayls 

CY1301-HY1300 HS 1.03mm 2.9MRayls 

CY208-HY9S6 SS 0.77mm 2.2MRayls 

Silicone Rubber SR 0.41mm 1.0SMRayls 

Table 4.2 : Matching layer materials selected for experimental analysis 
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4.5 OPTIMISATION OF COMPOSITE SYSTEM DESIGN 

4.5.1 Introduction 

Section 4.4 experimentally verified the application of both finite element and linear 

systems modelling techniques for evaluation of air-coupled 1-3 connectivity composite 

transducers. The FEA has performed well across the entire volume fraction range, 

including analysis incorporating mechanical matching and damping conditions. Although, 

the linear systems model produced an inaccurate result for the manufactured 10% 

composite, it has performed satisfactorily. In this section, the finite element model will 

be used to evaluate constituent materials, optimal volume fractions in transmission, 

reception and pitch-catch and practical solutions to the application of mechanical 

matching and damping. The linear systems model is used sparingly to enable clarity in 

the Figures. 

4.5.2 Constituent Material Selection 

For a 1-3 piezocomposite, the active piezoceramic material should possess high 

permittivity and k33' both of which are found in the Lead Zirconate Titanate (PZT) 

ceramics. For the purpose of this investigation both PZTSA and PZTSH are utilised. 

Only two passive materials have been chosen to represent a variation in the polymer 

filler material properties corresponding to hard set (CIBA-GEIGY CY 130l1HY 13(0) and 

soft set (CIBA-GEIGY CY2081HY956) epoxies. These material were considered 

adequate to provide a reasonable selection of potential piezocomposite transducers for 

air applications. Details of the material parameters included in the analysis can be found 

in Appendix A. In all FEA simulations, the maximum pillar aspect ratio compatible with 

homogeneous operation [87] has been used as detailed in Table 4.3. 

The material combinations were simulated to evaluate both transmission and reception 

performance, where the transducers were assumed to operate at 500kHz and designed 

to promote uni-modal, homogeneous operation. Figures 4.l2(a) and 4. 1 2 (b) illustrate the 

finite element analysis results in transmission and reception, respectively. In 

transmission, the higher permittivity of PZT5H produces a composite with a greater 
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drive performance, whereas in reception, PZT5A exhibits the better characteristics. In 

both modes of operation, the lower damping in the hard set epoxy yields superior 

sensitivity, although at the expense of bandwidth. Hence, a 50% - 70% PZT5H1hard set 

composite transmitter and a 10% - 30% PZT5A1hard set composite receiver represent 

the best composite selections from the range of materials. 

ceramic 
volume 
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Table 4.3 

PZT5A1 PZT5A1 PZT5H1 PZT5H1 
Hard set Soft set Hard set Soft set 

height aspect height aspect height aspect height aspect 
(mm) ratio (mm) ratio (mm) ratio (mm) ratio 

2.65 0.05 2.2 0.06 2.625 0.05 2.16 0.06 

2.775 0.09 2.45 0.10 2.73 0.09 2.41 0.10 

2.83 0.09 2.6 0.10 2.8 0.10 2.55 0.10 

2.89 0.13 2.7 0.14 2.85 0.13 2.65 0.14 

2.925 0.18 2.775 0.19 2.9 0.18 2.725 0.19 

2.975 0.25 2.83 0.27 2.935 0.26 2.775 0.27 

3.01 0.37 2.85 0.40 2.985 0.38 2.82 0.40 

3.1 0.46 2.925 0.49 3.085 0.47 2.88 0.50 

3.05 0.53 2.635 0.55 3.05 0.53 2.88 0.55 

3.13 0.04 3.05 0.05 3.2 0.04 3.1 0.04 

3.425 0.07 3.35 0.07 3.5 0.07 3.45 0.07 

3.58 0.07 3.5 0.08 3.685 0.07 3.6 0.07 

3.68 0.10 3.635 0.10 3.8 0.10 3.75 0.10 

3.75 0.14 3.7 0.14 3.885 0.14 3.85 0.14 

3.8 0.20 3.775 0.20 3.95 0.19 3.9 0.19 

3.85 0.29 3.825 0.29 4.0 0.28 3.98 0.28 

3.93 0.37 3.9 0.37 4.085 0.35 4.05 0.36 

3.9 0.51 3.925 0.50 4.075 0.48 4.1 0.48 

Simulated composite transducer dimensions for 500kHz operating 
frequency 
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For transmission and reception on separate transducers it is important to realise that 

under the stated electrical load conditions, peak transmission occurs at fm' while 

maximum reception sensitivity atfn [77]. For efficient composites those frequencies are 

relatively widely separated and since the transducers in air are inherently narrowband, 

maximisation of pitch-catch sensitivity requires careful alignment of these frequencies. 

That is, fm of the transmitter should ideally coincide with fn of the receiver. This is 

demonstrated through a comparison between two differing transducer systems, as 

illustrated in Figure 4.13, where the system performance for a selection of transducer 

pairs operating in either pitch-catch or pulse-echo are shown. Here pitch-catch operation 

employs frequency matching, whereas pulse-echo utilises the same transducer parameters 

for both the transmitter and receiver. Here, 'pc62' on the horizontal axis corresponds 

to a frequency matched 60% transmitter and a 20% receiver combination, while 'pe3' 

represents two identical 30% composites. The simulation selected the best transmission 

and reception devices from Figures 4.12(a) and 4.12(b) in the pitch-catch case and 

intermediate volume fractions as in the pulse-echo configuration. Under the frequency 

matched conditions for a 60% PZTSH/hard set transmitter and a 20% PZT5A1hard set 

receiver, the finite element analysis has predicted a 30dB improvement over the 30% 

PZTSAlhard set transducer pair. 
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Figure 4.13 Simulated composite transducer system performance 
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4.5.3 Mechanical Matching Layers 

The materials described in Table 4.4, in addition to a selection of the materials from 

Table 4.2, have been evaluated in a variety of matching layer combinations to assess the 

improvement in transducer performance for a 60% PZT5H1hard set composite transmitter 

and a 20% PZT5Nhard set receiver, under quarter wavelength conditions. Properties for 

materials 1 and 2 in Table 4.4 were extracted from Selfridge [115], while those for 

material 3 [116] were calculated from density and velocity measurements. Data for 

materials 4 and 5 were calculated using standard theory. A detailed description of the 

material parameters utilised can be found in Appendix A. The matching layer 

configurations were designed using Equation 2.1. For double matching layers, the 

specific acoustic impedance of the outer layer, either silicone rubber or membrane filter, 

has been substituted for ZA to provide a practical matching configuration. 

Material Mnemonic Thickness Specific Acoustic Impedance 

Tracon 401ST TR 1.485mm 4.81MRayls 

Epon EP 1.415mm 3.4MRayls 

Membrane Filter MP O.625mm O.5125MRayls 

Optimum #1 01 O.25mm O.09MRayls 

Optimum #2 02 O.225mm O.077MRayls 

Table 4.4: Additional matching layer materials employed in simulation 

Figures 4.14(a) and 4.14(b) show the predicted improvement for the transmitter and 

receiver, respectively, normalised to the unmatched case, indicated by NOML. For both 

the transmitter and receiver, the optimum single matching layer case, 01 and 02 

respectively, has been included to assess the relative pedormance of the practical 

matching layers. The best non-optimum configuration, perspex/membrane filter, is 

approximately 4dB below the optimum single layer case. Although this combination has 

been predicted to increase performance by approximately 10% over the single membrane 

filter layer, it is straightforward to demonstrate that the relative increase in transducer 

efficiency decreases as the number of layers in a multi-layer configuration increases [9]. 

Consequently, the improvement in pedormance predicted for the perspex/membrane 
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filter combination (16dB in transmission and 15dB in reception), over the unmatched 

case, is considered to represent a reasonable practical matching layer configuration. 
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4.5.4 Mechanical Damping 

System resolution can be improved by applying mechanical damping, to the transducer 

rear face, to reduce reverberation within the transducer and consequently increase 

bandwidth. For the purposes of these simulations half and full damping conditions 

correspond to the specific acoustic impedance of the backing material being equal to 

50% or 100% of the transducer impedance respectively. Figure 4.15(a) and 4.15(b) 

demonstrate the bandwidth and performance characteristics, predicted for a pitch-catch 

system under both damping conditions. It is assumed that both the transmitting and 

receiving transducers have the same volume fraction and are frequency matched. Almost 

75% bandwidth has been realised with full damping, but the corresponding sensitivity 

at 20% is 17dB down compared to the undamped case over the volume fraction range. 

Clearly, the half damping conditions conform to a compromise between the undamped 

and fully damped cases, where approximately 45% bandwidth can be realised but with 

a 14.2dB reduction in performance, at 20% volume fraction. 
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4.6 CONCLUSIONS 

A dual modelling strategy has been evaluated to assess the performance of air-coupled 

1-3 connectivity piezocomposite transducers. The finite element approach performs well 

across the entire volume fraction range, including analysis incorporating mechanical 

matching and damping conditions. The linear systems technique is also satisfactory, but 

requires that the composite behaves as an effective homogeneous medium, necessitating 

conformity with pillar aspect ratio constraints. The major benefit of the uni-dimensional 

approach is the ability to analyse the problem with a considerably shorter process time. 

This indicates that the PEA should not be used to the exclusion of the linear systems 

model, but rather a dual modelling strategy is possible for the design of 1-3 

piezocomposite transducer systems. 

These models predict that a 50% - 70% composite transmitter and 10% - 30% receiver 

comprise the basic elements of a through air transducer system. The best transmit 

performance is as a result of the compromise between the improved acoustic impedance 

matching as the ceramic volume fraction is reduced and the high coupling efficient and 

permittivity associated with high volume fraction devices. Whereas, in reception the low 

acoustic impedance associated with the low volume fraction devices is the overriding 

factor to establish the optimum transducer configuration. A double matching layer 

combination of perspex and a microporous membrane filter is estimated to enhance 

transducer performance by 16dB. Frequency matching of transmitter and receiver 

permits a sensitivity improvement of 30dB under narrowband conditions. Although 

wideband operation is achievable by rear face (75%) damping of the composite 

consequent pulse-echo sensitivity is reduced by 17dB. This is significant because air is 

an inherently poor medium for the propagation of ultrasound. 
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CHAPTER 5 
Improving the Bandwidth of 1-3 

Connectivity Composite Receivers 

using Mode Coupling 

ABSTRACT 

System resolution can be improved by applying mechanical damping to the transducer 

to reduce reverberation within the device and consequently increase its bandwidth. 

Modelling predicts an improvement in transducer bandwidth, under the influence of 

mechanical damping, although system sensitivity is severly reduced to produce a desired 

wideband response. Therefore an alternative approach is suggested, utilising the strong 

coupling between the fundamental thickness mode and the first lateral resonance in a 1-3 

piezocomposite. Conventional composite transducer design requires adequate decoupling 

between these modes to produce a composite which will behave as a homogeneous 

medium and possess a good electromechanical coupling efficiency and a high surface 

dilation qUality. However, if a high system bandwidth is desired, then the strong 

coupling of these modes can be utilised, but this is achieved at the expense of 

electromechanical coupling efficiency and surface dilation quality. Finite element 

modelling techniques are employed to evaluate the influence of mode coupling on 

composite receiver bandwidth, under water loading. The theory was then extended to 

incorporate air-coupled composite transducer designs. This technique is particularly 

relevant to airborne detectors as reasonable system sensitivity is maintained in 

conjunction with a significant improvement in bandwidth. Finally, the air-coupled 

performance of a laterally-coupled composite receiver is shown to compare favourably 

with both a thickness mode composite and an electrostatic transducer. 
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5.1 INTRODUCTION 

The resonant modes of vibration within 1-3 connectivity composite transducers are of 

significant interest for the transducer design engineer. As a result of the regular 

periodicity of the piezoceramic pillars within this structure, a number of mechanisms 

exist to support several vibrational modes and hence, the design process becomes more 

complex. Figure 5.1 depicts a hierarchial representation of the main resonance 

mechanisms within a 1-3 connectivity piezocomposite structure. 

1-3 Connectivity Pier.OCOlllporite 7'ranstlucer 

Laten1lle1ollllDee8 

I 

Figure 5.1 Hierarchial representation of vibrational resonance within a 1-3 
piezocomposite transducer 

The fundamental thickness mode of a composite transducer is a result of the finite 

thickness of the device and the longitudinal speed of sound within the structure. Further 

thickness mode resonances occur at the odd harmonics of the fundamental, although 

with reduced coupling as the mechanical damping increases with frequency. Lateral 

resonances are identified as mechanical motion in directions 1 and 2, after excitation in 

the 3 direction, using the axis convention illustrated on page (xii). The three 

classifications of lateral vibrational mechanisms are width-dilational, inter-pillar and 

intra-pillar modes. Width-dilational resonances occur due to the fmite lateral dimensions 

of the transducer in the form of radial modes (disc transducers) or plate modes (plate 
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transducers). These modes do not normally constitute a design problem because the 

coupling of these modes is weak within the composite transducer as a consequence of 

the high damping associated with the polymer phase and, for many applications, their 

frequency is low compared to the fundamental thickness resonance. Inter-pillar 

resonances arise due to the periodic spacing of the piezoceramic pillars within the 

structure and are influenced by the inter-pillar spacing, the pillar shape and the shear 

velocity in the polymer phase. These vibrational modes present design problems for low 

ceramic volume fraction composites, where the frequency at which the lateral mode 

occurs can interfere with the fundamental operating frequency. Intra-pillar resonances 

are as a consequence of the finite lateral dimensions of the ceramic pillars. These 

vibrational modes can constitute a design problem for high ceramic volume fraction 

devices. 

Considerable work has been reported about the resonances generated within the 1-3 

composite structure. Gururaja et al described the mechanism for each resonance mode 

observed within a composite transducer and discussed their implication for optimisation 

of transducer designs [117]. A significant proportion of the published work has focused 

on the influence of inter-pillar resonances to the design of composite transducers. In 

order for the composite transducer to operate as a thickness mode device, Smith et al 

reported that these resonant modes should occur at a frequency at least twice that of the 

desired thickness mode [83]. Auld and Wang used a theory based on Bragg scattering 

to predict the resonant frequency of the inter-pillar vibrational mode [118]. This method 

is particularly relevant to low ceramic volume fraction composite devices. Further work 

by Auld has designed the inter-pillar spacing to correspond to half the wavelength of a 

laterally propagating wave [119]. This criteria is applicable to linear array design, where 

cross coupling between elements is undesirable. Chan et al have described the mode 

coupling between the lateral and thickness resonances, as the thickness of the transducer 

was varied [120]. It was concluded, for an example composite transducer, that as the 

aspect ratio was increased there was a frequency band where strong mode coupling 

occurred and the transducer should be operated outwith this region. Investigations by 

finite element techniques into the composite transducer microstructure, by Hossack and 
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Hayward [84] and Hayward and Bennett [87], have produced a set of design guidelines 

to promote homogeneous behaviour through the application of the Maximum Pillar 

Aspect Ratio (MP AR) [87]. This principle enables a composite transducer to be designed 

with both the inter-pillar and intra-pillar resonances sufficiently removed from the 

fundamental thickness mode resonance. An alternative technique to suppress the inter­

pillar and intra-pillar modes can be achieved by constructing a distributed-period 

composite structure [121]. Here, the regular periodic distribution of the ceramic pillars 

is replaced by a distribution of pillar dimensions in which there is no dominant lateral 

resonance. A different method was proposed by Sherrit et al [122] and Oakley and 

Marsh [123] in which the polymer phase was removed to form a 1-3 ceramic-air 

composite transducer and hence, no convenient medium was available to support the 

lateral vibrational modes. These transducer designs provide enhanced acoustic impedance 

matching to low acoustic impedance media and improved electromechanical coupling 

coefficient compared to conventional PZTlhard set polymer composite transducers. 

Although, the complexity in manufacturing such a device would limit the practical 

applications. 

In the work described, the lateral resonances are viewed as parasitic modes of vibration 

and hence, effort has concentrated on the separation of these modes from the 

fundamental thickness resonance. An interesting approach, developed by Bui et al [124], 

was to design a multifrequency composite transducer which utilised both the thickness 

and lateral resonances. It was envisaged that these devices would find application in 

medical systems, where the lower frequency would be used to locate the area for 

examination and the higher frequency used to obtain a higher resolution image. 

The work presented in this Chapter will describe a novel design technique which utilises 

the inter-pillar resonance to enhance effectively the bandwidth of the composite receiver. 

As described in Section 4.5.4, when full damping conditions were applied to the rear 

face of a composite transducer a 17dB decrease in receive sensitivity was predicted 

under pulse-echo conditions. The associated large inherent losses due to operating in air 

ensures that this reduction in sensitivity would be unacceptable for any practical 
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application. The alternative approach presented here will increase the composite 

transducer bandwidth without significant degradation to the sensitivity. As the ceramic 

pillar aspect ratio is increased the coupling between the fundamental thickness mode and 

the first lateral resonance is altered. This is observed in the frequency content for these 

composite devices, where the two distinct peaks, one each for the thickness and lateral 

resonance, in the spectra move closer together as the aspect ratio increases. Under strong 

coupling conditions, when the two resonances are in close proximity, these effectively 

combine to produce a single broadband peak in the frequency spectrum. The stimulus 

for this work was to develop an air-coupled piezoelectric receiver with sufficient 

bandwidth to complement the high resolution afforded by laser generation of ultrasound. 

Hence, the work presented will concentrate on the wideband composite receiver 

problem. Results from this hybrid system on both aluminium and carbon-fibre reinforced 

composite materials are detailed in Chapter 6. 

Throughout this investigation a 20% PZT5Nhard set composite receiver has been 

utilised, in accordance with the specifications in Section 4.5.2. The design of a laterally 

coupled composite receiver was initially assessed in terms of electromechanical coupling 

efficiency and dilation quality for a composite transducer using finite element modelling. 

A constant thickness for the transducer was assumed and the ceramic pillar aspect ratio 

varied in order to estimate any deterioration in these parameters as the mode coupling 

conditions were altered. To verify the modelling approach, the fractional bandwidth was 

predicted for a range of 20% composite receivers, with aspect ratio 0.1 to 0.37, under 

both undamped and damped conditions. Favourable correlation with experimentally 

measured results was obtained. The experiment was conducted under water loading 

conditions and a PVDF transmitter, described in Section 3.3.2(a), was used to generate 

a wideband ultrasonic signal. The modelling was then extended to analyse the bandwidth 

improvement for air-coupled composite receiver designs. Consequently, a laterally­

coupled composite receiver was manufactured and its air-coupled performance observed 

to compare well with the received signal acquired by an electrostatic transducer 

operating under identical conditions. 
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5.2 BANDWIDTH CONSIDERATIONS FOR A PIEZOCOMPOSITE 

RECEIVER 

5.2.1 The Piezoelectric Receiver 

The complex electromechanical operation of a piezoelectric reception element has been 

successfully analysed using a physically meaningful block diagram format [lOO], This 

methodology is described in Appendix B and demonstrates the factors which influence 

both primary and secondary piezoelectric action. This approach facilitates a simple 

bandwidth analysis. Reverberation within the piezoelectric element is transferred into a 

ringing in the temporal response of the device, where a long time signal is synonymous 

with a narrower bandwidth. Hence, it is clear that one method to improve the bandwidth 

is to reduce the extent to which resonant activity contributes to the overall transducer 

response. This can be achieved by reducing the influence of the reverberation factors 

through reduction of the reflection coefficients at the faces of the transducer. 

5.2.2 Methods to Improve the Bandwidth of Piezoelectric Transducers 

(a) Mechanical Damping of Transducer 

The application of either mechanical backing or matching [125,126] is the conventional 

method to enhance bandwidth. Mechanical damping, to the transducer rear face, will 

reduce reverberation within the transducer and consequently increase bandwidth. This 

standard approach was adopted for the modelling work described in Chapter 4, where 

a 75% bandwidth was predicted under pulse-echo conditions, but the corresponding 

sensitivity was 17dB down compared to the undamped case. Desilets et a1 described the 

use of mechanical matching layers to improve transducer bandwidth [126]. The 

methodology used a quarter-wave matching technique to estimate the optimum acoustic 

loading impedance for broad-band matching. This approach does not yield the high 

bandwidth characteristic exhibited by mechanical damping, although good sensitivity 

performance was reported. 
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(b) 1-3 Connectivity Piezocomposite Transducers 

Alternative methods for improving the bandwidth of a 1-3 piezocomposite transducer 

have been reported using non-standard geometries for the composite structure [84]. Here, 

a composite design comprising three different ceramic pillar geometries was analysed 

using finite element modelling techniques. Each geometry produces a distinct thickness 

mode resonant peak, due to the different ceramic pillar aspect ratio. The resonant modes 

couple due to their close proximity and hence, an effective increase in system bandwidth 

is observed. This method was demonstrated to improve the transducer bandwidth, 

although it was constrained due to the deterioration of the thickness coupling coefficient 

as the ceramic pillar aspect ratio is increased. This paper also analysed a second 

approach, where a composite transducer with a non-uniform thickness was evaluated 

using finite element modelling [84]. Again an increase in transducer bandwidth was 

predicted, although the non-uniform vibrating aperture was considered to constitute a 

problem. 

(c) Predictions using Uni-Dimensional Modelling Techniques 

Chapter 4 illustrated that the linear systems modelling technique is not suitable for the 

evaluation of multi-modal transducer structures. Although, it can be used as a guide to 

optimum, thickness mode, transducer performance. Uni-dimensional modelling was used 

to estimate the air-coupled receive impulse response for a 20% PZT5Nhard set 

composite transducer under no damping, half damping (50%), and full damping (100%) 

conditions (the specific acoustic impedance of the composite is estimated at 8.6MRayl). 

The undamped transducer was designed to operate at 1.0MHz, which corresponds to a 

thickness of 1.7 5mm. The simulation utilised the wideband pressure wavelet generated 

by the PVDF transmitter, including the influence of airborne attenuation over a 20mm 

airgap, as described in Chapter 3. This signal is illustrated in Figure 3.9(b). The 

predicted receive responses are illustrated in Figure 5.2. This Figure demonstrates the 

influence of the increased damping conditions on the pulse length, where a short single 

cycle pulse has been predicted for full damping compared to over 25-cycles under no 

damping conditions. As anticipated, a reduced peak-to-peak. receive sensitivity for the 

100% damped transducer (-9.4dB) has been predicted compared to the undamped case. 
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The half damping conditions are a compromise between these two conditions, where a 

5-cyc1e pulse is predicted with a 4.1dB reduction in receive sensitivity. 
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No Backing 

5.0 10.0 15.0 20.0 25.0 30.0 
time (~s) 

Figure 5.2 Temporal receive responses for a 20% composite under various 
damping conditions, as predicted by linear systems model 
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5.3 INFLUENCE OF LATERAL MODE COUPLING 

ON COMPOSITE BEHAVIOUR 

5.3.1 Introduction 

Finite element analysis is utilised to investigate the mode coupling behaviour of 1-3 

connectivity piezocomposite transducers. A range of 20% PZT5A I hard set 

piezocomposite receivers were constructed, each with a different aspect ratio. The 

transducers were evaluated under both undamped and half damping conditions, which 

were chosen to determine the bandwidth improvement for devices with useful sensitivity 

characteristics. In order to validate the modelling approach, these transducers were 

evaluated under water load. This methodology was adopted to examine fully the 

influence of mode coupling on the transducer bandwidth. The modelling could then be 

applied to air-coupled operation, where the influence of air attenuation will be a limiting 

factor on the transducer performance. 

5.3.2 Range of Composite Transducers Constructed 

The results from Section 4.5.2 indicate that a 20% PZT5A1hard set epoxy composite 

transducer combination will operate well in reception. Hence, the range of receivers 

constructed used this configuration. The ceramic pillar width (0.22mm) and inter-pillar 

spacing (0.32mm) have been kept constant and the transducer thickness varied between 

0.6mm and 2.2mm, resulting in a spread of aspect ratios from 0.37 to 0.1, respectively. 

The manufacturing specifications were chosen to support the first lateral mode at 

approximately 2MHz. Table 5.1 describes the range of transducer constructed. The 

composite receivers were evaluated under both undamped and approximate half damping 

conditions. The damping to the transducer rear face was achieved through application 

of a 40mm thick perspex block, acoustic impedance of 3.2MRayl. The perspex was 

shaped to inhibit internal reflections within the backing block, as shown in Figure 5.3. 

This practical arrangement approximates well to half damping conditions, 4.3MRayl, for 

the 20% composite devices. Each device was housed in a water-proofed aluminium 

casmg. 
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Shaped Perspex Backing Block 

20mm 

15mm! 
.. i 

40mm 

Figure 5.3 Configuration for the shaped perspex backing block 

aspect ratio 0.1 0.l26 0.141 0.177 0.196 

thickness (mm) 2.17 1.74 1.56 1.24 1.12 

fn (MHz) 0.77 0.96 1.13 1.28 1.48 

~ 0.541 0.532 0.534 0.514 0.473 

aspect ratio 0.216 0.234 0.262 0.301 0.367 

thickness (mm) 1.02 0.94 0.84 0.73 0.61 

fn (MHz) 1.68 1.77 1.82 2.06 2.38 

le. 0.441 0.386 0.375 0.356 0.287 

Table 5.1 Properties of manufactured 20% composite transducers 
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5.3.3 Laterally-Coupled Piezocomposite Impedance Profiles 

Initially, the finite element technique has been used to predict the impedance profiles 

for both damped and undamped composite transducer arrangements. Figure 5.4(a) 

illustrates the impedance profile for the composite transducer with an aspect ratio of 

0.196. Figure 5 .4(b) presents the impedance profile for the 0.234 aspect ratio transducer, 

under perspex damped conditions. Both Figures demonstrate reasonable correlation 

between the finite element analysis and the experimentally acquired results. These 

Figures illustrate examples of lateral mode coupling, where the close proximity of both 

the fundamental thickness and inter-pillar resonance is clearly evident. 
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Figure 5.4(a) Impedance profile for the 20% composite transducer, with an aspect 
ratio 0.196 
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Figure 5.4(b) Impedance profile for a damped 20% composite transducer, with 
aspect ratio 0.234 

5.3.4 Coupling between the Fundamental Thickness and Inter-Pillar Resonances 

Hayward and Bennett [87] investigated the coupling between the fundamental resonance 

and the inter-pillar resonances, using finite element methods, in order to evaluate the 

Maximum Pillar Aspect Ratio (MP AR) conditions which will permit the composite to 

behave as a homogeneous medium. For a 20% composite device, the MPAR criteria 

ensures that the first lateral resonance is at least double the frequency of the 

fundamental thickness mode when the aspect ratio is less than 0.17. 

Using the finite element techniques described in [87], the influence of mode coupling 

upon the mechanical resonance (fJ, electromechanical coupling coefficient (kJ, 

described by Equation 3.2, and surface dilation quality (Qdi~ at the mechanical 

resonance, calculated using Equation 4.2, have been predicted. The transducer 

parameters used in this analysis were consistent with the range of undamped composites 

described in Section 5.3.2. In contrast to [87], the mechanical resonance has been chosen 

because the present work is primarily concerned with reception characteristics. The 
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results of this evaluation are shown in Figures 5.5. Reasonable correlation with 

experimental data, acquired from range of transducers described earlier, is evident 

throughout these Figures. Here, the aspect ratio has been varied between 0.1 and 0.4 

because as the aspect ratio is increased further the composite transducer exhibits several 

vibrational modes and thus, identification of the two modes of interest is difficult. 

(a) Undamped Composite Transducers 

Figure 5.5(a) illustrates the relative positions of the fundamental thickness and first 

lateral resonances. As anticipated, the frequency of the fundamental thickness mode 

increases almost linearly as the aspect ratio is increased. When these resonances are well 

separated, for aspect ratio < 0.2, the lateral resonance remains at a relatively constant 

frequency. As the aspect ratio is increased, mode coupling then forces the first lateral 

mode to a higher frequency. The influence of mode coupling on electromechanical 

coupling efficiency is demonstrated in Figure 5.5(b). Estimated values of ~, for the 

fundamental thickness resonance, can be observed to decrease as the aspect ratio 

increases. In contrast, the coupling efficiency of the lateral mode increases until this 

resonance is dominant. There is a discrepancy between the experimentally measured and 

FEA predicted crossover point, as the experimentally acquired values are lower than 

predicted, perhaps as a consequence of depolarisation during the slicing process. Finally, 

the dilation quality at the mechanical resonance is presented in Figure 5.5(c), where Qdil 

is predicted to decrease, with increasing aspect ratio, for both thickness and lateral 

resonances. In reception, this transducer can only be regarded as operating as an 

effective homogeneous medium at an aspect ratio below 0.15. Although after an aspect 

ratio of 0.3 values for Qdil increase for the lateral resonance, which coincides with the 

crossover in coupling coefficient. 
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(b) Damped Composite Transducers 
The application of mechanical damping to the rear face of the composite transducer 

results in a different relationship between the thickness and lateral resonance 

mechanisms, when compared to the undamped case illustrated in Figure 5.5(a). The 

mechanical resonances for the range of damped composite devvices are shown in Figure 

5.6, where good correlation between theory and experiment has been again been 

achieved. For an aspect ratio of 0.234, the predicted values for the fundamental 

thickness and first lateral resonances are separated by only 25kHz for the damped case, 

compared to approximately 50kHz for the undamped case. Therefore. the application of 

mechanical damping, to the rear face of the composite. has effectively brought the two 

modes closer together. There are no experimental entries for the composite transducer 

with an aspect ratio of 0.367 in this Figure. This is as a result of difficulty in positive 

identification of the relevant modes. 
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5.3.5 Experimentation under Water Load 

(a) Experimental Arrangement 

As a consequence of the high air attenuation factor and high operating frequencies, the 

modelling was evaluated under water load. A broadband pressure wave was desired to 

investigate the bandwidth of the composite receivers and the PVDF transmitter, 

described in Section 3.3.2(a), was considered appropriate. The earlier work utilised two 

pulser units to drive the PVDF transducer and the corresponding spectral and temporal 

responses, under water load, are shown in Figures 3.4 and 3.5. For the present range of 

transducers, operating under water load, either excitation method would simulate 

approximate impulse conditions. Although for the air-coupled experimentation a different 

scenario would ensue. The influence of air attenuation upon the two wideband excitation 

methods was demonstrated in Section 3.4.2 and Figures 3.8(a) and 3.9(a) illustrate the 

predicted frequency content for different air separation distances. The differentiated step 

excitation approach was chosen for the work described in Chapters 3 and 4 because the 

transducers under investigation operated between 500kHz and 1MHz. The current 

analysis will utilise transducers operating in the frequency range 500kHz to 3MHz. 

Hence, the Panametrics pulser unit will offer more appropriate excitation conditions in 

which to evaluate the bandwidth improvement for composite transducers exhibiting 

mode coupling characteristics. Under this pseudo impulsive excitation technique, the air­

coupled PVDF transmitter is estimated to operate with a centre frequency of 

approximately 1.5MHz for an airgap separation of 2Omm. 

It should be noted that the finite element code implements the electrical stimulation 

under ideal impulsive excitation conditions. 

(b) Undamped Composite Transducers 

The receive sensitivity and bandwidth for the range of transducers, prior to the 

application of mechanical damping, were acquired experimentally under water load. 

Reasonable correlation can be observed between the experimental and the corresponding 

modelled results presented in Figure 5.7. The water load introduces mechanical damping 

at the transducer front face and hence, increases the device bandwidth over an identical 
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transducer operating under air loading. It is interesting to note that the uni-dimensional 

model predicts approximately 27% bandwidth, which is close to both the FEA and 

experimental results for an aspect ratio of 0.1. As the aspect ratio is increased, the 

experimental transducer bandwidth peaks at a maximum value of 60% corresponding to 

an aspect ratio of 0.196. The corresponding receive sensitivity is 3.75dB down compared 

to the thickness-drive transducer response with an aspect ratio of 0.1. It is interesting to 

note that both the point of maximum bandwidth, for an aspect ratio of 0.2, corresponds 

closely with the region of maximum coupling in Figure 5.5(a), where the thickness and 

lateral resonances are in close proximity, and also to the coupling coefficient crossover 

point in Figure 5.5(b). In addition, the theoretically predicted point of maximum 

bandwidth occurs for an aspect ratio of 0.24 corresponds closely with the theoretical 

point of maximum coupling, as illustrated in Figure 5.5(a). 
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Figure 5.7 Bandwidth and sensitivity characteristics for 20% composite 
transducers under water loading 

(c) Damped Composite Transducers 

For this series of experiments the composite transducers were subject to mechanical 

damping, at the rear face, in the form of a shaped perspex block. Again, the receive 

sensitivity and bandwidth have been recorded and compared to theoretical predictions. 

Figure 5.8 illustrates good agreement between theory and experiment. The overall 
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characteristics shown in this Figure are similar to the results presented in Figure 5.7 for 

undamped transducers. The bandwidth for a low aspect ratio composite has increased 

to 66% compared with 31 % for the unbacked case. The experimental transducer 

bandwidth peaks at a value of 116% for an aspect ratio of 0.216 and the subsequent 

receive sensitivity is reduced by 3.25dB over a device with an aspect ratio of 0.1. In 

addition, it should be noted that the region of maximum bandwidth, aspect ratio between 

0.2 and 0.25, corresponds to the region of maximum coupling shown earlier in Figure 

5.6. 
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Figure 5.8 Bandwidth and sensitivity characteristics for 20% damped composite 
transducers under water loading 

(d) Experimental Results 

The experimentally acquired temporal signals, from the composite receivers with aspect 

ratio O.l and 0.216, are presented in Figure 5.9(a). Here, the lower operating frequency 

of the 0.1 aspect ratio device is clearly evident and the 66% bandwidth is manifest as 

the received six cycle pulse. The 0.216 aspect ratio composite has a shorter pulse length, 

as a consequence of both its higher operating frequency and wider bandwidth. This is 

illustrated in the corresponding frequency spectra, shown in Figure S.9(b). The high 

aspect ratio device has a -6dB bandwidth of 116%, centred around 2.1SMHz, whereas 

the lower aspect ratio composite has a 66% bandwdith centred around 780kHz. 
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5.4 AIR-COUPLED WIDEBAND PrnZOCOMPOSITE RECEIVER 

PERFORMANCE 

5.4.1 Introduction 

Laser generated ultrasound is the main established non-contact source of wideband 

ultrasonic energy. Corresponding optical detection of this energy requires a highly 

reflective surface, which is opposite to the requirements for optical generation. This 

consideration was discussed in Section 2.1.7, where different transducer technologies 

were presented as alternative ultrasonic receivers to optical interferometric detection [66 

- 73]. Hence, the improved bandwidth characteristics of the laterally coupled composite 

transducer could find application as a wideband air-coupled receiver to complement the 

high resolution afforded by laser generated ultrasound. Experimentally validated under 

water load, finite element modelling is now utilised to analyse the bandwidth 

improvement for air-coupled composite receivers. The results from the modelling will 

be used to construct a wideband laterally-coupled composite receiver. Initially, the 

receive characteristics of this device are compared with a thickness drive composite 

transducer (aspect ratio of 0.1). Finally, the wideband nature of the electrostatic 

transducer, described earlier in Chapter 3, will be employed to evaluate further the 

available bandwidth of the laterally-coupled composite. 

5.4.2 Finite Element Analysis under Air Load Conditions 

(a) Undamped Composite Transducers 

Earlier, Figure S.S(a) illustrated a constant separation between the mechanical resonant 

frequencies of the fundamental thickness and first lateral vibrational modes for 

increasing pillar aspect ratio in undamped 20% composite transducers. Therefore without 

the introduction of damping at either the front or rear face of the transducer, the 

composite would operate with two independent resonance mechanisms. This 

phenomenon has been predicted by PEA for the range of 20% composite transducers, 

with no mechanical damping attached, operating into an air load. Figure 5.10 illustrates 

the predicted receive sensitivity frequency spectrum for 20% composite transducers with 

aspect ratio of 0.162 and 0.303. Here, the distinct peaks in the spectra are associated 
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with the fundamental thickness and first lateral resonances. This trend was predicted for 

the variation in aspect ratio between 0.1 to 0.4. For the composites with aspect ratio 

0.162 and 0.303, their respective -6dB bandwidths are 3.7%, centred around 1.1MHz, 

and 5.8%, centred around 1.88MHz. Consequently, these devices are not considered to 

possess adequate bandwidth for application as wideband air-coupled ultrasonic receivers. 

It should be noted that the results shown in this Figure are for ideal impulse excitation 

conditions at the transducer front face and hence does not include airborne attenuation. 

Also, it is interesting to note the second lateral resonance, at around 3MHz, in both the 

frequency spectra shown in Figure 5.10. 
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Figure 5.10 FEA predicted spectral content of the receive response for air­
coupled 20% composite transducers with different aspect ratio 

(b) Damped Composite Transducers 

The FEA analysis was repeated with the addition of a perspex block to the transducer 

rear face. The increased damping of the transducer structure assists in coupling the two 

vibrational modes of interest together. The subsequent bandwidth and sensitivity 

variation are shown in Figure 5.11. The percentage bandwidth peaks, at 86%, for an 

aspect ratio of approximately 0.24, whereas the receive sensitivity is reduced by 3.7dB. 

This value compares favourably with the 9.4dB reduction in sensitivity, under 100% 

damping conditions, estimated by uni-dimensional modelling in Section 5.2.2(c). The 

influence of mode coupling for damped composite transducers was illustrated in Figure 

5.6, where mechanical damping effectively brought both the fundamental thickness and 

129 



first lateral modes closer together. This phenomenon is manifest in the predicted higher 

bandwidth for the composite with an aspect ratio of 0.24, as shown in Figure 5.11. 
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Figure 5.11 Bandwidth and sensitivity characteristics for 20% composite 
transducers, with varying aspect ratios, under ideal impulsive 
conditions 

5.4.3 Manufacture of Laterally-Coupled Composite for Airborne Applications 

(a) Construction of Air-Coupled Composite Receivers 

A laterally-coupled composite receiver was constructed using the PEA predicted aspect 

ratio for maximum bandwidth (0.24) described in the previous Section. To complement 

the evaluation of this device, a thickness-mode composite was also manufactured. Both 

transducers were manufactured from a common block of PZT5A and potted from the 

same mix of CIBA-GEIGY CY1300IHY1301 hard set epoxy. In order to measure the 

transducer electromechanical coupling efficiency, ~, mechanical resonances, fn and flat' 

and the device dilation quality, Qdil' and maintain consistency with the results presented 

in Section 5.3.4(a), the composites have been evaluated prior to the application of 

mechanical damping to the rear face. Details of the measured transducer properties are 

presented in Table 5.2. Although the thickness of each device has been maintained 

constant, the fundamental thickness mechanical resonances are different for each 

composite. This is a consequence of the coupling between the fundamental and lateral 
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resonances in the composite with an aspect ratio of 0.244. As anticipated, the 

electromechanical coupling coefficient for the laterally-coupled composite is down 

compared to the uni-modal device. Figure 5.12 demonstrates the various resonances 

within each composite transducer. 

composite thickness aspect ratio resonance mechanical ~ 
resonance 

thickness- 0.9mm 0.108 thickness 1.97MHz 0.525 
mode 

laterally- thickness 1. 63MHz 0.386 
coupled 0.9mm 0.244 

lateral 2.11MHz 0.432 

Table 5.2 Properties for manufactured 20% PTZ5A1hard set composite receivers 
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(b) Surface Displacement Profiles 

It is interesting to compare the surface displacement profiles for the two composite 

transducers described in Table 5.2. A Polytec single point interferometer (OFV-302) and 

displacement decoder (OVD-30) have been used to acquire out-of-plane displacement 

from the surface of the transducers. The focussed spot size from the interferometer was 

251lm. The precision manipulator, described in Section 2.4, was utilised to scan the 

transducer in front of the laser interferometer. The composite transducer with an aspect 

ratio of 0.108 has a 971lm pillar width and a step size of 30llffi was considered adequate 

to scan the transducer microstructure. These experimentally acquired plots are illustrated 

in Figures S.13(a) and 5.13(b), for the 0.108 and 0.244 aspect ratio devices respectively, 

where the lighter shading indicates a higher surface displacement In Figure 5.13(a), the 

attachment to the front face electrode can be seen in the top right hand corner. There 

is also some fluctuation in the measured data to the left of this point. However, the 

transducer has a good overall uniformity, which is manifest in the measured dilation 

quality of 0.79. In fact, it is difficult to differentiate between the piezoceramic square 

pillars and the epoxy filler material. For the higher aspect ratio composite, shown in 

Figure 5 .13(b ), a different response has been acquired. Here, the matrix of piezoceramic 

square pillars is clearly evident, although adjacent pillars have different displacement 

values. In addition, the polymer filler material has a lower displacement value, indicated 

by the darker shading, compared to the ceramic pillars. Clearly, the device is not acting 

as a homogeneous medium and consequently, the measured dilation quality for this 

transducer was 0.52. 
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Figure 5.13(a) 

Figure 5.13(b) 

Laser vibrometer scan for the 20% composite transducer 
(aspect ratio of 0.108) 

Laser vibrometer scan for the 20% composite transducer 
(aspect ratio of 0.244) 
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(c) Experimental Evaluation of Laterally-Coupled Composite Receiver under Air Load 

The receive performance of the laterally-coupled composite was evaluated using the 

thickness mode composite, described in Table 5.2, and an electrostatic transducer. 

Comparison between the two composite transducers permitted measurement of the 

bandwidth improvement of the laterally-coupled receiver. The electrostatic device will 

facilitate evaluation with a sensitive and wideband air-coupled transducer, as described 

in Chapter 3. The electrostatic transducer utilised was constructed from 2.5J.Un Mylar 

film stretched across a polished steel backplate. This device was chosen due to its 

inherently large bandwidth and further characterisation details can be found in Chapter 

3. A shaped perspex backing block was bonded onto the rear face of the two composite 

transducers, thus the 0.244 aspect ratio composite construction corresponds to the FEA 

prediction from Section 5.4.2(b). As described in Section 5.3.4(a), a PVDF transmitter, 

driven by a Panametrics puIs er/receiver unit, was utilised to provide a wideband pressure 

wavelet at the front face of the air-coupled receivers. The receive sensitivity and 

bandwidth of the transducers were acquired at an air separation of 20mm. 

The receive temporal responses acquired by the three transducers are illustrated in Figure 

5.14. The laterally-coupled composite, Figure 5.14(a), has realised an excellent 

bandwidth in the from of an almost unipolar response. This signal is in excellent 

agreement with Figure 3.10, which illustrated the experimentally acquired pitch-catch 

response for an air-coupled PVDF transducer pair. The peak-to-peak received signal 

level from the thickness drive composite is lower than detected by the laterally-coupled 

composite. This is a consequence of the realisable bandwidth of the incident pressure 

wavelet, where the influence of airborne attenuation has reduced the magnitude of 

frequency components above approximately 1.5MHz. Moreover, the thickness drive 

composite demonstrates a reduced bandwidth due to the ringing evident in the received 

signal. The receive sensitivity for the electrostatic transducer, shown in Figure 5.14(c), 

has outperformed both composite transducers. Reasonable bandwidth is demonstrated, 

but the acquired pulse is not as compact as the laterally-coupled response. 
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Figure 5.14 Receive signals acquired by air-coupled wideband transducers 
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In order to fully appreciate the bandwidth for each of these detectors, Figure 5.15 

presents a comparison of the receive spectral characteristics calculated from the signals 

shown in Figure 5.l4. The results shown in this Figure have been normalised in order 

to facilitate logical comparison of the bandwidth characteristics. The influence of 

airborne attenuation is evident in the lack of high frequency components above 2.5MHz. 

The laterally-coupled composite transducer has a better -6dB bandwidth characteristic 

of I.5MHz, centred around 1.15MHz, compared to 825kHz, centred around 500kHz, for 

the electrostatic transducer. The resonant behaviour of the thickness drive composite is 

illustrated in the spectral peak. at approximately 1.8MHz. It should be noted that 

although the finite element analysis, presented in Figure 5.11, illustrated a percentage 

bandwidth of 86%, this was evaluated under ideal impulsive conditions. Hence, the 

frequency spectra for the predicted response was centred around approximately 2MHz. 

Therefore, the absolute frequency bandwidths are in good agreement . 
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5.5 LATERALLy-COUPLED PIEZOCOMPOSITE TRANSMITTER 

For completeness, the transmit performance of a laterally-coupled composite transducer 

was investigated using several of the damped 20% devices described earlier in this 

Chapter. The Panametrics pulser/receiver unit was employed as wideband excitation for 

the transducers and a standard hydrophone, connected directly to an oscilloscope, was 

used to detect the generated ultrasonic signals. The experimentation was conducted 

under water loading. 

Finite element modelling was used to investigate the transmit performance of 20% 

ceramic volume fraction piezocomposites as the pillar aspect ratio is varied between 0.1 

and 0.4. The transducer -6dB bandwidth and sensitivity were predicted and are 

illustrated in Figure 5.16. The modelling has predicted a peak in bandwidth, at an aspect 

ratio of 0.21, although the subsequent reduction in transducer sensitivity is extremely 

critical. These trends have also been observed in the experimentally acquired data and, 

in fact, it was impossible to detect any signal from the 0.367 aspect ratio composite 

device. For the 0.196 aspect ratio composite, the experimentally measured bandwidth 

was 86%, around a centre frequency of 1.25MHz, although the received peak-to-peak 

voltage was approximately 10m V. The temporal and spectral responses for this 

composite transducer are presented in Figures 5.17(a) and 5.17(b). The low SNR 

associated with this signal is comparable in magnitude to similar experiments described 

in Section 3.3.2(a), specifically Figure 3.3(d), using a wideband PVDF transmitter. Using 

an identical reception arrangement, the peak-to-peak received voltage measured for the 

PVOF transducer was approximately 15mV. As described in Section 3.4.2, experimental 

confirmation of the air-coupled PVOF transmit response was extremely difficult, due to 

the low sensitivity of both the PVOF device and the membrane hydrophone in air. 

Consequently, the low SNR associated with the 0.196 aspect ratio composite device, 

under water load, will constitute a problem for transducer operation in air. This is 

compounded by the modelling predictions from Chapter 4, where the 20% composite 

transducer is shown to be a poor transmitter of ultrasound for operation into an air load. 

Consequently, the air-coupled transmit performance of the laterally-coupled composite 
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proved impossible to detect. 

Therefore, although finite element analysis predicts an increase in bandwidth as a result 

of lateral coupling within a 20% composite transducer, the subsequent reduction in 

transducer sensitivity ensures that this bandwidth enhancement technique cannot be 

utilised for the range of 20% composites evaluated in this study. 
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Figure 5.16 Bandwidth and sensitivity characteristics for 20% damped composite 
transducers, operating in transmission, under water load 
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5.6 CONCLUSIONS 

This Chapter has demonstrated a novel technique to improve the bandwidth for 1-3 

connectivity piezocomposite transducers, operating in reception. Strong coupling between 

the fundamental thickness and first lateral resonances, in a damped composite device, 

effectively extends the transducer bandwidth characteristic. Finite element analysis has 

been utilised to investigate this effect, where reasonable correlation was demonstrated 

with experimentally acquired data, under water load conditions. It is important to note 

that the maximum bandwidth was obtained in the region of maximum coupling between 

the fundamental thickness and first lateral resonances and when the electromechanical 

coupling efficient of both resonant modes are equally strong. In addition, damping 

applied to the rear face of the transducer enhances the coupling between these two 

resonant modes. The modelling techniques were then extended to evaluate air-coupled 

performance and subsequently, a design for a wideband air-coupled composite receiver 

was proposed. 

In order to attain a high bandwidth performance from a piezocomposite transducer, 

reverberation within the device must be minimised. Conventionally, this is achieved by 

attaching an appropriate damping medium to the rear face of the device. For the 

transducers employed in this study, a perspex backing medium was utilised and shown 

to increase the coupling between the fundamental thickness and first lateral modes. 

Although, the acoustic mismatch between the piezocomposite transducer and the perspex 

block will only partially reduce the reverberation and consequently, the characteristic 

time response should reverberate for several cycles. In fact, the minimum transducer 

bandwidth is established by the acoustic match between the transducer and the backing 

medium. Therefore, in order to achieve the bandwidth response demonstrated by the 

laterally-coupled composite transducer, a secondary effect must take place. As stated 

earlier, the point of maximum bandwidth corresponds to the region where both resonant 

modes are equally strong. Consequently, at this point the charge generated by the lateral 

mode could cancel out the charge due to the thickness-drive reverberation. This 

hypothesis holds true for the results presented in this Chapter for the range of 20% 1-3 
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connectivity piezocomposite transducer evaluated. This concept requires a more rigorous 

investigation to fully evaluate the physical interaction between the thickness and lateral 

resonances. Unfortunately, the current computing facilities and ANSYS finite element 

software package, Version 5.0 Vol III was used throughout this Thesis, cannot support 

this analysis. It is envisaged that this investigation should be undertaken in the near 

future. 

The proposed design for a wide band air-coupled composite receiver was constructed and 

the bandwidth improvement experimentally verified. This device exhibits a very good -

6dB bandwidth characteristic, when compared with both a thickness drive composite and 

an electrostatic device. Although, the transducer receive sensitivity is approximately a 

factor of three down on the electrostatic transducer sensitivity. In fact, the detected 

unipolar response compares very favourably with the predicted pressure wavelet, from 

a PVDF transmitter, incident of the receiver front face, as described in Chapter 3. 

Consequently, a innovative method to improve system resolution has been demonstrated 

which could find application as a wideband air-coupled receiver to complement the high 

resolution afforded by laser generated ultrasound. The practical aspects of such a system 

will be described in Chapter 6. 
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CHAPTER 6 
THROUGH AIR ApPUCATIONS 

FOR 1-3 PIEZOCOMPOSITES 

ABSTRACT 

This Chapter describes three examples of NDB systems to which air-coupled 1-3 

connectivity piezocomposite transducers have been applied. The modelling techniques 

described earlier in this Thesis have been used in the design for each of these NDE 

systems. A pulsed laser has been used to generate ultrasonic transients in samples of 

metal and fibre-reinforced polymer composite material. These have been detected using 

air-coupled 1-3 connectivity piezocomposite transducers. Such a non-contact transduction 

system was used for detection of longitudinal waves in bulk material, Rayleigh waves 

at solid surfaces and Lamb waves in thin plates. This system can also be used to image 

defects in polymeric materials, and examples are given of the detection of defects in 

fibre-reinforced polymer composites. Within the Ultrasonics Research Group at 

Strathclyde, a combination of piezocomposite transducers and careful design of the 

receiving electronics has resulted in a 103dB improvement in SNR compared to a 

commercial pulser/receiver system. These techniques have been utilised in two rapid 

scanning system applications. An air-coupled composite transduction system has been 

utilised for the generation and detection of Lamb waves. Through which, real-time 

images of defects in both metallic and carbon-fibre plates have been produced. The 

second application is a prototype air-coupled NDE system to investigate through 

transmission response for a variety of composite materials. This system has successfully 

detected 9 PTFE inclusions, of various shape and dimensions, in a 3.7mm thick 

composite plate. 
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6.1 Air-Coupled Piezoelectric Detection 

of Laser Generated Ultrasound 

6.1.1 Introduction 

The use of pulsed lasers for ultrasonic generation in solid materials has been of recent 

interest for nondestructive evaluation [29], but a completely non-contacting ultrasonic 

system also requires a suitable detector. As described earlier in Chapter 2, several 

technologies have been incorporated as reception devices with this optical source. The 

most common method is to use some form of optical device [31,32], but an all-optical 

system needs a sample with a reasonably good reflectivity. Two non-contact methods 

which could be used if the sample is electrically conducting are capacitance transducers 

[127], which are most useful as a calibration device, and the electromagnetic acoustic 

transducer (EMAT) [63]. Recently, both electrostatic devices [48] and piezoelectric 

designs [66-68] have been utilised to improve both system sensitivity and bandwidth. 

A combination of expertise in pulsed laser generation at Warwick University and 

piezocomposite detectors, designed through the modelling approaches described in 

Chapters 4 and 5, has provided a distinctive NDE transduction system. The hybrid 

system comprises essentially a wideband point source coupled with an inherently 

narrowband receiver of finite aperture. The design goal was to create a reception device 

of sufficient sensitivity and bandwidth to complement the high resolution afforded by 

laser generation. Initially, standard air-coupled 1-3 connectivity piezocomposite 

transducers were used and additional signal processing has been applied to the resultant 

waveforms to improve system resolution. The wideband composite designs, described 

in Chapter 5, have also been evaluated in this hybrid system and several NDE scans are 

presented to demonstrate successful imaging in polymer-based materials. 

This collaboration required a significant portion of the work, described in this Section, 

to be performed at Warwick University. The author is most grateful to Professor D.A. 

Hutchins and W.M.D.Wright for the experimental data and the resultant images which 

are presented in this Section. 
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6.1.2 Experimental Environment 

The apparatus used to perform through-transmission waveform capture and imaging is 

shown schematically in Figure 6.1. Two laser sources were available, either a 

Q-switched Nd:YAG laser, providing 4ns pulses of 120mJ in the near infra-red, or a 

pulsed CO2 laser operating in the far infra-red. The pulses were directed onto the 

sample, and various optical elements were used to adjust the optical power density to 

give the desired generation conditions. The samples were either of aluminium (the 

reference material) or various fibre-reinforced polymer composites. Signals from the 

detector were amplified using a Cooknell CA6 charge amplifier, digitised, and 

transferred to a PC for storage and analysis. To detect Rayleigh and Lamb waves, which 

radiate or 'leak' into air, the air-coupled transducer was displaced from the laser source 

and rotated to vary the angle between the transducer and the surface. 

Lumonics 'Mini-Q' 
Nd: YAG Laser 
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TRIGGER. 
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Data Acquisation Software 

IEEE INTERFACE 
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SAMPLE 

PmzocoMPOSITB 
DBTECTOR 

Figure 6.1 Experimental environment for an ultrasonic laser 
generation/piezoelectric detection system 
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To permit evaluation of the actual ultrasonic signal generated by the incident laser beam 

in the sample, a capacitive transducer was placed in contact with the surface of the 

sample to provide calibration waveforms [127]. The capacitive device, with a bandwidth 

of lOMHz, consisted of an insulated ball-bearing, to which a 100V d.c. bias was applied. 

Displacement in the block produced a charge from the transducer, which was fed into 

a charge amplifier to generate a voltage output 

6.1.3 Application of Standard Piezocomposite Detectors 

(a) Introduction 

The standard piezocomposite is a resonant device and although extremely efficient for 

air-coupled operation, the bandwidth is often insufficient to resolve target structural 

characteristics. This difficulty is further emphasised when used in conjunction with the 

wideband laser source. Consequently, a range of deconvolution algorithms were 

implemented, within the Ultrasonics Group at Strathclyde University [128], and assessed 

for operation with the through air system. Here the objective was to design a suitable 

deconvolution filter to remove the resonant influence of the transducer [129]. 

Reverberations within an undamped piezocomposite appear as multiple ringing in the 

transducer impulse response. This characteristic explains the requirement for signal 

processing when evaluating thinner materials. This is illustrated in Figure 6.2, where the 

ultrasonic signals generated by the pulsed laser in a 19.8mm aluminium block have been 

detected using an air-coupled composite transducer. This detector was constructed from 

PZT5A I hard set epoxy and designed with a ceramic volume fraction of 40%. The 

device was unbacked, but a 0.4mm thick silicone rubber matching layer was attached 

to the front face. The airgap separation between the sample and the receiver Was 10mm. 

The reflections in the aluminium block should be 61lS apart, but due to pulse overlap, 

scant information regarding block structure is apparent. A reference wavelet was 

acquired by the contact capacitive device and is presented in Figure 6.3. Within the 

aluminium block, multiple reflections of both the longitudinal (L, 3L and 5L) and shear 

(S, 3S and 5S) components may be recognised clearly. 
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Figure 6.2 Signal received by a resonant 40% composite transducer through 
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Figure 6.3 Signal received by a capacitive device after laser excitation of an 
19.8mm thick aluminium block 
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In an attempt to identify reflections within the aluminium block, post processing in the 

form of deconvolution was applied to the data. Adaptive and non-adaptive methods were 

applied to both simulated and experimental data sets with varying degrees of success. 

This Chapter will concentrate on the performance of two algorithms : Modified Least 

Means Squared [130] and Minimum Entropy [131] techniques. 

It is well documented that the majority of deconvolution processes requires both the data 

to exhibit minimum delay characteristics and the distortion wavelet to be spatially 

invariant and truly representative of the system transfer function [129]. Appendix E 

explains the signal waveform shape associated with minimum delay characteristics. In 

ultrasonic applications, this may be achieved in practice through a system consisting of 

a planar transmission device, for example an apodised piezoceramic transducer [132] and 

a wideband point source receiver. However, the present configuration incorporates an 

ultrasonic point source coupled with a finite aperture receiver. Any measured impulse 

response is thus strongly dependent on the relative spatial configuration, which proved 

difficult to maintain constant. Moreover, it should be noted that firstly, the data received 

from the system is of mixed delay characteristics and secondly, the detected waveform 

shape varies as a function of the thickness of the aluminium block under examination. 

This later problem is caused by diffraction and spherical wave transmission within the 

aluminium block. Thus the signal evolves as it propagates through the sample and the 

spatial invariance condition is no longer valid. 

The adaptive technique selected was the 10 Modified Least Means Squared (MLMS) 

algorithm, which is based on the Adaptive Line Enhancer (ALE) configuration [130]. 

This approach utilised an autoregressive model, which generates a signal estimate 

sequence and a weight (tapped delay filter coefficients) sequence to produce an error 

sequence, i.e. the deconvolved output. This technique permits the signal processing 

algorithms to follow the evolution of the waveform. The algorithm is relatively 

straightforward to use and requires only precise adjustment of one parameter (the 

convergence, ~). The main disadvantage with the method is that the algorithm prefers 

minimum delay characteristics, which the waveform in question does not exhibit. Thus 
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the resulting output has a suboptimal resolution capacity. 

The nonadaptive technique chosen was the Minimum Entropy Deconvolution (MED) 

algorithm, proposed by Wig gins [131]. This is an iterative process, which is 

computationally excessive and consequently very slow. The MED algorithm constructs 

an inverse filter which will produce the simplest deconvolved signal in accordance with 

the real data, that is, as a signal constructed from a number of spikes (delta functions) 

separated by near-zero terms. The technique assumes a non-Gaussian reflectivity 

function and utilises an optimisation technique to recover both the amplitude and phase 

information. For this reason the algorithm is more robust to non-minimum phase 

wavelets, when compared to most of the classical deconvolution algorithms. Although, 

the approach does require the spatial invariance assumption to obtain the best resolution 

along the wavelet. One significant advantage of the MED approach is that in addition 

to providing signal compression, the noise components are reduced. As the MED 

operator maximises the spikiness of the output traces, it selectively suppresses frequency 

bands over which the ratio of coherent signal-to-random noise is lowest and thereby 

emphasizes those bands in which coherent signals dominate. 

Further details of the implementation of both of these deconvolution algorithms can be 

found in Appendix E. 

(b) Simulation of Hybrid System 

In order to assess the performance of the deconvolution algorithms, the response of the 

hybrid system was simulated. With reference to Figure 6.4, this system comprises of five 

main components: ultrasonic wave generation and propagation in the sample, 0(00) ; 

both reverberation within the sample and the transmission characteristic at the sample/air 

interface F( (0) ; influence of airborne attenuation, A( (0) ; receive transducer response, 

H((O) ; and receive amplifier noise figure, N(oo). 
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Figure 6.4 Simulation blocks for laser generated and remote piezoelectrically 
detected ultrasound 

An expression for the received voltage, calculated in the frequency d main, is d crib d 

by Equation 6.1. 

V(ro) = G(ro) F(ro)A(ro) H(ro) N(w) (6.1) 

The incident laser beam generates longitudinal and shear c mp nents within lh sampl 

[30]. Software has been written by D.A. Hutchins at Warwick Univer ily, l e mput 

the displacement waveform in a solid half-space, for a disc shaped urce. T d t nuin 

both the longitudinal and shear components at an observation p int in th s lid lh 

programme requires the laser source radius, the type of force acting at th ampl fro nt 

face (the ablation technique used in these experiments was imulated a a n rmal f re ) 

observation distance in the thickness direction and b th the longitudinal and h elr way 

velocities within the solid. The predicted wavefonn at the rear ace fa 1 . mm thick 

aluminium sample is illustrated in Figure 6.5, where both the 1 ngitudinaJ (L) and h ar 

(S) components can be easily identified. 
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Figure 6.5 Simulated longitudinal and shear wave component in a 19.8mm 
thick aluminium sample 

The velocity of the longitudinal component is greater than twice the shear velocity in 

aluminium (v/=6420ms'}, vs=3040ms'}) [115]. This represents an approximate transit time, 

t, of 3~s and 6.5~s for the longitudinal and shear waves within a 19.8mm aluminium 

block. Intuitively, the next signal observed at the rear face of the sample should be the 

first reflected longitudinal wave. This wave should arrive 6J.1.S after the initial 

longitudinal component (t=9~s). Due to the difference in shear and longitudinal acoustic 

velocities, the second reflection of the longitudinal component (t=15J.1.S) should arrive 

before the first reflected shear wave (t=19.5~s). With reference to the calibration signal, 

shown in Figure 6.3, it can be observed that a shear reflection occurs approximately at 

t=12.5~s. This can be explained through mode conversion of the initial shear wave 

component mode into a longitudinal component at the rear face. Hence, there is no 

longer a shear component after the first transit time. Effectively, a longitudinal 

waveform, with the shape shown in Figure 6.5, reflects within the sample with the 

longitudinal velocity. 
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A graphical representation of the reflectivity process is illustrated in Figure 6.6. Here, 

the air media is represented by areas I and 3 and the sample by area 2. TT is the transit 

time for the waves of force to cross the sample. RF and RB are the reflection coefficients 

for the ultrasonic waves at the front and rear faces of the sample respectively. These 

coefficients are calculated from the specific acoustic impedance of air, Zai,., and the 

specific acoustic impedance of the sample, ZA' as shown in Equation 6.2. 

RP Ra 

CD ® ® 
L.. I(t) 

Incident 1(1 +Ra) 0 (t='1'r) 
Laser 
&am 

1(1 +Ra)lVRa 0 (t=3Tr) 

-
1(1 +Ra)BnRal 0 (t=51'r) 

I'"""-" 

Front Face .Q1' Face 
ofSampk of Stunple 

Figure 6.6 Ultrasonic wave generation and propagation within the sample 

ZA -ZafT 
R = R = -=---=-

F B Z +Z. 
A IlIT 

(6.2) 

Waves of force entering medium 3 can be represented by the summation of each 

individual component at times t = T'f' 3T'f' 5T'f' etc. This is shown in Equation 6.3. 

(6.3 
F(t) = 1(1 +RB) [@t=TT] + 1(1 +RB)R~B [@t=3TT] + 1(1 +RB)R;.Ri [@t=5TT] ) 

The influence of loss within the sample can be incorporated through Equation 6.4, 

where, L is the sample thickness and (l is the longitudinal loss factor in the sample. 
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(6.4) 

Equation 6.3 can be transformed into the Laplace Domain, including the influence of 

attenuation within the sample described by Equation 6.4, to yield the solution shown in 

Equation 6.5. 

-
F(s) = /(1 +RB)e -sTre-aL E (R~B)n e -2nsTTe -2naL (6.S) 

n-O 

where s is the Laplace Complex Variable. 

Taking the sum to infinity for this geometric progression and noting that reflection 

coefficients are equal at both faces, now represented by R, the solution can be expressed 

as in Equation 6.6. 

F(s) = G(s) (1 +R) e -sTTe -aL 

1 - R2 e -UfTe -2a.L 

(6.6) 

Using this reflectivity process, a simulation of the transmitted ultrasonic waveform into 

the air load has been calculated for the 19.8mm aluminium sample. This predicted 

response, is illustrated in Figure 6.7, where good correlation with the experimentally 

acquired reference wavelet, shown in Figure 6.3, is evident. 

Transfer functions can be obtained for the detection stages of this system. The influence 

of airborne attenuation has been discussed in Chapter 3 and a unique solution can be 

calculated for a particular experimental environment from the airgap separation and 

atmospheric conditions. The piezoelectric detector is ,represented by its receive impulse 

response, which can be calculated through the modelling techniques discussed in Chapter 

4. Finally, the transfer function for the amplification stage can be determined from 

relevant data sheets. Hence, the predicted response from this hybrid system, including 

the introduction of noise, has been determined and is illustrated in Figure 6.8. 

Reasonable correlation between the experimentally acquired system response, shown in 

Figure 6.2, can be observed. 
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Figure 6.8 Predicted response from the hybrid system, transmitting through a 
19.8mm thick aluminium block 
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(c) Deconvolution Algorithms Applied to Narrowband Hybrid System Response 

Initially, the two deconvolution approaches were tested using the simulated data. Figures 

6.9 and 6.10 illustrate the performance of the Modified Least Means Squared and 

Minimum Entropy techniques respectively. In both cases, the main longitudinal 

components have been clearly resolved. Although both results possess secondary smaller 

components close to the main longitudinal components. These algorithms are building 

an inverse filter according to the first signal that they encounter, in this case the 

longitudinal component, and hence the shear component is not necessarily taken into 

account. In conclusion, there is a low confidence in the shear nature of the small peaky 

artefacts. However, the main longitudinal peaks confirm the structure of the reflectivity 

function. 

The deconvolution algorithms were applied to the experimentally acquired data, 

presented in Figure 6.2. The deconvolved result using the adaptive MLMS algorithm is 

presented in Figure 6.11. This technique has extracted the first through transmitted pulse 

and two internal reflection pulses. The result from the nonadaptive approach is 

illustrated in Figure 6.12. This algorithm has performed quite well, with reasonable 

signal definition. The deconvolved output shows that the algorithm has decoded the first 

through transmitted pulse and three internal reflection pulses. In both deconvolved 

results shear wave mode conversions are present in between the reflection pulses, which 

could be interpreted as flaw characteristics in an NDB environment However, given 

sufficient apriori information, it may be possible to remove such multiples by similar 

deconvolution procedures. 

154 



Figure 6.9 
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Figure 6.12 Result from ME deconvolution on experimentally acquired data 
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(d) Detection of Various Ultrasonic Modes 

Three standard piezocomposite transducers were applied as detectors in this hybrid 

system. Details of the transducer characteristics are provided in Table 6.1, where Zml and 

Zbb are the specific acoustic impedances of the matching layer and backing block 

respectively. The matching layer material utilised was RTV Silicone Rubber, at a quarter 

wavelength of the transducer fundamental frequency, with Tungsten loaded hard set 

epoxy employed as a damped backing medium. 

Transducer #1 Transducer #2 Transducer #3 

volume fraction (%) 40 40 40 

fm (kHz) 525 541 1720 

fn (kHz) 643 656 1985 

~ 0.617 0.605 0.538 

~l (MRayl) 1.0 1.0 1.0 

Matching Layer 0.4 0.4 0.13 
thickness (mm) 

Zt,b (MRayl) 8.0 none none 

Backing Block 40 I I 
thickness (mm) 

Table 6.1 Properties of piezcomposite detectors 

Experiments were perfonned to evaluate the laser source/piezoelectric receiver system, 

both on opposite sides of a sample (in through-transmission), and also on the same side 

to investigate Rayleigh and Lamb wave perfonnance. A detailed account of the use of 

these piezocomposite receivers, in this transduction system, can be found in Reference 

67. Here, only a selection of these results will be shown. These experiments utilised a 

Nd:YAG laser to generate ultrasonic transients in various blocks of aluminium. 

Longitudinal and shear waves generated in an 86mm thick aluminium sample were 

detected by the 640kHz receiver, Transducer #1. The wavefonn recorded by this damped 
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device is shown in Figure 6.13, where multiple longitudinal reflections (Lt 3L) are 

visible. Rayleigh wave detection was investigated using a combination of the laser­

induced source and piezoelectric receiver on the same side of a thick 86mm aluminium 

block. The detection of the ultrasonic mode was optimised by rotating the air-coupled 

detector to the critical angle Se (60 for aluminium). The experimentally acquired 

waveform, detected by the undamped Transducer #2, is shown in Figure 6.14. For Lamb 

wave detection, dispersion causes the wave velocity to vary with frequency, and hence 

the angle S has to be chosen carefully. Figure 6.15 shows the waveform detected at 

8=120 in a thin aluminium plate (thickness = O.86mm) by the 2MHz composite receiver, 

Transducer #3. This transduction system has been optimised for ao mode detection, due 

to its associated large out of plane motion. 

i 

I 

0.0 1.0 10.0 11.0 ..., 2IU ao.o at 
'DnI(pI) 

Figure 6.13 Through transmission response for 650kHz damped composite 
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Figure 6.15 Detection of ao mode lamb wave on 2MHz resonant compos ite 
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6.1.4 Application of Laterally Coupled Composite Transducers 

(a) Through Transmission 

This laser/piezoelectric hybrid system was utilised to evaluate the performance of the 

laterally coupled composite transducer designs, described in Chapter 5. A high resolution 

capability is required to detect the laser-induced ultrasonic transients. The contact 

capacitive transducer was employed to acquire a calibration waveform through which 

assessment of the wideband composite transducers could be achieved. This calibration 

waveform, where the ultrasonic signals were generated by a laser pulse in a 12.83mm 

aluminium block, is shown in Figure 6.16. Multiple acoustic reflections, both 

longitudinal (L,3L, .. ) and shear (S,3S, .. ), within the aluminium may be recognised 

clearly. 

O.B 

L 3L 
0.6 

5L 

~ 0.4 
(\) 

S 7L 
Cl 

~ 
'0 
> 0.2 

0.0 

-0.2 L-___ -'--___ -'-___ --'-___ --' 

0.0 10.0 20.0 
Time(lls) 

Figure 6.16 Signal received by a capacitive device after laser excitation of a 
12.83mm thick aluminium block 

A 20% composite transducer was constructed from a 15mm diameter PZT5A disc and 

hard set epoxy and designed such that the first lateral resonance effectively extended the 

thickness mode bandwidth of the device. The transducer possessed an aspect ratio of 

0.24. A perspex backing block was attached to the rear face of the composite. The 

experimental impedance profile of the damped transducer is shown in Figure 6.17, where 

the fundamental mechanical resonace is approximately 1.65MHz. 
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Figure 6.17 Impedance plot of 20% composite transducer 

The wideband characteristics of the 20% composite receiver enabled the detection of 

signals in the l2.83mm aluminium block, where the internal reflections in the block are 

separated by 41ls. The detected waveform, free of any post signal processing, is shown 

in Figure 6.18. As can be seen from this Figure, the wide bandwidth allows discrete 

mUltiple longitudinal reflections (L, 3L, etc) to be seen, as well as some shear (S, 3S 

etc) arrivals. To illustrate the operational bandwidth of this device, the frequency 

spectrum of a single through air longitudinal reflection is shown in Figure 6.19. This 

constitutes a -6db system bandwidth of approximately 150%, with respect to the 950kHz 

centre frequency. 

This received signal can be compared to the waveform detected by the contacting 

capacitive transducer, shown in Figure 6.16. The longitudinal echoes are evident in both 

traces, as are shear modes generated within the test sample. These shear waves are only 

just visible in the through air detected signal, which relates to mode conversion by shear 

waves into longitudinal waves at the surface of the aluminium. The presence of this 

mode conversion could be a problem when signal processing is applied to interpret the 

NDE information contained in the signal. 
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Figure 6.18 Signal received by 20% annular composite transducer after 
excitation of a 12.83mm thick aluminium block 
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Figure 6.20 shows wavefonns in three thicknesses of quasi-isotropic carbon fibre 

reinforced polymer composite, where multiple echoes in the thickness direction have 

been clearly resolved without the need for further processing. As indicated earlier in this 

Chapter and in [67], the deconvolution approaches were relatively successful, with the 

adaptive method shown providing good resolution enhancement. However, it is also 

apparent that there is little benefit to be gained when compared with the performance 

of the wideband composites presented here. Consequently, deconvolution is expected to 

be restricted to those applications requiring relatively narrowband transducers, when 

higher sensitivity is beneficial. 

tU 

i u 

I 

.. IIUI 
'1'1mtp) 

Figure 6.20 Through transmission response for various thicknesses of quasi­
isotropic carbon fibre reinforced polymer composite 

Sufficient signal exists for imaging in through-transmission by translating the sample on 

a computer-controlled X-Y stage, with the CO2 laser source and air-coupled receiver 

fixed in position. Waveforms were digitised at lmm intervals, and processed using 

custom software which could record the maximum amplitude within a chosen window 

in either the time or frequency domain. Figure 6.21(a) shows the image of a 10mm 

diameter machined defect in a 9.8mm thick glass fibre pultruded composite. The defect 

is visible in this highly scattering and attenuating material, together with a resin-rich 

area immediately above it. Images were also obtained in un carbon-fibre samples, with 

Teflon layers inserted during manufacture to simulate delaminations. Figure 6.21 (b) 

shows the image of a 25mm square defect, where both size and shape are reproduced 
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with ome accuracy. 
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Figure 6.21(b) 

Image of a lOmm diameter machined defect in a 9.8mm 
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Image of a 25mm square defect in UD carbon-fibre sample 
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(b) Lamb Wave Tomographic Imaging 

Tomographic images were obtained using the CO2 laser to propagate Lamb waves in 

various directions across a defect, and the wideband air-coupled receiver at a fixed 

distance from the source and angle e to the plate on the same side of the sample. A 

computer-controlled translation/rotation stage for the technique was constructed to build 

up a series of time waveforms taken in the form of projections. Several processing 

methods were investigated for extracting time of flight variation data suitable for 

tomographic reconstruction. The most reliable was found to be a cross-correlation of the 

an mode. Images formed in this way are shown in Figure 6.22 for (a) a 5mm diameter 

defect in a Imm thick Perspex sheet, and (b) for a lOmm circular defect in a 32-ply 

cross-ply carbon fibre plate. In both cases the defect has been located successfully. 
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6.2 Air-Coupled NDT System utilising Lamb Wave Techniques 

Within the laboratory at Strathclyde University, Roger Farlow has employed 

piezocomposite transducers, designed from this Thesis, in the non-destructive evaluation 

of thin plates [2,61]. The system was constructed using a pair of frequency matched 

composite transducers each of which has a ceramic volume fraction of 20%. The 

transducers were designed to operate at 560kHz. It was envisaged that the final system 

would utilise single mode Lamb wave propagation and would be suitable for testing in 

samples less than approximately 2mm in thickness. At this frequency, the influence of 

airborne attenuation was not considered to be a major restricting factor over short 

propagation distances. 

The configuration of this NDE system is shown in Figure 6.23. Here, both transducers 

are situated on the same side of the sample. The transducers are driven by a 20-cycle 

tone burst, at 560kHz, delivered through a 55dB power amplifier. The angles at which 

the transducers are positioned dictates the type of acoustic wave generated within a 

sample. Using this approach, shear waves, Rayleigh waves and various Lamb wave 

modes have been generated and detected. To improve SNR in real-time, the received 

signal was processed within several analogue stages. The detected signal was initially 

amplified, in low noise pre-amplifier positioned within the screened housing of the 

composite receiver, before bandpass filtering and envelope detection were applied. This 

produced a narrow band operating environment, with a large system SNR. 
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Figure 6.23 Lamb wave NDE experimental layout 

The primary application of this NDE system utilises Lamb wave mode propagation in 

thin plates . Due to its large out of plane motion the ao mode was considered the 

appropriate Lamb wave mode for this system. Using different thicknesses of steel plates, 

excellent agreement between experimentally acquired data and the theoretical group 

velocity curve, for the ao mode, was observed [2]. The system has used this approach 

to investigate defects in both aluminium and carbon fibre plates. 

A controlled defect, in a l.Imm thick aluminium plate, was introduced by milling away 

50% of the material thickness in a 30mm diameter disc located close to the centre of the 

plate. This test-piece is illustrated in Figure 6.24. The transducer angles were adjusted 

to initiate a strong Lamb wave mode (ao) in an undamaged area of the plate. The test­

piece was then scanned with both transducers locked together so that there was a fixed 

separation between them. When the transmitter was positioned over the defect, the signal 

amplitude of the Lamb wave mode reduced. By scanning the aluminium in two 

dimensions, an image of the defect could be generated. Figures 6.25(a) and 6.25(b) 

illustrate a three dimensional amplitude plot and a grey-scale image of this defect. In 

this experiment the diameter of each transducer was 30mm and the separation between 

centres was 40mm. Hence, the effective dimensions of the scanning aperture is 30mm 

by 70mm, because the signal amplitude drops to zero when either the transmitter or the 

receiver is over the damaged section. This results in the distortion which can be 
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observed in both of these Figures. 
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Further experimentation utilised a carbon fibre plate, lmm thick, in which an area of 

delamination was present. A sketch of this plate is shown in Figure 6.26. Using the 

procedure described above, for the aluminium test-piece, it was possible to generate an 

image of the area containing the defect. The grey-scale image produced using data from 

this scan is shown in Figure 6.27. 
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Figure 6.26 Carbon-fibre test-piece containing an area of delamination 
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Figure 6.27 Grey-scale image of delarnination in carbon fibre test-piece 
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This transduction system, utilising air-coupled piezocomposite transducers, has been 

employed to detect shear waves, Rayleigh waves and Lamb waves in real-time [2]. It 

has been demonstrated that an air-coupled Lamb wave configuration provides an 

excellent method of detecting and imaging defects in thin sheets of material, such as 

carbon fibre. Further work will automate the scanning mechanism and determine the 

resolution capabilities for this NDB system [61]. 
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6.3 Through Transmission Inspection of Composite Sections 

The feasibility of using air-coupled ultrasonic transducers in a rapid NOE scanning 

system has been demonstrated by Stephen Kelly, within the Ultrasonics Research Group 

at Strathclyde [62]. Here, the set of design guidelines described in Chapter 4 has been 

utilised by Stephen Kelly to develop a prototype, through transmission, air-coupled NDE 

system. This system will have to exhibit improved speed and efficiency over current 

water jet systems used within the aircraft industry. Similar design criteria to the Lamb 

wave scanner system, described in the previous section, have been implemented, where 

the piezocomposite transducers will be optimised for narrowband operation and operate 

with identical receive electronics. Through this approach, signals have been detected in 

real-time through a number of different materials, including aluminium, carbon fibre and 

honeycomb structures, where a SNR greater than 20dB has been achieved through a 

22mm thick honeycomb sample. 

The experimental arrangement shown in Figure 6.23 has been revised with the 

transducers situated on each side of the test-piece. For this experimentation, the transmit 

and receive transducer are carefully aligned and positioned normal to the surface of the 

test-piece. This configuration generates longitudinal waves in the sample. 

Using the modelling work described in Chapter 4, an air-coupled through transmission 

system has been built and evaluated. A frequency matched 60% PZT5H I hard set epoxy 

transmitter and 30% PZT5A I hard set receiver have been constructed, with an 

operational frequency of 600kHz. To enhance system resolution and improve sensitivity, 

both devices have a focused perspex lens, incorporating a loaded Silicone Rubber outer 

layer, attached to the front face. Using a single 2mm x 30mm reception element, a C­

scan of the plate illustrated in Figure 6.28(a) has been acquired. The composite plate is 

3.7mm thick and incorporated 9 PTFE inclusions. The resultant C-scan image is 

presented in Figure 6.28(b). It is apparent that this air-coupled ultrasonic system has 

successfully detected all 9 defects. Consequently, this air-coupled configuration has 

sufficient sensitivity and resolution for implementation in practical NDB applications. 
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Figure 6.28(a) 
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6.4 Conclusions 

This Chapter has described three NDE applications utilising the research results reported 

in Chapters 4 and 5 of this Thesis. From these examples, the practical significance of 

the 1-3 connectivity composite modelling work, presented earlier, is evident. Firstly, the 

collaboration between the two groups at Warwick and Strathclyde Universities have 

developed a new wideband instrumentation system, which has potential application in 

the detection of defects in fibre-reinforced polymer composites. A high resolution 

transduction system has been reported utilising laterally coupled composite receivers, but 

if sensitivity requirements demand the use of standard composite designs, deconvolution 

techniques have been evaluated to enhance system resolution. Secondly, real-time 

ultrasonic techniques have been employed in the implementation of non-contact NDE 

systems. This air-coupled system used a frequency matched composite transducer pair 

to generate/detect Lamb waves in thin plates. Defect detection has been illustrated in 

both metallic and carbon fibre composite materials. Finally, a prototype through 

transmission NDE system has been presented, in which signals have been detected 

through a 22mm thick honeycomb sample. This response was obtained in real-time, with 

a SNR greater than 20dB. 
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CHAPTER 7 
CONCLUSIONS AND 

SUGGESTIONS FOR FURTHER WORK 

ABSTRACT 

A synopsis of the programme of work documented in this Thesis will be presented. 

Furthermore, a series of recommendations for further work will be proposed and their 

significance within the frame of the Thesis will be highlighted. 
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7.1 CONCLUSIONS 

7.1.1 General Overview 

Research in the field of air-coupled ultrasound has been established for many years, 

although recent technology advances have made possible operation in the low Megahertz 

range. This Thesis has concentrated on two important considerations in the design of an 

air-coupled ultrasonic system for practical NDB applications. Firstly, a novel and robust 

characterisation methodology has been developed to facilitate comparison between 

different transducer technologies for operation in the frequency range 50kHz - 2.0 MHz. 

Secondly, an evaluation of 1-3 connectivity piezocomposite transducer configurations 

for practical air-coupled applications was discussed. The contribution of these two 

considerations for practical NDE applications was presented in Chapter 6. The 

implementation of the 1-3 connectivity piezocomposite transducer technology in three 

different application areas highlights the significance of the transducer evaluation work 

presented in Chapters 3-5. Importantly, the defect resolution illustrated in the 

Applications Chapter indicates the practical feasibility for air-coupled NOB systems 

using piezocomposite technology. 

7.1.2 Air-Coupled Transducer Characterisation 

Novel experimental techniques were adopted to evaluate the wideband impulsive 

response for air-coupled transducer designs operating in the frequency range 50kHz -

2MHz. Wideband transducers have been designed and constructed using piezopolymer 

film (PVOF) and employed to characterise air-coupled transducer designs in both 

transmission and reception modes of operation. Notwithstanding the considerable 

influence of airborne attenuation, a properly configured PVOF transmitter approximates 

well to a wideband source for operation in this frequency range. Moreover, a standard 

PVOF membrane hydrophone, calibrated for operation in water, can be utilised to 

acquire quantative information for air-coupled ultrasonic transmitters, although SNR is 

reduced when compared to the water coupled situation. 

An experimental comparison involving both electrostatic and 1-3 connectivity 
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piezocomposite transducer designs was conducted. In addition to the wide band 

evaluation of the air-coupled transducers, in terms of their through-air system impulse 

response and insertion loss, the study was complemented through the acquisition of 

transducer characteristics under narrowband operating conditions. An important 

consideration of this comparative study is that the narrowband operation of the 

piezocomposite designs promotes a high sensitivity performance characteristic, under 

both wideband and narrowband operating conditions, in both transmission and reception. 

The wideband nature of the electrostatic configurations was demonstrated and it is 

considered unlikely that standard piezocomposite designs will ever match their gain­

bandwidth product figures. For many air-coupled transducer applications, the high 

sensitivity characteristic associated with 1-3 connectivity piezocomposite transducers 

may be required to overcome the losses associated with both the acoustic impedance 

mismatch at each air/solid boundary and airborne attenuation. 

It is important to note that, for industrial applications, electrostatic transducers are 

disadvantaged considerably with regard to operational robustness. Applications in which 

the Ultrasonics Group (University of Strathclyde) are involved include real time 

scanning of aerospace components, testing of automobile structures and internal 

inspection of gas pipelines. In all cases, available electrostatic devices are not 

sufficiently robust to operate reliably in the industrial environment This problem was 

recognised many years ago and the solution was to provide a protective 'guard cage' 

over the surface of the fragile membrane. This was satisfactory for the relatively low 

frequencies ( .... 50kHz) involved, but it is not a practical solution for the non-destructive 

testing applications presently under consideration. Since the location of a thin and fragile 

vibrating membrane adjacent to the air environment is essential to the successful 

operation of electrostatic devices, it is difficult to envisage how this difficulty may be 

resolved successfully. This is a major problem for widespread application of electrostatic 

technology, although the technology is considered to possess attractive properties for 

operation within controlled environments and possibly as device standards for laboratory 

calibration. 
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Another point of note concerns the general viability of through air ultrasound and in 

particular, non-contact inspection. Conventionally, ultrasonic inspection of solid 

components is performed with the aid of a thin layer of couplant material, or 

alternatively by immersing the test piece and ultrasonic transducer within a water bath. 

As discussed in Section 1.1, removal of the liquid coupling medium and replacement by 

air results in a reduction in SNR of approximately 140 dB. This cannot be recovered by 

transducer technology alone, even by optimisation of the complete system. The 

difficulties are compounded in those practical applications where real time scanning or 

imaging of large components is required. In many instances the ultrasonic data must be 

captured in single shot mode, without recourse to signal averaging or the use of 

alternative signal processing techniques such as pseudo-random codes and subsequent 

cross correlation. For such operation, the use of wideband techniques is questionable, 

due to the resultant low SNR. The solution which the Ultrasonics Group, at Strathclyde 

University, have been forced to adopt is to design instead extremely narrowband 

systems, using resonant transducer technology and narrowband filtering at the matched 

receiver stage [2,62]. Using these methods, it is possible to design and implement rapid 

through air scanning systems for practical industrial applications. 

7.1.3 Optimisation of Air·Coupled 1·3 Connectivity Piezocomposite Transducers 

Using the novel calibration techniques, described in Chapter 3, an evaluation of 1-3 

connectivity piezocomposite transducer designs for air-coupled operation was presented. 

A dual modelling strategy, incorporating both uni-dimensional and finite element 

techniques, was experimentally verified for a range of piezocomposite transducers, 

including the application of both mechanical matching and damping. The limitation of 

the uni-dimensional modelling approach was highlighted and consequently, the finite 

element technique was employed to predict the components necessary for a practical air­

coupled composite transducer system. At an operational frequency of 500kHz, the 

modelling has predicted the following transducer system components : 

• Transmission 50-70% PZT5H and CIBA-OEIOY CY13011HY1300 

composite transducer 
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• Reception 

• System Configuration 

• Matching Layers 

• Mechanical Damping 

10-30% PZT5A and CIBA-GEIGY CY13011HY1300 

composite transducer 

A frequency-matched composite transducer pair operating 

in a through-transmission configuration has a predicted 

30dB improvement over a composite transducer operating 

under pulse-echo conditions 

A double matching layer configuration, consisting of 

quarter wavelength layers of perspex and membrane filter, 

is predicted to enhance transducer performance by l6dB 

100% mechanical damping, at the transducer rear face, is 

predicted to provide a 75% -6dB bandwidth characteristic, 

but with a 17dB reduction is sensitivity for a matched 

20% composite transducer pair. 

Consequently, an air-coupled 1-3 connectivity piezocomposite transducer system should 

operate in through-transmission and under narrowband conditions. The transducers 

require to be frequency-matched and incorporate a double matching layer to improve 

system sensitivity. 

7.1.4 Detection of Wideband Air-Coupled Ultrasound 

A comprehensive analysis was carried out in Chapter 5 to evaluate a novel approach to 

the design of a wideband composite receiver. The technique utilised coupling between 

the fundamental thickness and first lateral resonances within a 20% composite transducer 

to effectively extend the operational bandwidth of the device. Initially, verification of 

the finite element approach utilised both impedance measurements and experimentation 

under water load, for a range of composite transducer with differing aspect ratio. The 

finite element model was then extended to simulate the laterally-coupled composite 

transducer under air-coupled operating conditions. The performance of the laterally­

coupled composite, in air, compared favourably with an electrostatic transducer, where 

the composite transducer demonstrated excellent bandwidth characteristics, but with a 

lower receive sensitivity. 
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7.2 SUGGESTIONS FOR FURTHER WORK 

7.2.1 Optimising Piezocomposite Designs for Air Operation 

The work presented in Chapter 4 addressed only the doubly periodic composite 

structure, comprising a regular array of square sectioned piezoceramic pillars embedded 

within a uniform filler material. Several significant improvements have been omitted. 

Therefore advanced piezocomposite transducers designs are feasible by incorporating the 

following improvements : 

• The advent of injection moulding techniques [89] facilitates the manufacture of 

ceramic pillars that present an acoustic impedance gradient from the rear to the 

front face, thereby providing enhanced matching to air. One choice is a pyramid 

form of pillar with a triangular base [84], thereby minimising inter-pillar 

resonances and presenting a very low impedance at the front face. Alternatives 

include horn shaped pillars for power matching and non-uniform spacing for 

promotion of homogeneous operation. 

• The use of loaded fillers [112] for enhancement of transducer sensitivity, 

particularly important for operation in air. 

7.2.2 Comprehensive Beam Profiling Analysis 

Experimental acquisation of beam profile characteristics may suffer from problems 

relating to low sensitivity and the inherent short wavelengths in air. These problems are 

manifest in the small propagation distances, associated with many standard air-coupled 

transducer designs, and with the design of a suitable calibrated reception device. 

The short wavelengths associated with airborne operation, in the low Megahertz 

frequency range, will require a reception device comprising a very fine scale active area 

(e.g. at 500kHz an active area less than 0.3mm diameter is desired). This constraint is 

further handicapped by a reduction in receive sensitivity when using these dimensions. 

Standard hydrophone devices are designed to operate under water loading and 

consequently, their active area could be approximately five times greater than for a 
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corresponding air-coupled device. The use of such a device would introduce a degree 

of spatial integration to the received signal. Therefore the design and development of 

a standard hydrophone for operation in an airborne environment is a necessary tool for 

the acquisition of experimental beam characteristics. 

The inherent low sensitivity, for air-coupled ultrasonic operation, may restrict the range 

over which the experimental data can be acquired. Thus, the high sensitivity 

characteristic associated with some piezocomposite transducer designs could enable field 

profile measurements over greater distances. For piezocomposite designs, there are two 

aspects that increase the complexity of the theoretical approach. Firstly, the most 

sensitive piezocomposite transducers incorporate a double mechanical matching layer 

configuration. Secondly, the behaviour of a piezocomposite transducer can include 

significant lateral vibrational activity, especially when encased within a screened 

housing. This housing can also damp the edge components from the transducer as a 

result of the bonding agent between the casing and the device. Therefore, these elements 

could be incorporated into a comprehensive modelling approach. 

The integration of airborne attenuation [3], as discussed in Section 3.4, into standard 

beam profiling theory would constitute a powerful software tool for the design of 

airborne ultrasonic transducers. A comprehensive software package could enable the 

transducer design process to evaluate the pressure field characteristics from a knowledge 

of the fundamental transducer construction and external electrical stimulus. Standard 

software tools for the prediction of acoustic field profile solve the problem using one­

dimensional techniques [107]. The results presented in Chapter 4 suggest that a linear 

systems approach is not suitable across the entire piezocomposite ceramic volume 

fraction range and hence, finite element techniques would constitute an appropriate 

approach. A FEA model could predict the variation in the air-coupled field profile for 

a multiplicity of conditions, including: variation of constituent materials; differing 

transducer dimensions; apodised electrode configurations; influence of mechanical 

matching layers or backing materials and the influence of the housing arrangement. A 

model of this complexity would require an extremely large computing facility, but the 
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rapid advances in workstation technology could soon enable a suitable extension to the 

fundamental modelling work presented in Chapter 4 of this Thesis. 

7.2.3 Characterisation of Advanced Airborne Transducer Designs 

As discussed in Section 7.2.1, there are methods through which the composite transducer 

performance could be improved. In addition, it should also be noted that for the majority 

of the experimentation presented in this Thesis, the measured electromechanical coupling 

efficiency has been lower than predicted by modelling. This was a consequence of 

depoling, in the ceramic phase, within the manufacturing process at Strathclyde 

University. Using more advanced dicing machines or injection moulding techniques it 

should be possible to construct composite devices with a coupling efficiency closer to 

the predicted values. Thus, it is anticipated that 'improved' 1-3 connectivity 

piezocomposite transducer designs will provide an enhancement in sensitivity when 

compared to the devices utilised in the characterisation process, described in Chapter 3. 

The current micromachined electrostatic designs reported within the literature differ in 

design from the devices utilised within the characterisation study, in Chapter 3 

[40,44,45,47,51]. These advanced micromachined devices are reported to exhibit a better 

bandwidth characteristic when compared to the devices employed within this Thesis. 

Although from the literature, it is not apparent if they also demonstrate an improvement 

in sensitivity. 

The characterisation process should be applied to the advanced designs for both 

piezocomposite and electrostatic transducers. Thus a true comparison between these 

prospective transducer designs for airborne applications will be realised. With some of 

the current electrostatic transducer designs operating beyond 2MHz, the characterisation 

process could use a different pulser excitation, as described in Section 3.4. Although the 

practical feasibility of operating beyond 2MHz will have to be considered. 
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7.2.4 Laterally-coupled wideband composite transmitter 

The work presented in Chapter 5 concentrated on extending the bandwidth for 

piezocomposite receivers. These laterally-coupled composites were also utilised to 

analyse their transmit performance. The results were poor for both sensitivity and 

bandwidth measurements. It must be noted that the transducers employed in this 

investigation were designed to operate efficiently in reception. Hence, this work could 

be repeated using 1-3 connectivity composite transducers with a ceramic volume fraction 

of 60%, as discussed in Section 4.5.2. This will certainly improve the transducer 

sensitivity and therefore enable the influence of mode coupling upon the transducer 

bandwidth to be analysed. The maximum pillar aspect ratio (MPAR) criteria for a 60% 

composite is 0.46 [87]. Hence, a completely different transducer construction is required 

in order to fully appreciate the influence of mode coupling within this transducer 

structure. 

Another approach to improve the performance of a laterally-coupled transmitter would 

be the addition of a thin stiffening plate to the front face of the transducer. This 

configuration should demonstrate an improved dilation quality and hence, discourage the 

resonance mechanisms from acting independently. Consequently, the transducer 

bandwidth may be improved, but the influence of the stiffening layer upon sensitivity 

would have to be analysed. 

7.2.5 Practical Implementation of an Air-Coupled Ultrasonic NDE System 

The work presented in this Thesis is intended to be used as a platform from which 

practical air-coupled NDE systems can be implemented. This work has described the 

desired transducer system configuration for airborne operation, in terms of material 

selection, ceramic volume fraction and incorporation of mechanical matching layers. In 

order to realise a practical system capable of performing NDE within an industrial 

environment, the following considerations would have to be addressed : 

• dedicated electronics in order to enhance the air-coupled system SNR 

• the application of transducer arrays will increase the achievable scanning speed 
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for an air-coupled NDE system 

• the removal of transducers from a controlled laboratory environment : 

- air currents may influence the received signal and some form of 

mechanical baffle would have to be incorporated into the design 

- the variation in the speed of sound with temperature [12] will have to 

be included into the data acquisition software 

• when operating at elevated temperatures, the radiation of heat from the sample 

will disturb the acoustic field and consequently, influence the received signal 

strength 

A number of these aspects are currently under consideration within the Ultrasonics 

Research Group, at the University of Strathclyde, and it is hoped that encouraging 

results will be published in the near future. 
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ApPENDIX A 

Material Parameters 

A detailed description of the physical properties of the materials used for this Thesis is 

presented. This Appendix is divided into four categories : piezoceramic, polymer and 

mechanical matching/damping materials and load media. 

Piezoceramic Materials 

The piezoceramic parameters utilised in this Thesis are defined in Table A-I. The 

ceramics were used for both finite element analysis and linear systems modelling and 

a comprehensive inventory of parameters are shown. The ceramics were supplied by 

Morgan-Matroc and the Table presents the manufacturers specified properties. All 

piezoceramic used has been tested according to the IEEE standard [1] and rejected, if 

the properties deviated by more than 10% from manufacturers specifications. 

Polymer Materials 

Two types of polymer material are specified in Table A-2, the piezoelectric 

Polyvinylene-Flouride and passive filler materials used in the manufacture of 1-3 

connectivity composites. The uni-axially poled piezopolymer was used only with the 

linear systems model and hence, only the equivalent thickness mode parameters, 

calculated from the manufacturers specifications, are presented here. The parameters for 

the filler materials have been measured experimentally, or derived from experimental 

figures. The epoxies are produced by combining a specified ratio of epoxy resin and 

hardener and consequently, accurate measurement and thorough mixing of these 

constituent materials is essential. The final product may vary in every case, but during 

manufacture care was taken to follow the supplier's instructions precisely and a 10% 

tolerance in these parameters was observed. 
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Matching / Backing Materials 

The materials described here, in Table A-3, can be split into two categories, those used 

in either the experimental or simulated phases. The properties for the experimental 

materials, numbers 1-5, have been calculated from velocity and density measurements 

to enhance the accuracy of the modelling. Whereas, parameters for materials 6 and 7 

have been extracted from Selfridge [115]. Data for materials 8 and 9 were estimated 

using standard theory. 

Load Media 

Two load media were used in this Thesis, as detailed in Table A-4, : air and water. 

Water loading was employed on several occasions in order to validate the modelling 

before extending the theory into an air environment. The properties for water are 

extracted from Kino [103] and standard conditions of temperature, 20°C, and pressure, 

1.013 x 105Pa, are assumed. In an airborne environment there is a requirement to ensure 

consistency, with regard to air temperature, pressure and humidity [3]. Variations in 

these parameters result in different values for principally both sound velocity and 

attenuation. Hence, all experiments were performed in a constrained environment at 

standard atmospheric pressure, where the temperature was maintained around 20°C and 

relative humidity remained reasonably constant around 40%. 
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Material 

PZT5A 

PZT5H 

Material 

PZT5A 

PZT5H 

?> Units: 
w 

Table A-I 

- ---- --------

Compliance, S/' and stiffness, cl, under constant electric field Loss coefficients 

Sl1 E 

16.4 

10.7 

d31 

-171 

-274 

E 
s·· IJ

E 
cij 

dij 

eij 

hij 
£0 

P 

E E E 
S44

E 
S66

E E s]2 S13 S33 cll 

-5.74 -7.22 18.8 47.5 44.3 12.1 

-3.2 4.6 13.9 39.5 29.7 14.8 

Piezoelectric Coefficients, dij' eij and hij 

d33 d15 

374 584 

593 741 

: 10-1~21N 
: 101~/m2 
: 10-12CIN 
:C/m 
: lOSV/m 

e31 

-5.4 

-6.5 

e33 e15 h31 

15.8 12.3 -7.3 

23.3 17.0 -5.0 

cn 
E 

7.54 

7.62 

h33 

21.5 

18.0 

: dielectric constant of free space, 8.85 x 10-12 F/m 
: Kglm3 

Properties of piezoceramic materials 

E 
C13 

E 
C33 C44

E E 
C66 tano Qm 

7.52 11.1 2.11 2.26 0.02 75 

7.42 13.1 2.53 3.37 0.02 65 

Dielectric Constants, eij 
(T-constant stress ; S - constant strain) Density 

h15 elll'Jeo e3l/eo e1/leo e3/leo P 

15.2 1730 1700 916 830 7750 

11.3 3130 3400 1700 1470 7500 
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Materials 

CffiA-GEIGY 

CY13011HY1300 

CffiA-GEIGY 

CY2081HY956 

Polyvinylene 

Flouride 

(pVDF) 
- --

Units: £0 

Note : 

Y 

P D 
C)) 

hn 
ZAC 

a 

N/A 

-_.-

Dielectric Youngs Poisson 

Constant Modulus Ratio, Density 

£3/£0 y 0- P 

4.0 4.1 0.37 1132 

4.0 1.8 0.41 1180 

8.4 N/A N/A 1760 

: dielectric constant of free space, 8.85 x 10-12 F/m 
: x Ht N/m2 

: kg/m] 
: x let N/m2 

: x Ht V/m 
: MRayl 
: dB/cm @ 1MHz 

Elastic 

Stiffness 

C33
D 

7.177 

4.125 

8.713 

: Material parameters are not required for linear systems model 

Table A-2 Properties of selected polymers 

--

Piezoelectric Acoustic 

constant Impedance Attenuation 

h33 ZAC a 

0 2.85 l.25 

0 2.23 l.5 

2.045 3.92 6.5 



_._-

Material Nemonic Number Z C3/ P c a- Y Cl' 

(xl 09
) (x 1 09) 

(MRayl) ( Nm-2) (kgm-3
) (ms-I) (dBcm-I ) (Nm-2) 

CY2081HY956 SS 1 2.23 4.215 1180 1890 1.5 1.806 0.41 

CY1301IHY1300 HS 2 2.85 7_177 1132 2520 1.25 4.056 0.37 

Perspex PX 3 3.29 9.1154 1188 2770 0.75 5.926 0.34 

Silicone Rubber SR 4 1.05 1.053 1053 1000 5 0.4212 0.42 

?> Membrane Filter MP 5 0.5125 0.6406 410 1250 2.5 0.2563 0.42 
VI 

Tracon 401ST TR 6 4.81 14.29 1620 2970 2.5 10.00 0.32 

Epon EP 7 3.4 9_691 1210 2830 1.25 6.008 0.35 

optimum layer #1 01 8 0.1 0.05 200 500 2.5 0.0113 0.45 

optimum layer #2 02 9 0.07 0.0365 180 450 3.0 0.00866 0.45 

Table A-3 Properties of materials used as mechanical matching layers and backing blocks 



I Load Media I Density, p, Kglm3 Velocity, c, m1s Acoustic Impedance, Z, MRayl 

Air, @20°C 1.24 343 4.26 x 10-4 

Water 1000 1483 1.483 

Table A-4 Properties for ultrasound propagation channels 

~ 
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ApPENDIX B 

Linear Systems Model Theory 

The Linear Systems Approach 

The methodology utilised for the uni-dimensional modelling employed throughout this 

Thesis represents the primary and secondary piezoelectric mechanisms in a block 

diagram format [86]. This approach presents a physically meaningful tool through which 

analysis of the transducer behaviour can be predicted. This modelling technique has the 

facility to investigate the influence of electrical stimulation in transmission, electrical 

loading in reception and the inclusion of mechanical matching and/or damping, to 

predict impedance, transmission, reception and pulse-echo characteristics for 

piezoceramic, piezocomposite and piezopolymer transducer performance as a function 

of the operating environment. Hence, the model can be used to produce transducer 

characteristics such as centre frequency, bandwidth and sensitivity and present this 

information as either the time or frequency domain plots. The following sections will 

describe the block diagram approach for both transmission and reception modes of 

operation, where the relevant symbol list is given below : 

Co Transducer static capacitance 

h Piezoelectric charge constant 

KB Back face reverberation factor 

K F Front face reverberation factor 

RB Back face reflection coefficient (force) 

RF Front face reflection coefficient (force) 

T Transit time for mechanical waves to cross the transducer thickness 

TB Back face transmission coefficient (force) 

TF Front face transmission coefficient (force) 

Zc Specific acoustic impedance of transducer 

Zl Specific acoustic impedance of front face medium 

Z2 Specific acoustic impedance of rear face medium 
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The Piezoelectric Transmitter 

The basic configuration for the transmission model is illustrated in Figure B .1 . Here the 

transducer electrical load is represented by the lumped impedance ZE' which is connected 

across the terminals of the transducer. The transducer is driven by a non ideal voltage 

source, e, having an output impedance, ZOo FF relates to the force generated at the 

transducer front face. 

Zo 

IT 

---~Fp 

\ 
piezoelectric 
transducer 

Figure B.l Basic configuration for the transmit model 

The relationship between the output force and the excitation voltage may be expressed 

as a Laplace transfer function, as shown in Equation B.1 [102], The bar symbol denote 

Laplace transformation. 

(B.l) 
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where: 

(B.2) 

The mechanical reverberation factors, at the transducer front and rear faces, are 

represented by KF and KB respectively. Transmission and reflection coefficients for 

waves of force at the front and rear faces are represented by the terms T" TB' A,., RF and 

RB respectively. 

U sing the positive feedback transfer function shown in Equation B.l, a systems feedback 

configuration can be described in block diagram format This approach is illustrated in 

Figure B.2. 
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Figure B.2 Block diagram system feedback model in transmission 

Secondary feedback mechanisms are described by the front and rear feedback loops and 

their associated secondary currents, IF and IB, respectively. The total current flowing 

through the transducer, ITt comprises the vector sum of the two secondary currents and 

the current, I, flowing through the transducer static capacitance, Co. From Figure B.2 

it can be seen that in addition to the piezoelectric properties of the transducer, the 

transmitted wave force is highly dependent on both electrical and mechanical loading 

factors. The electrical load directly influences the output force via the forward loop 

parameter, ZI' which is dependent on the exact form of generator, ZE' and coupling, Zo, 

impedances, shown in Figure B.t. The front and rear reflection coefficients, RF and RB 

respectively, and hence, the reverberation factors, KF and KB, are dependant upon the 

mechanical load conditions. The amount of feedback can also be seen to be directly 

proportional to the square of the coupling coefficient and inversely proportional to 

frequency. Under conditions of zero feedback, the transducer impedance is represented 

electrically as a pure capacitance of value Co. 
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The Piezoelectric Receiver 

The complex electromechanical operation of a piezoelectric reception element has been 

successfully analysed using a physically meaningful block diagram format [109]. This 

approach is illustrated in Figure B.3 and demonstrates the factors which influence both 

primary and secondary piezoelectric action. This representation follows the piezoelectric 

action after the front face of the transducer has been subject to an incident force, F I , and 

develops a voltage, Vo. across a load Zs, as shown in Figure B.4. The primary 

piezoelectric action combines the transmission coefficient at the transducer front face 

(Tp), the transduction transfer block (h/sZd, mechanical reverberation factor at the front 

face (Kp), the forward loop voltage attenuation factor (U) and phase inversion at the 

transducer front face (-1). The secondary piezoelectric mechanism are represented by 

positive feedback loops, from the transducer front and rear faces. This secondary action 

combines the mechanical reverberation factor (Kp and Ks), external loading effects (Zp 

and Zs), electromechanical coupling (k2/sT) and the transmission coefficients (Tp and 

TB)' The external loading effects, Zp and Zs, are critical to the secondary regeneration 

due to the influence of the finite electrical load, Za. Here, under open circuit conditions, 

~ ~ 00, no current can flow and consequently, no secondary piezoelectric action is 

produced. 

Figure B.3 Block diagram representation of the piezoelectric receiver 
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piezoelectric 
transducer 

ZB 

Figure B.4 Basic transducer configuration in reception 

Vo 

The Laplace transfer function relating the received voltage, V D' to the excitation force 

is given in Equation B.l. 

-v;;-
=-------------------- (8.1) 

F; l-z;.(x;.TF12+K;Tn/2)k2/sT 

The primary piezoelectric mechanism is fully described in the fall wing Equation B.2: 

(B.2) 

The positive feedback mechanisms from the front face u e the am formula as 

described for the primary actions. The secondary action fr m the r ar fac f lh 

transducer are described by the following Equations B.3 : 
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(B.3) 

z; =Z; = 11 (1 +sC;;Z;) 

The reverberation factors are each dependant upon the reflection coefficients from the 

front face (Rp) and rear face (RB) of the transducer. Equations B.4 and B.5 describe the 

formulae for each reflection coefficient. 

(B.4) 

(B.5) 
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ApPENDIX C 

Airborne Attenuation Theory 

The absorption of acoustic energy in air is of critical importance in the design of an air­

coupled ultrasonic system. The attenuation in air is particularly high at ultrasonic 

frequencies and therefore, must be incorporated into the design process. Bass et al 

presented a comprehensive analysis of the fundamental mechanisms through which 

airborne attenuation is realised [3]. This work collated previous publications in this field, 

including the ANSI Standard [133]. Since the initial publication in 1985. Bass et al have 

published three updates, through which several corrections have been presented [134. 

135, 136]. These further developments have been included into the software models 

utilised for this Thesis. The following work will describe the approach adopted. for this 

Thesis, to predict the influence of airborne attenuation. 

Air is a mixture of several gases ( oxygen. nitrogen, water vapour, carbon dioxide, etc.) 

and hence. prediction of attenuation is a complex process. There are two fundamental 

attenuation mechanisms: "classical" losses (associated with the conversion of kinetic, 

acoustic energy into thermal energy by viscous and thermal conduction processes) and 

"relaxation" losses (related to the redistribution of internal, rotational and vibrational 

energy in the molecules) [3]. A further classification enables the dependence of each 

loss mechanism on the individual gas components for air. Both classical and rotational 

losses are dependant upon the overall properties of the air medium and are computed 

from values for pressure, temperature and frequency. Vibrational loss mechanisms are 

dependant upon the individual gas components and therefore, must be considered 

separately. Many of the vibrational loss mechanisms are insignificant and Bass et al 

have incorporated only the losses from oxygen and water. The overall air attenuation 

factor is calculated from the sum of these individual components. 
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The following parameters are required in order to calculate the air attenuation factor, as 

described in Equations C.I - C.5 : 

T temperature (K) 

To reference temperature (293.15K) 

P pressure (Nm-2
) 

Po standard pressure (1.01325xIOs Nm-2
) 

f frequency (Hz) 

hr relative humidity (%) 

The classical and rotational attenuation components are combined, aCT' and calculated 

as shown in equation C.I : 

(C.I) 

The vibrational losses are calculated for both oxygen, <X.vib,O' and nitrogen, <X.v'b,N as 

follows: 

-2239.1ff 

Cl. =f(TI1)Sn.(1.275e-2 e ) 
vib,O rf f. +<flf. ) 

r,O r,O 

(C.l) 

where fr,o and t,N are the oxygen and nitrogen relaxation frequencies (Hz) and are 

calculated as shown in Equation C.3 : 

fro = (PIP 0> (24 + (4.04e 4 h ( 0.02+h ») 
, Q~l~ 

f. = (PIP) (JT/T ) (9 + (280 he -4.l7(TP-
1fl» 

r,N 0 

(C.3) 
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The water mole fraction, h (%), is calculated from the relative humidity, hr (%), and the 

saturation vapour pressure of pure water over liquid water, Psat (Nm'2) : 

(C.4) 

+ 1.50474e -4 (1_10-S.29692«Tfl'.,>-I» 

_ O.42873e -3 (1 04.76955(1-(T./f» -1) 

- 2.2195983 

where TOl is the triple-point isotherm temperature with the exact, internationally agreed 

value of 273.l6K. 

The overall attenuation factor, Cl (Npm ,I), is calculated from the addition of Equations 

C.1 and C.2 : 

(C.S) 

(3.3) 

Bass et al have stated that the algorithm is accurate to +/- 5% over the temperature 

range 273.l5°K-313.l5°K; the range of relative humidity 0-100%; the range of 

frequencies from 50Hz to 10MHz when the pressure is 1 atm; and for pressure from 1 

atm down to a few hundredths of an atmosphere [3]. 
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ApPENDIX D 

Finite Element Analysis Interface 

General Overview 

This appendix describes the basic input and output software routines, written by Bennett 

[114], which act as an interface to the finite element analysis code. The finite element 

package employed to investigate the different aspects of behaviour for 1-3 

piezocomposite transducer structures is ANSYS [113]. The package was run on a SUN 

Sparc 10/51 workstation, running Solaris 1.1. Bennett has developed software processing 

routines for static, modal and harmonic analysis. This Thesis has exclusively used 

harmonic analysis and the following discussion applies only to this type of analysis. 

The software interface comprises of three parts : a standard file which contains all the 

possible composite transducer structures available for analysis; a user defined input file 

to select the transducer components from the standard file; and a standard output file. 

Each of these components will be discussed in the following sections. 

Standard Input File 

This file must have the extension' .tharm' to designate that it is to be used in harmonic 

analysis. The layout of the file can be split into three sections : basic composite 

transducer structure; matching layer components and backing block parameters. The 

basic composite transducer block must always be accessed, but the remaining two 

sections are options. Each of these sections contains a selection of user definable 

parameters, with each having a pre-defined default value. An example of this me 

structure is shown in Example D-1. 

The initial section, preceding '>matching layer' enables the user to define the basic 

composite transducer structure. The fundamental components for this part enable the 
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user to input the following information : 

me - ceramic material 
mp - polymer material 
md - damping within polymer 
sf - start frequency (MHz) 
ef - end frequency (MHz) 
nf - number of frequency steps 
im - meshing 
ir - source/load resistance 

Input from the user defined file, detailed later, will define the height, ceramic pillar 

width and width of quarter symmetry cell. From this information the basic quarter 

symmetry section of the 1-3 piezocomposite will be defined. 

The matching layer section consists of two sections : for either a single or double 

matching layer combination. '>matehing layer' defines the first layer, that is the layer 

bonded onto the transducer front face. '>double layer' defines the outer second layer if 

required. For both layers the user has three parameters to define: 

ml - thickness of first layer 
mm - material type for first layer 
dm - damping in layer 
dl - thickness of second layer 
md - material type for second layer 
dd - damping in layer 

The section, '>backing block', enables the damping at the rear face of the transducer to 

be defined. Again the user must supply information regarding the backing block: 

bb - backing block thickness 
mb - backing block material 
db - level of damping in backing material 

The final section initiates the ANSYS code and defines the frequency range and 

source/load resistance for the analysis. 
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ltille, VF %vf% AR %ar"io MC %mc% MP %mp% 
#me 1 
imp 1 
#nf 170 
#sf 0.1e6 
#ef 1.8e6 
#md 1e-8 
#im 2 
fir 50 

ceramic,1 ,me 
ancilly,2,mp 
mp,damp,mp,md 
k 
k,2"c2 
k,3"t2 
kgen,2,all" ,c2 
kgen,2,1,3,1,t2 

<complete height 
height=h2 
leom,Defining half-height model 
imesh=im*2 
<end 
>complete height 
height=h2*2 
Imesh=im*2 
leom,Defining complete-height model 
>end 

kgen,2,all"",helght 
1,5,14,lmesh 
esiz"im 
cvol,1 
vatt, 1 " 1 
vmesh,1 
cvol,2 
evol,4 
cvol,S 
vatt,2,,2 
vmesh,2,4 
vnext=5 
knext=19 

>matchlng layer 
Icom,Defining the matching layer 
#mI0.1e-3 
#mm2 
#dm 4.0e-7 
height=helght+ml 
ancilly,3,mm 
mp,damp,3,dm 
kgen,2,1 0,18,1 ",ml 
cvol,10 
cvol,11 
cvol,13 

evol,14 
vatt,3,,3 
vmesh,5,8 
knext=28 
vnext=9 
emu=amu 
>end 

>double layer 
leom,Oeflnlng the second (outer) matching layer 
#dI0.1e-3 
#md 2 
#dd 4.0e-7 
height=height+dl 
ancllly,8,md 
mp,damp,B,dd 
kgen,2, 19,27, 1,,,dl 
cvol,19 
cvol,20 
evol,22 
cvol,23 
vatt,8"B 
vmesh,9,12 
knext=37 
vnext13 
cmu=amu 
>end 

>backlng block 
Icom,Oeflnlng the backing block 
#bb 1.09-3 
#mb 1 
#db 1.0e-3 
ancilly,4,mb 
mp,damp,4,db 
·set,bade,bz*bz*250.0 
mp,dens,4,bade 
kgen,2,1,9,1 ",-bb 
l,knext+4,5,eb 
bvol,knext,1 
bvol,knext+1,2 
bvol,knext+3,4 
bvol,knext+4,5 
vatt,4,,4 
vmesh, vnext, vnext+3 
>end 

nsel,s,loc,x,O.O 
nsel,8,Ioc,x,t2 
dsym,symm,x,O 
nsel,s,loc,y,O.O 
nsel,a,loc,y,t2 
dsym,symm,y,O 

stan,1 ,10, height 
fharm,nf,sf,et,lr 

Example D·1 : Standard Input File Structure 
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User Defined Input File 

This file contains the name of the '.tharm' file to be used, the output file name and the 

specifications of the composite transducer to be analysed. The structure of the file is 

demonstrated in Example D-2, where four consecutive runs have been defmed. The '&' 

command signifies the end of the user parameters for one run. The runs defined in this 

Example are for an unmatched and unbacked composite, 'comp', for a double matching 

layer, 'double', a single matching layer, 'match', and for a damped device, 'back'. The 

mnemonics correspond with inputs in standard input file. 

t h sqrcmp 
comp 
pa 3 
vf 10 
ar 0.07 
he 2.56e-3 
mc 1 
mp 1 
n160 
s10.2e6 
e1 1.0e6 
tm complete height 
& 

t h sqrcmp 
double 
pa 3 
vf 204010 
ar 0.088 
he 2.73e-3 
mc 1 
mp 1 
n160 
s10.2e6 
e11.0e6 
tm complete height 
tm matching layer 
mI0.5e-3 
mm 10 
dm 4.0e-7 
tm double layer 
dI0.2e-3 
md16 
dd 8.0e-7 
& 

t h sqrcmp 
match 
pa 3 
vf 10 
ar 0.19 
he 2.5e-3 3.0e-3 0.25e-3 
me 1 
mp 1 
nf 60 
sf 0.2e6 
e11.0e6 
tm complete height 
tm matching layer 
mI0.58-3 
mm10 
dm 4.08-7 
& 

t h sqrcmp 
back 
pa 3 
vf 30 
ar 0.098 
he 2.80e-3 
me 1 
mp 1 
nt 60 
sf 0.286 
ef 1.0e6 
tm complete height 
tm backing block 
bb 408-3 
mb4 
db 18-8 
& 

Example D-2 : Example of a user defined input file 

The command 'tm' enables the chosen option from the standard file. The user must then 

set the parameters for their chosen option as defined in the standard input file. In the 
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second and third runs two parameters have been defined by three values, where these 

correspond to a start value, end value and step size. The software will generate a loop 

and sequentially initiate ANSYS for each value in the range. The file begins by defining 

six primary parameters for use by the software program which will produce the ANSYS 

code: 

t hfilename 

filename 
vi 
pa 

he 
ar 

defines harmonic analysis using the '. tharm' file defined by filename as 
the standard input file 
six character results filename 
volume fraction (%) 
defines how the quarter symmetry section is to be defined, in this case 
'3' requires the height and aspect ratio as inputs 
height (mm) 
aspect ratio (ceramic pillar width-to-height) 

A software program, 'probat', must be called to produce the ANSYS code from the user 

defined parameters. This file is simply called through the command : 

probat 'user defined input file' 

This program will sequentially run through the commands in the 'user defined input file' 

and initiate each ANSYS run. 

Standard Output File 

The results from the finite element analysis will be processed into column format The 

results filename has been defined by the user. The structure of the output file is given 

in Example D-3, where the first 7 lines are comments to enable the user to identify the 

particular ANSYS run. The second line states the volume fraction, aspect ratio and 

constituent materials used in the analysis. Lines 4 - 7 enable the user to identify the 

prominent features predicted by the analysis : maximum impedance, minimum insertion 

loss, maximum transmission sensitivity and maximum reception sensitivity. The column 

format adopted for the results file enables simple integration of the data into graphical 

packages. 
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# Impedance analysis produced by ANSYS 5.0A 
# Processing Square VF 50 AR 0.185 MC 1 MP 1 
# Complete sensitivity and efficiency measurement 
# Maximum Impedance = 124.05 
# Minimum Insertion Loss = 66.16 
# Maximum TX Sensitivity = 130.69 
# Maximum RX Sensitivity = 62.07 
0.200 110.05 -89.3 0.914 1.55e-01 178.6 
0.227 108.n -89.2 0.916 1.63e-01 
0.253 107.57 -89.0 0.919 1.73e-01 
0.280 106.42 -88.8 0.921 1.85e-01 
0.307 105.27 -88.5 0.925 2.01 e-01 
0.333 104.10 -88.1 0.928 2.22e-01 
0.360 102.86 -87.6 0.932 2.51e-01 
0.387 101.49 -86.9 0.937 2.91 e-01 174.9 
0.413 99.89 -85.7 0.941 3.52e-01 
0.440 97.89 -83.6 0.947 4.54e-01 
0.467 95.08 -79.3 0.952 6.53e-01 
0.493 90.46 -66.5 0.959 1.18e+00 
0.520 84.91 -0.1 0.965 2.469+00 
0.547 93.49 58.0 0.973 1.049+00 
0.573 100.53 68.0 0.981 5.56e-01 14.3 
0.600 106.49 69.0 0.990 3.68e-01 9.8 
0.627 113.07 63.1 0.998 2.719-01 7.5 
0.653 122.31 28.5 0.9n 2.129-01 6.0 
0.680 120.47 -58.9 0.954 1.72e-01 5.1 
0.707 115.02 -n.8 0.930 1.43e-01 4.4 
0.733 112.00 -83.1 0.906 1.229-01 3.8 
0.760 110.02 -85.4 0.881 1.06e-01 3.4 
0.787 108.58 -86.7 0.856 9.249-02 3.0 
0.813 107.45 -87.4 0.830 8. 17e-02 2.8 
0.840 106.53 -87.9 0.804 7.289-02 2.5 
0.867 105.76 -88.3 0.n8 6.529-02 2.3 
0.893 105.08 -88.5 0.752 5.889-02 2.1 
0.920 104.48 -88.7 0.725 5.339-02 1.9 
0.947 103.95 -88.8 0.698 4.849-02 1.8 
0.973 103.46 -88.9 0.671 4.429-02 1.7 
1.000 103.01 -89.0 0.644 4.049-02 1.5 

67.15 
178.3 
178.0 
1n.6 
1n.2 
176.6 
175.9 
74.06 
173.4 
171.0 
166.1 
152.8 
85.5 
26.2 
82.60 
82.40 
83.40 
86.23 
83.85 
79.90 
77.32 
75.38 
73.81 
72.48 
71.31 
70.26 
69.31 
68.44 
67.63 
66.87 
66.16 

98.43 
68.03 
68.90 
69.79 
70.73 
71.73 
72.82 
109.6 
75.49 
n.23 
79.49 
82.83 
86.85 
84.11 
118.6 
115.4 
113.1 
111.3 
109.9 
108.6 
107.6 
106.6 
105.8 
105.0 
104.3 
103.6 
103.0 
102.5 
101.9 
101.4 
100.9 

35.88 
99.94 36.11 
101.4 36.39 
102.8 36.70 
104.3 37.06 
105.9 37.48 
107.6 37.95 
38.50 
111.8 39.14 
114.5 39.87 
118.2 40.73 
123.9 41.76 
130.6 43.00 
123.6 44.55 
46.56 
49.34 
53.63 
61.08 
57.79 
51.11 
47.02 
44.09 
41.80 
39.90 
38.27 
36.84 
35.55 
34.38 
33.30 
32.30 
31.36 

Example D·3 : Column format of the standard output file 

There are nine columns which contain results generated by the finite element analysis: 

Column 1 frequency (MHz) 
Column 2 magnitude of the impedance in decibels relative to 1 n.mml 
Column 3 phase angle of the impedance in degrees from -180° to 1800 
Column 4 surface dilation quality 
Column 5 magnitude of the average displacement in nanometers at the surface plane 

per unit volt that exists between the electrodes 
Column 6 angle of the average displacement at the surface plane in degrees -180° 

to 1800 

Column 7 
Column 8 
Column 9 

reciprocity parameter of the transducer in decibels relative to 1.0 
transmit sensitivity (STX) in decibels relative to IJ..lPa.V·1 

receive sensitivity (SRJ() in decibels relative to IJ..lPa.V·1 
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ApPENDIX E 

Deconvolution Algorithms Implemented 

Minimum Delay Wavelets 

The minimum delay wavelet theorem states that the energy of a minimum delay wavelet 

is more concentrated at the 'front end' than any other wavelet in the class of all 

wavelets with the same autocorrelation [137]. That is, the major concentration of energy 

in a minimum delay sequence occurs as early as possible in the sequence and is not 

delayed any more than necessary to fit the given autocorrelation. For that reason, a 

minimum delay sequence is often called a 'front loaded' sequence. Figure E-l illustrates 

a digital sequence which represents a minimum delay wavelet. Here, as the sequence 

progresses the magnitude of each successive term is reduced, i.e. laal > jail > I~I etc. 

Q) 
"C 
::l 

:t:::: 
c: 
C) 
cu 
E 
"C 

.~ 
cu 
E 
0 c: 

1.0~--~--~--~--~--~--.---.---.---.-~ 

0.5 

0.0 

-0.5 

1 2 3 4 5 
a 

I 
I I I 

6 7 8 9 10 

Figure E-l Digital waveform sequence depicting minimum delay characteristics 
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The Linear Model of Deconvolution 

The two deconvolution algorithms [128] applied to produce the desired pulse 

compression from the laser generation I piezocomposite detection hybrid system, utilised 

in Chapter 6, are described. The adaptive approach selected was the 10 Modified Least 

Means Squared (MLMS) algorithm, which is based on the Adaptive Line Enhancer 

(ALE) configuration [130]. The nonadaptive technique chosen was the Minimum 

Entropy Deconvolution (MED) algorithm [131]. This is an iterative algorithm, which is 

computationally excessive and consequently very slow. In the following discussion, the 

linear model of the deconvolution shown in Equation E.l will be utilised. Where, y(t) 

represents the real signal, h(t) is the impulse response of the system, x(t) is the 

reflectivity function and b(t) is additive white Gaussian noise. The deconvolution 

operation attempts to recover the reflectivity function, containing information concerning 

the internal structure of the sample under investigation, from the acquired real signal. 

y(t) = h(t) * x(t) + b(t) (E.I) 

Modified Least Means Squared (MLMS) 

The MLMS algorithm is an adaptive technique in which h(t) is not known [130]. The 

ultrasonic waveform is assumed to be the result from an auto-regressive (AR) system. 

where the innovation series is represented by the reflectivity signal. A white Gaussian 

nature for the reflectivity function is assumed. The mathematical model for this 

technique is shown in Equation B.2, where p is the order of the model and d is called 

the prediction delay. 

p 

Yn+d = -E ajYII _i + XII 

i-I 

(E. 1) 

The chosen AR model assumes that the unknown wavelet is minimum phase, where the 

aj terms correspond to the AR parameters that describe this unknown wavelet The 

objective of the adaptive predictive algorithm is to predict the AR parameters as the 

wave evolves inside the sample. Once achieved, the algorithm will be able to compute 

both the estimated and reflectivity signals. 
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The least means squared technique will be utilised to estimate the AR vector. From 

Equation E.2 the autocorrelation matrix of the real signal, RYY' can be described by 

Equation E.3. A represents the autoregressive vector and Pld) is given by Equation EA. 

R A = P (d) (E. 3) 
yy y 

The autoregressive vector, A, can then be determined in an iterative manner with the use 

of a gradient-type algorithm. If an arbitrary vector is chosen for the first AR vector, Ao, 

then A(k) can be given by Equation E.S, where Il is called the convergence parameter 

and lies between 0 and 1. 

(E.!) 

The performance of this algorithm depends upon the correct selection of the order, p, 

and the convergence parameter, Il. These parameters are entirely dependant on the data, 

although algorithms exist to assist in the choice of these values [137]. 
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Minimum Entropy Deconvolution (MED) 

This algorithm is adaptive, computationally fast and requires no apriori knowledge of 

the waveform. If the wavelet exhibits a minimum phase characteristics, good resolution 

performance can be achieved. The algorithm is relatively straightforward to use and 

requires only precise adjustment of the convergence parameter. 

The nonadaptive MED technique, proposed by Wiggins, assumes a non-Gaussian 

reflectivity function and utilises an optimisation technique to recover both the amplitude 

and phase information [131]. For this reason the algorithm is more robust to non­

minimum phase wavelets, when compared to most of the classical deconvolution 

algorithms. The algorithm requires the spatial invariance assumption to obtain the best 

resolution along the wavelet. This approach will produce a solution when the desired 

signal consists of a few large spikes (delta functions) and an group of sample signals 

exists for which the time separations between the spikes differ while the source wavelet 

shape remains constant. One significant advantage of the MED approach is that is 

addition to providing signal compression, the noise components are reduced. As the 

MED operator maximises the spikiness of the output traces, it selectively suppresses 

frequency bands over which the ratio of coherent signal-to-random noise is lowest and 

thereby emphasizes those bands in which coherent signals dominate. 

The technique obtains the simplest signal which is consistent with the acquired real data 

signal. The process seeks the smallest number of large spikes separated by near-zero 

terms, which is equivalent to minimising entropy or maximising the order of the data. 

This technique does not require a reference wavelet and its solution is computed as the 

coefficients of an inverse filter of the ultrasonic wavelet. The form of this inverse filter 

is shown in Equation E.6, where at is an approximation to a delta function. 

=x t 
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(E.6) 



Wiggins proposed that the solution for the coefficients of the inverse filter, length of 

L+ 1, is when the objective function, described in Equation E.7, is maximised. N 

represents the length of the data set. 

(E.7) 

Maximising this criterion yields the system shown in Equation E.8. 

(E.S) 

where 

(E.9) 

This system is solved in an iterative manner through the computation of ". (.it) . The 

solution is not necessarily unique, but Wiggins maintains that a useful maximum is 

always reached. 

The MED technique is a nonadaptive approach in the sense that it cannot follow the 

evolution of the distortion wavelet. An optimum inverse ftlter is built for each processed 

signal. They do not require to operate on minimum phase signals. The implementation 

is very slow, but only requires the adjustment of two parameters : the length of the 

filter, L, and the number of iterations. 
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