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ABSrRACr 

The use of ultra-short pulse wideband ultrasonic transducers in Non- 

Destructive-Testing (NDT) has been investigated both theoretically and 

experimentally. It is demonstrated that the resolution of pulse-echo NDT is 

affected by diffraction effects which also complicate the interpretation of 

echo signals. These diffraction effects are interpreted in terms of the 

plane- and edge-wave model of *transducer fields. 

Improverents can be obtained by the use of non-uniformly excited 

transducers of two basic types: the first, the plane-wave-only (PWO) source; 
is more strongly excited at its centre than towards the rim, where the 

excitation is gradually reduced to zero in order to remove the edge wave. The 

second type, an edge-wave-only (EWO) source, is more strongly excited at its 

rim than in the centre, thereby effectively removing the plane wave. 

Computer modelling of pressure waveforms in the field of PWO and EWO 

sources has been carried out using an extension to the impulse response 

method. Experimental point-pressure waveform measurements in the field of a 

prototype EWO transducer, made using a miniature ultrasonic probei are in 

reasonable agreement with the calculated results. 

Detailed calculations are made of the transmit-receive mode (pulse-echo) 

responses arising from solid targets of various size in a flu- id medium 
interrogated by uniformly and non-uniformly excited sources. The 

theoretically predicted results are in good agreement with experimentally 

measured results obtained using a conventional transducer and an equivalent 

prototype EWO transducer. The effects of target size, field position and 

material on both the amplitude and shape of the echo responses are 
investigated. The structure of the responses is explained in terms of the 

plane and edge waves radiated by the source. Implications for the use of 
techniques to both size (Distance, Gain, Size curves) and characterise 
(ultrasonic spectroscopy) defects are examined. The applications of new, non- 
uniformly excited transducers in high-resolution NDT and ultrasonic imaging 

are evaluated. 
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S)MBOLS 

All symbols and abbreviations are normally def ined where they first 

appear in the text. Standard abbreviations for units are used throughout and 

are not included here. 

a Source radius 

c Velocity of sound in a fluid 

E Output voltage from a conventional transducer used in transmit- 

receive (pulse-echo) mode 

Ew Output voltage from a non-uniformly excited transducer in 

pulse-echo mode 

il Bessel function of the first kind 

k, K Wavenunber, constant of proportionality 
N Outward normal to the surface S of a volume V 

P Sonic pressure 

Pi Pressure impulse response 
Po Normalising pressure 

Q Field point 

Q(r, t) Scattering strength 

S Surface area 

r Distance 

t Time 

V Volume 

VW Source velocity motion 

v Velocity amplitude distribution (weighting profile) 
z Distance co--ordinate, target range 

y Radial distance off axis 

GREEK MIBOLS 

8, Y Arygular co-ordinate 
x Wavelength 

P Density 

Velocity potential 

Velocity potential impulse response 
S1 Included angle of equidistant arc 
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1. INTRODUCTION 

The ultrasonic pulse-echo technique is widely used in the 

examination of materials and in particular the detection and location of 

flaws or defects. However it is no longer sufficient to merely locate 

flaws. Ultrasonic flaw characterisation, which refers to the 

determination of size, shape, orientation, composition etc., is becoming 

increasingly important in modern non-destructive evaluation (NDE). This 

is because with the advent of fracture mechanic calculations, a more 

definitive description of flaws by means of high-resolution non- 

destructive testing (NDT), can allow a better assessment to be made of 

the danger a particular flaw poses to the material or structure in which 

it is present. 

A detailed knowledge and understanding of the interaction of 

ultrasound with real defects and targets is therefore of fundamental 

importance if currently-used defect characterisation techniques are to be 

reliably applied and more accurate alternative techniques or transducers 

developed. To this end the study of echo responses from solid planar 

targets of various size, shape and material composition interrogated with 

short pulses from conventional transducers (typical of those used in NDT) 

forms a major part of this thesis. This has been done both 

experimentally and theoretically using a finite-sized target model that 

allows accurate calculations (as confirmed by experiment) to be made for 

target and source geometries of finite dimensions in both the near and 

far field. Most previous work on modelling echo waveforms from targets 

of finite dimensions has been confined to the far field only. It should 
be pointed out that only aspects relating to the propagation of 

ultrasound from the transducer face and its subsequent scattering and 

reception in pulse-echo mode are considered and not the electro- 

mechanical transduction process and the generation of ultrasound. 

For a conventional source , dif f raction ef f ects have been shown to 
impose limitations on lateral and range resolution as well as introducing 

complicated echo patterns especially in the'near field. The use of non- 
uniformly excited sources offers a possible means of overcoming these 
limitations. An investigation of the radiated fields and echo responses 
obtained from such sources has therefore been carried out in order to 

assess their ability in high-resolution NDT applications in both the 

near and far field. Furthermore, a direct comparison of non-uniformly 

14. 



excited sources with conventional uniformly excited sources is also Mde 

with a view to determining their potential as replacements for currently 

used conventional sources. 

Although the emphasis on the findings and conclusions presented here 

has been directed towards NDT, they are equally applicable to other 

related fields such as seismic survey work, sonar and particularly 

medical diagnosis since the body can be treated as a first approximation 

as though it is a fluid. 

Briefly, the material presented in this work is laid out as follows: 

Chapter 2 begins by brief ly reviewing continuous-wave and transient 

radiation theory for propagation in fluids, as well as introducing the 

impulse response method for the calculation of pressure waveforms and 

transmit-receive mode responses for uniformly excited transducers and an 

extension which takes account of non-uniform excitation. The plane- and 

edge-wave radel of the radiated field from a conventional piston source 

is introduced before considering a finlite-sized target model that allows 

calculations to be made of echo responses from solid, planar targets of 

arbitrary size and field position, interrogated by either uniformly or 

non-uniformly excited sources. 

Chapter 3 describes the various transducers and measuring systems 

used to obtain the experimental waveform measurements and ultrasonic 
images presented in this work. 

Detailed calculations of pressure waveforms and transmit-receive 

mode (pulse-echo) responses from targets of various size in fluids are 

given in chapter 4. These are compared with experimental results cbtained 

using typical wideband conventional transducers as well as equivalent 

non-uniformly excited transducers. Some preliminary field point waveform 

measurements in solids are also reported. 
The theoretical results and the experimental calculations are 

discussed in chapter 5 with regard to their implications for high- 

resolution NDT and flaw characterisation. 

A short chapter outlining proposed future work is included before 
I the final concluding remarks in chapter 7. 
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2. =RY 

Ituch of the theoretical and experimental work presented in this 

thesis is associated witli the propagation of ultrasound in a fluid medium, 

and its interaction with solid targets of known properties immersed 

within it. The scattering of ultrasonic waves in a solid medium is 

generally more involved than for a fluid since shear as well as 

campression waves may be generated. Nevertheless a study of ultrasonic 

scattering in a fluid medium provides valuable insight into the nature 

of the ultrasonic waves scattered and reflected from target flaws that 

typically in NDT, lie within a solid medium. Any extensions to the ideas 

and conclusions drawn f rom studies in af luid medium to the case of 

solids will therefore be made in qualitative terms only and a more 

rigorous theoretical description left to future work. 

only a brief summary of the already well known continuous-wave (CW) 

theory for fluids is included since the trend in the recent develcpment 

of pulse-echo testing has been to use wideband transducers which generate 

very short pulses of ultrasound. Such transducers were develcped in an 

attempt to improve target resolution and are a pre-requisite of 

techniques which make use of frequency analysis in target 

characterisation. The interpretation of echoes obtained from these 
transducers requires an understanding of the structure of the transient 
field. Transient field theory (including the impulse response method 
which accurately predicts the propagation of ultrasound in af luid) is 

therefore considered, followed by a discussion of the plane- and edge- 
wave structure, of the radiated field and the associated diffraction 

effects. One way of overcoming the limitations imposed by these effects 
is the use of non-uniformly excited sources which offer the potential of 
improved high-resolution NDT over conventional (uniformly excited) 
sources. The various theoretical approaches used in the prediction and 
study of the fields radiated by such sources are therefore reviewed, 
before finally introducing the develcpment of a mathematical model that 

allows accurate theoretical predictions to be made of echo waveforms from 

simple solid planar targets of various size and shape at any arbitrary 
field position, interrogated by either uniformly or non-uniformly excited 
sources. 

16. 



2.1 Continuous-Wave (steady-state) theory. 

The most important aspect of a source emitting continuous sinusoidal 

waves into a fluid is the spatial dependance of the pressure 
field amplitude. In other words this is an acoustic diffraction pattern; 
a piston source in an infinite baffle may be considered to act as an 

aperture illuminated by a plane wave. In typical ultrasonic applications 
the wavelengths and source dimensions are such that both Fresnel (near 

field) and Fraunhofer (far field) diffraction phenomena, analagous to 

those in optics are observable. In CW propagation the far field is 

usually taken to begin at about rf = a2/X, where a is the source radýus 
and X the wavelength. 

The steady-state solutions for the field of a circular piston source 

undergoing sinusoidal oscillation in a fluid have appeared in numerous 

published studies. The Rayleigh surface integral [1] in particular forms 

the starting point for many of these investigations. Physically the 

Rayleigh integral is a statement of Huyghens' principle as expounded by 

Fresnel, which for a planar piston source means that every point on the 

piston surface may be, considered as the source of an outgoing 
hemispherical wavelet. In general the Rayleigh integral can only be 

solved analytically in a few specific regions of the radiated field. 

These now well known analytic expressions (see Hunter [21 chapters 3 and 
4) can be derived for the steady-state pressure variations at all points 
lying on axis and for the pressure variations across the beam (at a given 
range) in the far field of a circular piston source. 

The pressure distribution along the axis of a circular source, as 
shown in Fig. 2.1-1., is characterised by a rapidly varying series of 
maxima and minima. The pressure variation across the beam in the far 
field has the form of the well known Fraunhofer diffraction pattern for a 
circular aperture. The pressure distribution across the beam (normalised 
by the on-axis value) is given by 

p 2Jl(kasinG) 

p KasinO 
0 

where a is the source radius, y the off-axis distance, z the field point 
range, 0= tan -1(y/z) and J, is a Bessel function of the first kind. 
Off axis, in the near field, analytic solutions are not available and a 
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Fig 2.1.1 Variation in the steady-state axial pressure Pax. of a 
circular piston source of radius a as a function of range z. Plot of 
Pax. /Pmax. (where the amplitude Pmax. is twice that of the plane wave 
emitted) versus z/a is for a= 10; k. 
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numerical evaluation of the Rayleigh integral must be made. Approximate 

series expansions of the integral have been used to calculate 13,4] the 

near field pattern. More recently Zemanek [51 has published detailed 

computations for this region of the field using numerical integration 

techniques. 

y 
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2.2 Transient radiation theory. 

With transient (short pulse) excitation of transducers typically 

found in pulse-echo ultrasound systems, steady-state sol6tions are no 

longer adequate in describing the field structure (6,71. CW theory can 

only predict the amplitude of a pressure pulse containing several cycles 

of a sinusoidal wave during that fraction (if any) of the pulse for which 

steady-state conditions apply. Moreover with pulsed excitation of the 

source, temporal as well as spatial information concerning the pulsed 

wavefronts is of interest and accurate transient solutions are required. 
In theory such solutions can be obtained by expressing the pulsed field 

as a weighted superposition of single frequency, steady-state harmonic 

solutions but as mentioned in the previous section even these steady- 

state solutions are not available for the general field point. This 

method, known as harmonic synthesis, is described by Freedman (8) and 
Papadakis and Fowler (9]. 

A comprehensive review of transient radiation theory has been made 
by Harris [101 who has traced the various approaches to a few fundamental 

methods of analysis, principal among these being the solutions of Ray- 

leigh Ell, King [111 and Schoch [121. It would appear that most 

calculations of transient piston fields [13-18] have been based on an 
impulse response (convolution integral) representation either directly or 
indirectly. The convolution integral approach, which has been developed 

notably by Stephanishen (1819 introduces the concept of an impulse 

response (so called from the analagous temporal impulse response of 
linear circuit theory) which relates the acoustic field to the radiating 
source geometry. The impulse response is determined by solving 
analytically the Rayleigh surface integral for an impulsive motion of the 

source. The pressure at an arbitrary piston velocity can then be 

obtained by convolution of the impulse response with the source velocity. 
The calculations given later of pressure waveforms and trans mit-receive 
mode echo responses make use of the impulse response method. This 

approach allows acoustic fields to be theoretically determined for either 
transient or CW piston motion and at an arbitrary field point in both the 

near and far field. 

It is convenient here to clarify the meaning of near field when 
used in the context of short-pulse wideband ultrasound typically used in 
high-resolution NDT. The definition for the end of the near field in CW 
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propagation given in the previous section (i. e. rf = a2/X) is no longer 

satisfactory since wideband pulses contain a range of frequencies and 
hence the choice of a value for the wavelength is somewhat arbitrary. 
Whenever the terms near and far field are used in this thesis it should 
be assumed that the value of'wavelength used in the estimate of rf 

corresponds to the centre frequency, or frequency of maximum output if 

the pulse spectrum is not symmetrical. It should however be remembered 
that the highest usable frequency in the pulse spectrum may extend much 
higher than this figure. For example, a typical velocity motion for the 

transducers (9.5mm radius aperture) used here is a single cycle of a 2MHz 

sinusoid (X= 0.75 mm in water). By the'definition just outlined above 
this corresponds to an estimate of rf = 120 mm. However, there is usable 

energy in the pulse spectrum up to 2.5 times the centre frequency so that 

near-field effects can be extended up to 300 mm in waterýor about 75 mm 
in metals. For a centre frequency of 6 MHz, which is more" 

representative of that used in practice, a factor of three can be placed 

on the above figures. Much high-resolution NDT will therefore inevitably 

fall within the near-field region. It should be further noted that the 

near field of a non-uniformly excited source will be defined in -terms of 
the near-field region of a corresponding uniformly excited source. 



2.3 The plane- and edge-wave model of diffraction. 

The similarity between continuous-wave acoustic fields and optical 

diffraction patterns has already been mentioned. In 1802 Young [191 

suggested a simple theory to qualitatively explain optical diffraction 

phenomena. He proposed that the observed light field in front of an 

opaque obstacle (e. g. a knife edge) or an aperture in an opaque screen, 

resulted from interference between the direct plane wave and a wave 

emanating from the boundary (or edge). This has come to be known as the 

plane-and edge-wave model of diffraction. Schoch (12] was the first to 

apply this model to acoustics when he was able to show that his integral 

expression for the field of 'a 
source undergoing CW motion could be 

mathematically decomposed into a geometrical wave and a boundary 

diffraction wave. This model has also been used to explain the way in 

which short pulses of sound propagate from a piston source, Kasparlyants 

[201, Kozina and Makarov [211 and Tupholme [22] being amongst the first 

to do so. 

It has been shown [61 that a good physical understanding of the 

structure of the acoustic field radiated from a circular source in a 

fluid medium is provided by the concept of a plane wave which travels in 

the geometric region directly in front of the source together with a 

toroidal edge wave of 
' 
opposite 

' 
phase originating from the source 

periphery. In the shadow region, outside the geometric region, only the 

edge wave is present. Interestingly, the portions of the edge wave 

directed into the shadow region are of opposite phase to those portions 
directed into the geometric region. Furthermore the directivity of the 

edge wave does not have a uniform amplitude with direction of 

propagation. The directivity of the edge wave exactly compensates for 

the spreading nature of the wavefront, with the result that its axial 

amplitude remains constant with range. This characteristic illustrates 

that the edge wave is not simply a wave from the edge of the source but 

that it arises, as does the plane wave, from the summation of all the 

Huyghens' wavelets from the whole surface of the source. 

Previous experimental studies concerned with obtaining field point 

pressure waveforms (23-283 and stroboscopic schlieren visualisations [6, 

29,301 of transient and CW fields in fluids, have demonstrated that the 

plane- and edge-wave components are not just mathematical artefacts. The 

edge waves have been shown to actually exist and can be time resolved 

1) 1) 



from the direct plane wave given suitable experimental conditions. The 

investigations'referred to above have also been able to show the detailed 

structure of the edge wave. 

The variations in the pressure waveform with field-point position in 

a fluid and the form of the corresponding pressure-amplitude beam profile 
for a uniformly excited source, are a result of diffraction effects 

caused by the interaction of the plane wave and the edge wave. As later 

illustrated in chapter 4 and discussed in chapter 5, these diffraction 

effects impose limitations on important transducer characteristics such 

as range and lateral resolution. 
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2.4''The inpulse response'(I-R), niethod. 

Rayleigh's equation for arbitrary motion of a source radiating into 

a fluid expresses the velocity potential at a point as the sum of 

contributions from all the elementary Huyghens' sources that mAe up the 

source surface. This gives 

V (t-r/c) 
ý(r, t) - 1/2n ff nr ds 

S 

where (see Fig. 2.4-1) 0 is the velocity potential, v. is the normal 

velocity of the piston, r is the distance from the field point to the 

surface element ds and c is the velocity of sound in the fluid. 

The pressure in a fluid of density is given by 

P(r, t) p 
Bý 

oat .......... 

If the piston velocity v is uniform over the piston surface then 

v(t-r/c) = v(t)*S(t-r/c) ........... 

where * denotes, as usual, convolution. Thus the velocity potential is 

ý(r, t) - V(t) * ýj(r, t) esooooese.. (5) 

and the impulse response is therefore 

ff 6(t-r/c)ds 
........... 21Tr 

s 

After a velocity impulse has been applied to a piston at t=0; the field 

at a point Q is made up of contributions from all points on the piston 

surface a distance ct from Q; these points, equidistant from Q, lie on a 

circular arc centered at the projection of Q on the source (z = o) plane 
(see Fig. 2.4-1). By a simple change of variable [17,181 a very simple 
result is obtained for the solution to eq. (5), namely that the velocity 
potential for an impulsive motion of a source is proportional to the 
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Fig 2.4.1 Geometry of the equidistant arcs on the'source surface used in 

determining the velocity potential impulse response function. Q' is the 

perpendicular projection of the general field point Q. 
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length of equidistant arc included'on the source surface. Expressed 

mathematically this is 

ýi (r, t) = cilýct)/2i - if rl<ct<r2 I 
............ 

and C(rM =' 0 elsewhere, where-M is the full angle of the 

included equidistant arc. For the case of a circular source analytic 

expressions forIL (ct) have been given by a number of authors [17,18, 

311. Those tabulated by Robinson et al [171 are summarised in Appendix 

1. The pressure impulse response may then be obtained directly or by 

numerical differentiation and convolved with the source velocity Motion; 

the convolution being conveniently perfomed by computer. 

It should be noted that the above solution is valid in all paxts of 

the field, is'applicable to arbitrary piston -shapes and can also be used 

for arbitrary velocity driving functions. However, the above 

relationships assume that the field intensities are such that non-linear 

effects are negligible and that the source acts as a rigid piston. 

2.4.1 Extension of the impulse response method to calculate pulse-echo 

waveforms from an idealised point-like target in a fluid. 

By invoking the principle of reciprocity the impulse response 

method has been extended to allow calculations to be made of the 

transmit-receive mode responses' of a uniformly excited source 
interrogating a point-like target. -If the source is considered to 

function as a receiving transducer which is uniformly pressure sensitive, 
its output voltage E(t), when used-in transmit-receive mode, on reception 

of the echo from an idealised point reflector is given by [231 

K po 4,41 
E(t) -- V(t)''* 2co at at 

where K is a constant. 

The above result is, obtained by making the simplifying assumptions 

that the incident wave is locally plane and that the target has a 

-reflection coefficient of -1. The double convolution of eq. (7) means 

that pulse-echo waveforms and beam profiles are quite different to those 

obtained for the field point pressures. 
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2.4.2 Graphical solution to the impulse response approach. 
The impulse response method can be conveniently described with the 

aid of simple graphical constructions which also serve to illustrate the 

plane- and edge-wave structure of the radiated field. Graphical 

solutions close to a source undergoing single cycle sinusoidal motion are 

shown for three different field positions; 

(a) on axis; 
(b) off-axis, but within the geometrical beam ; and 
(c) outside the geometrical beam. 

Figure 2.4.2 shows the on-axis graphical solution for a circular 

piston source. The area on the piston surface represents equidistant 

arcs at successive (arbitrary) time intervals. If at first the source is 

considered to undergo an impulsive velocity motiong the velocity 

potentialoi at a field point Q(Q1 is the projection of Q on the piston 

surface) jumps to a constant value at t1. This is the time at which the 

contribution from the nearest point of the piston (in this case the 

piston centre) reaches Q. Between t, and t2 the equidistant arcs remain 

complete circles and therefore Q, remains constant. At t2 the 

contribution from the furthest point on the piston (ie. from the edge) 

arrives at Q andoi abruptly falls to zero. Thus0i has the "top-hat" 
form shown in Fig. 2.4.2(a), The corresponding pressure is proportional 
to the time differential of 01 and therefore consists of two equal and 

opposite delta functions separated by the time difference between waves 

arriving from the near point of the source and those arriving from the 

furthest point, the edge. For an arbitrary piston motion this double 

pulse is retained. These two pulses result from Young's direct plane 
wave and diffracted edge wave. On axis, the edge-wave contributions 
arrive similtaneously to give an inverted replica of the earlier arriving 
plane wave. At greater ranges on axis, the time separation between the 

plane- and edge-wave pulses decrease until they eventually overlap 
producing the effect of differentiation in the far field [6,171. 

Off axis, but inside the geometrical projection of the source (see, 
Fig. 2.4.2(b)) the velocity potential again jumps to a constant value at 
t, and remains constant until time t2, the time of arrival of 
contributions from the nearest edge. After t2 the equidistant arcs are 
no longer complete and 01 decreases reaching zero at t3 which corresponds 
to the transit time from the far edge. Differentiating to obtain Pi 
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Fig 2.4.2 Graphical calculation of the pressure waveforms from a circular 
piston source: (a) on axis, (b) in the geometric beam region, and (c) 

outside the geometric beam region. 
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yields a delta function followed by two time, "smeared" and inverted 

pulses. For a single cycle sinusoidal excitation the pressure waveform 
then consists of a sine wave pulse followed by two smaller, distorted and 
inverted replicas of this pulse. The first pulse represents the plane 

wave and the two trailing pulses are edge waves from the nea, rer and 
further portions of the source rim. 

Outside the geometrical beam (Fig. 2.4.2. (c)) the equidistant arcs 

are never complete. 0i rises slowly to a maximum value which is less 

than for points within the geometrical beam before reaching zero again 

at time t3. The pressure waveform now consists of two edge wave pulses 

only. Note however that the first edge wave, directed into the shadow 

region, is the same polarity as the plane wave and of opposite polarity 
to the second edge wave directed into the geometric region. 

\ 
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2.5 Non-uniformly excited sources. 

Although the, uniformly excited rigid planar piston has been the 

subject of longstanding theoretical interest, it has 
, 
also been 

recognised that modelling the surface vibration amplitude in terms of a 

non-uniform velocity amplitude distribution (weighting profile) was of 

practical importance. Specifically, it was realized that non-uniformly 
excited sources could have certain properties and beam characteristics 
which would offer advantages over conventional, uniformly-excited sources 
in applications requiring high-resolution target characterisation. 

2.5.1 Continuous-Wave theory. 
In earlier studies 132,371 the Rayleigh and King integrals have 

been used to study the affect of various source distributions on the 

axial and far-field CW pressure fields of non-uniformly excited sources. 
The form of the piston motion has usually been assumed to be 

axisymmetric, i. e. a function of the radial distance from the centre. 
Several analytic functions (see section II B of reference [101) have been 

used to represent the axisymmetric vibration amplitude. All have a 

maximum amplitude at the piston centre, and decrease monotonically with. 
distance off axis. In particular the simply-supported radiator and 

clamped (at the source edge) radiator have been used to describe the 

surface motion of such transducers. 

More recently a general solution, valid at all field points, was 

obtained by Greenspan 1383 who generalised the King integral to account 
for a non-uniform vibration amplitude. Evaluation of the result yielded 
analytic expressions for the impulse response of a circular piston for 

certain specific analytic- amplitude distributions. Using similar 
approaches to Greenspan, several authors [39-411 have also subsequently 
investigated the radiated CW fields from various forms of axisymmetric, 
non-uniformly excited transducer both in the near and far field. 

These studies revealed that when the amplitude distribution across a 
source emitting CW decreases in a monotonic manner from the centre to the 
edge, the field pattern becomes smoother and broader in comparison with a 
uniformly vibrating piston source. The well known large pressure 
fluctuations (maxima and minima) in the near field are smoothed out and 
the sidelobe maxima are significantly reduced with this type of non- 
uniformly excited source. 
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The aim with C4 cperation is to produce a uniform pressure amplitude 

thrcughout the field. Von Haselberg and Krautkramer [42] have shown that 

a good approximation to such a field is provided by a source with a non- 

uniform velocity distribution which is Gaussian as a function of radius. 

Several practical transducers [43-4G] have been constructed using 

modified electrode designs which produce *a. Gaussian (or quasi-Gaussian) 

radial electric field and thereby induce a similar amplitude 

distribution in the velocity motion of the source. This technique, 

whereby the motion of the source is made non-uniform over its surface, is 

known as shading or apodisaticen. The term apodisation"is taken from the 

analagous technique employed in optics [471 which is used to suppress 

diffraction sidelobe maxima. 

It has"previously been noted [6,381 that a major disadvantage of 

such a source is that in general both its sensitivity and its lateral 

resolution are reduced compared with a uniformly excited source of the 

same aperture. Resulting from the asymptotic way in which the Gaussian 

approaches zero on each side of the central maximum, any practical 

approximation to such a weighting profile cannot be truncated too much 

without re-introducing near-field fluctuations., 1herefore only the 

central regions of the source can be excited to any great extent thereby 

reducing the collimation of the beam and its sensitivity with range. 

Furthermore, as the length of the near field is effectively reduced, the 

consequent beam-spreading can'spoil the lateral resolution. 

Theoretically and experimentally a number of investigators [39,40,48- 

511 have attempted to reach compromise solutions using various weighting 
(velocity amplitude) distributions to overcome this drawback. 

It has also been noted [40,41,52, '53] that * shading a transducer 

in the opposite sense to that explained above, i. e. by exciting the 

edges of the source more strongly than the centre, it is possible to 

produce a narrow pencil-beam centered on axis. The simplest way of 

realising such a device is a simple ring (or annular) transducer which 

can maintain a high degree of focusing and hence high lateral 

resolution, over a large depth of field. One major disadvantage of an 

annular source is the formation of large sidelobes straight ahead of the 

rim. This effect is highly undesirable because it can lead to the 

appearance of false or spurious signals. Burckhardt et al [531 have 

attempted to reduce these sidelobes by sequentially switching segments of 
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an annular transducer. Kondrat'ev and Karpel'son [52] have also tried to 

overcome this limitation by smoothly varying the velocity distribution of 

the source from zero at the centre to a maximum at the rim. 

2.5.2 Pulsed (transient) radiation theory. 

Greenspan [38] was the first to present an approad-i for evaluating 

transient pressure fields from non-uniformly excited sources. As 

mentioned earlier Greenspan generalised the King integral to account for 

sinusoidal excitation of a circular piston having an axisymmetric 

velocity amplitude distribution. Then, in an analysis of the transient 

case, he obtained an expression for the velocity potential impulse 

response by taking the inverse Laplace transform of his solution. 

Evaluation of the result allowed analytic expressions- to be obtained for 

certain analytic source velocity distributions. Velocity potential 
impulse responses, plotted in a similar manner to Stephanishen [181 and 

Robinson et al [171, were presented for simply- supported, clamped and 

Gaussian radiators. These expressions can be convolved with the piston 

velocity waveform to obtain the transient pressure field. This method of 

determining the radiated field from non-uniformly excited sources relies 

on cylindrical symmetry and is therefore limited to the case of circular 

pistons. Furthermore, it is only for certain specific analytic vibration 

amplitude distributions that the exact solutions reduce to closed form 

expressions. in general the evaluation of the impulse response for a 

non-uniformly excited source must be performed numerically. 

More recently Harris [541 has developed an, extension of the 

convolution integral approach to obtain a general impulse response 
function for arbitrarily shaped pistons with arbitrary, non-uniform 
velocity amplitude distributions. The transient pressure fields are 

evaluated as before by convolution of this function with the source 
velocity function. This approach is also extended to account for the 

effect of a finite receiver on the form of the measured transient field. 
For a point receiver the impulsive velocity potential for a circular non- 
uniformly excited source is given by 

f 
e(ct) 

0 
V, (ct, G)dB 
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where V, (C-, '-, e) is the axisymmetric velocity distrilyjtian. Note that the 

source distribution is written in terms of the observer based co- 

ordinates ct(or R) as shown in Fig. 2.5.1 and not as a function of the 

distance off axis y as in section 2.4. As illustrated in section 2.4.2 

the magnitude of the impulse response for a uniformly vibrating source at 

some time t is proportional to the anglesl(ct). The more of the piston 

source located a distance ct, from the point Q at time t the greater the 

impulse response function at that time. The interpretation of eq. (9) for 

a non-uniformly excited source is similar but now the contribution at 

time t is weighted by the distribution function mr (ct, E) )- Thus the 

magnitude of the impulse response depends not only on the length of the 

circular arc but also on the piston velocity amplitude along that arc. 

In general, eq. (9) must be evaluated numerically. Harris has 

calculated the pressure impulse response for both point and finite-sized 

receivers and for various analytic weighting profiles including simply- 

supported, clamped, Fermi, Bessel and Gaussian. The corresponding 

transient pressure waveforms are also presented for two piston velocity 

waveforms -a Gaussian pulse and a Gaussian modulated sinusoidal burst. 

Independently of Harris both Stephanishen [551 and Tjotta and Tjotta 

[56] have also generalised the impulse response method to the case of a 

source with a non-uniform velocity distribution obtaining results 

equivalent to eq. (9). Tjotta and Tjotta studied the affect of amplitude 

shading and rigidity at the source edge, on the near and far fields of 

pulsed radiators. In this particular paper the emphasis was placed on 

pointing out general properties and to obtain analytical rather than 

numerical results. By expressing the velocity distribution in terms of a 

set of radially symmetric eigenfunctions, Stephanishen expressed the 

pressure as a sum of convolution integrals involving generalized impulse 

responses which are dependent on the eigenfunctions and time dependent 

velocities. In general the solution must be evaluated numerically. 
However, Stephanishen was able to derive series expressions for the 

generalized irrTulse response corresponding to a special case of interest, 

the spatial velocity distribution described by a Bessel function of the 
first kind and zero order. on axis, transient pressure waveforms in the 

near field of such a radiator were also presented. 
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Fig 2.5.1 Circular piston geometry for evaluation of the velocity 
potential impulse response function at a general field point Q in the 
field of a source with a non-uniform velocity amplitude distribution. 
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In all the preceding pablications the general conclusions were the 

same. When the vibration amplitude is not uniform# with a reduced 

amplitude at the edge, the pressure waveform, on axis no longer displays 

the separate plane- and edge-wave structure discussed previously. The 

plane wave becomes distorted and the edge wave is reduced in size. The 

time delay beween the two puls es is also shorte ned, indicating a 

reduction in the effective radius of the radiator and the corresponding 

near-field length. Between the initial and final portions of the pulse, 

which are loosely identified with plane-and edge-wave components, lies an 
intermediate non-zero pressure region. Harris [54] has attributed the 

pressure in this region of time to a "membrane" component wave which owes 
its existence to the presence of a non-uniform vibration amplitude. 

Further extensions of the impulse response method [57,581 have also 
been made to investigate acoustic fields from non-planar, curved sources 

with a non-uniform amplitude distribution. This has been carried out with 

a view to obtaining good lateral resolution over a large range. 

In all the work presented here transient pressure fields radiated by 

a planar piston having an arbitrary axisymmetric velocity distribution 

are calculated using tlie impulse response method along with the principle 

of superposition. The pressure at an arbitrary point in the field of an 

axisymmetrically weighted source is then considered to be due to the sun, 
of the pressures from a collection of concentric sources of different 

radius, each of which undergoes uniform in-phase motion of arbitrary 

amplitude. For example, the field from an annular transducer may be 

simply described by the subtraction of the field of one source from 

another of the same amplitude but larger radius. This is illustrated in 

Fig. 2.5.2(a). Similarly a source excited more strongly in the centre 
than at the edge may be synthesized by the addition of successive plane 
pistons of varying radius, see Fig. 2.5.2(b). This approach was 
originally proposed by Weight [6,591 and has been used by Gatcombe [601 

to theoretically investigate the fields radiated from non-uniformly 
excited sources. 

The pressure due to each source is given by 

P(r, t, y) - v(t, y) *pi (r, t, y) .00a9000a000( 10) 
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Fig 2.5.2 Schematic diagram illustrating how a non-uniformly excited 
source may be represented as a collection of plane piston contributions: 
(a) an annulus, subtraction of one plane piston field from another; and 
(b) an increase in amplitude with radius, synthesized by the addition of 
plane piston fields. 
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where Pi(r, t, y) is tl-ie impulse pressure response oil a piston of radius a 

and the source velocity v(t, y) is r)7,4 a function of radial displacement 

y. The pressure due to a weighted source of radius a is then 

a 
Pw (r, t) f P(r, t, y)dy 

0 

Calculations of pressure waveforms are made by numerical integration of 
the above expression. In a similar manner the trans mit-receive mode 

response of a non-uniformly excited source interrogating a small target 

can also be determined by making use of eq. (8). The electrical output, 
Ew, from the source on receiving the reflection from a point-like target 
is thus given by 

E (r, t) 
kv(t) a (12) 

w 2pc 
fPi (r, t, y) *Pi (r, t, y)dy 0 

2.5-2.1 Nan-uniformly excited plane-wave-only (PWO) and edge-wave-oaly 
(EWO) sources. 

Although with transient excitation of uniformly excited sources the 

radiated field is inherently more uniform than for the CW case [281, 

there are still significant variations in pulse shape throughout the 
field due to diffraction effects. The application of ultrasonic 

spectroscopy techniques [61,62] to characterise defects within 

engineering components and welds is complicated by such diffraction 

effects. These effects, which introduce strong modulation into echo 

spectra (see later, section 4.3-1) and therefore tend to mask any 

modulation due to defect characteristics [591, are caused by the 
interaction of plane and edge waves. In wideband NDT applications the 

major aim is to produce simple pulse shapes throughout the field so as to, 

allow an easier interpretation of echo signals to be made. An obvious 
way of eliminating the diffraction effects is to remove either the plane 
wave or the edge wave. 

In order to obtain a constant pulse shape at all field points and 
uniform beam shape, all that is seemingly required is to remove the edge 
wave by exciting the source at the centre and not at all at the edge. 
However, it is the interaction between the plane and edge waves from a 
uniformly excited source that gives the beam its directivity. The 
wavefront from a transducer which has been shaded to produce no edge 
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waves would spread out with range. This results in the loss of 

sensitivity and increased beam spreading, both of which are undesirable. 

The computer modelling of 'ýeight [6] and Gatcombe [60] has shown that a 

suitable weighting function which minimizes these disadvantages must 

have a smooth 
ýransition 

from a constant velocity region at the centre to 

zero at the edge, see Fig. 2.5.3. For the transition, cosinusoidal and 

Gaussian forms [601 appear to offer the best compromise, giving simple 

pulse shapes but retaining much of the directivity of a uniformly excited 

source. Weight [591 has termed this type of source a plane-wave-only 
(PWO) transducer. 

By exciting a source in the opposite sense to a PWO source, i. e. 

more strongly towards its rim, it is possible to shade-out the plane 

wave. This produces a source which effectively radiates edge waves 

alone (an EWO tranducer). High lateral resolution will be obtained with 

this type of source because at every point on axis the edge-wave 

contributions from all portions of the rim add up in phase giving a large 

amplitude at all axial ranges. Off axis th6 edge waves arrive at 
different times and the response is much reduced. It should be pointed 

out that it is impossible to realise an "ideal" EWO transducer which 

radiates solely edge waves with the same characteristics as those 

radiated by a uniformly excited source (see section 2.3, the plane- and 

edge-wave model). This is because the edge wave from a uniformly excited 

source arises from the summation of all the Huygbenst wavelets 
distributed over the surface of the source. Attempting to eliminate the 

plane wave by exciting a source only at the rim results in some of the 

desirable characteristics of the ideal edge wave, such as the constant 

amplitude on axis, being lost. An infinitesimally small ring source 

would in fact radiate a uniform toroidal wave the amplitude of which 
falls-off with range z as 1/412. Therefore in practice only an 

approximation to an ideal EWO transducer can ever be constructed. 

A simple ring source is an obvious way of attempting to produce a 
practical version of an EWO tranducer. However, if the ring width is a 
few wavelengths (centre frequency) wide, then both plane and edge waves 
are emitted. This leads to drawbacks including the formation of large 

responses in directions straight ahead of the source rim and large 

variations in sensitivity with range. As for the PWO source a weighting 
profile with a smooth transition from maximum excitation at the rim to 

zero at the centre must be chosen so as to maximize the overall on-axis 
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Fig 2.5.3 Velocity weighting function for a plane-wave-only source: 

v(y) = 1, O<y. <, yu; v(y) = 1/2[1+cosTr/yv(y-yu)], yu4y4a. 
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sensitivity with range, whilst minimizing any unwanted rsponse straight 

ahead of the source rim. There is generally a trade-off between these 
I two conflicting factors to obtain the optimum spatial and temporal field 

characteristics. 

EWO transducers have already been constructed (59,633 within the 
Ultrasonics Group at the City University. The various characteristics 

of such transducers are evaluated in chapter 4 and subsequently 
discussed in chapter 5. 

The treatment adopted so far in this section has been confined to 

propagation in fluids. It has been shown by Weight (64] that even a 

normal ly-coup led compression-wave transducer can radiate shear-wave 
components in a solid. This shear wave arises from the compresssion edge 
wave which propagates from the rim of the transducer and partially mode 

converts into a shear edge wave. In a similar manner an EWO transducer 

will also radiate shear edge waves which can again complicate NDT target 

and defect characterisation. In practice the shear wave echoes from 
defects are often well separated in time from the compression wave 
signals. However, the diffraction effects in the radiated field remain 

more complicated than in fluids since the amount of edge wave mode 

conversion which takes place is a function of angle and hence range. 
Theoretical modelling of non-uniformly excited transducers radiating into 

solids is left to further work and only experimental measurements will be 

included here (section 4.8). Since shear edge waves result from mode 
conversion of edge waves, a PWO source which radiates no edge waves will 
not generate any shear-wave components when normally-coupled to a solid. 
Such a device would therefore produce simple pulse shapes even when 
coupled to a solid. 

2.5.3 Relationship between time-of-flight and range for an EWO source 

For a uniformly excited or PWO source there 'is a linear relationship 
between the time of flight of the plane-wave echo pulse from a target 
(defect) and the range of the target from the plane of the source. In 

contrast, for a EWO source the arrival time of a pulse at a given 
axial point is directly proportional to the distance of that point from 
the of the source, see Figure 2.5.4. Thus echoes from equally-spaced 
axial targets will not appear equally spaced on a time-series display 
(e. g. an oscilloscope) which has a linear time base. 
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Fig 2.5.4 Schematic diagram illustrating the relationship between target 

range and echo time-of-flight for various configurations of non-uniformly 
excited sources: (a) a PWO source and (b) an EWO source interrogating a 
point target in a fluid; and (c) an EWO source interrogating a point 
target across a fluid/solid interface. 
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I 
For the case of a uniform propagating medium, simple trigonometry 

(see Fig. 2.5.4(b)) allows the error in indicated target range x(t) to be 

calculated. In a similar manner the required shaping of the time base 

* equal waveform to give a display showing equally-spaced targets at 
intervals can also be easily calculated. For the case of a water-coupled 
EWO source interrogating targets in a solid, such calculations cannot be 

carried out using closed-form expressions. The problem (see Fig. 

2.5.4. (c)) is analogous to that of calculating the actual depth from. the 

apparent depth of an object viewed from a medium of different refractive 
index to that containing the object. In this case closed form 

expressions may only be obtained by making small angle approximations. 
For typical immersion testing applications these approximations can lead 

to significant errors. In B-scan images of test blocks using an EWO 
' 

transducer and water coupling shown in later results9 the positional 

error in target depths is determined using an iterative technique 

formulated by Gatcombe [60]. This method uses as a first guess the small 

angle approximation to determine the actual ray path traversed from'the 

source periphery to the target via refraction at the liquid/solid 

boundary. The algorithm converges quickly allowing the positional error 
in depth to be calculated. Correction curves can thus be easily 

generated by calculating the positional error at a number of target 

depths. A number of such curves are given in section 4.9-3. 
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2.6 Transmit-receive mode responses from finite-sized targets in af luid 

medium. 
Earlier studies [65,691 of the echo responses from finite-sized 

targets are not valid throughout the entire radiated field. Based on the 

assumption that the wavefronts incident on flaws or scattering obstacles 

are uniformly plane over the whole flaw surface, they are valid only at 

ranges well into the far field of the source. other attempts to obtain 

simple expressions for scattering due to finite-sized targets make use of 

the wave equation for an inhomogeneous medium [70,711. The scatterer or 

target is then represented as an inhomogeneity or fluctuation in the 

density and velocity of the fluid medium in the region of the scattering 

volume. Ueda and Ichikawa 1721 have used this latter approach, obtaining 

a general expression for the echo waveform from a weakly scatteringt 
finite-sized target by expressing the scattering, medium in terms of a 

discrete model. Prior to the work of Ueda and' Ichikawa, pulse-echo 

waveforms from isotropic reflectors in a fluid medium have only been 

predicted at an arbitrary field point for the case of an idealized point- 

like target [6,231. 

In this section the theoretical approach used by Ueda and Ichikawa 

to predict echo responses from weakly scattering, axial, circular planar 

targets of finite dimensions is briefly reviewed. An'extension of their 

model is also introduced which allows calculations to be made of the echo 

responses from normally-aligned targets of simple geometry (other than 

circular) lying at arbitrary field positions, both on and off axis. A 

further extension of the model to the case of strong scatterers is also 

presented. 

2.6.1. Trans mit-receive mode responses for a weakly scattering volume. 

The wave equation for an inhomogeneous medium 170,711 provides the 

starting point for the analysis of echoes reflected from weakly 

scattering volumes. In this analysis it is assumed that the scattering 

volume V is embedded in a uniform fluid medium of density F. and sound 

velocity CO as shown in Fig. 2.6.1. The scatterer is then represented 
by fluctuations6f and he in the density and velocity respectively of the 
fluid medium in the region of the scattering volume. If it can be 

assumed that these fluctuations are small, such that 6 c<<Co and &ý << Co P 
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Fig 2.6.1 Geometry of the ultrasonic scattering from an inhomogeneous 

medium. 
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the wave equation can bee expressed as 

1 ý2P ) _V2p . 
Uc ý2p i- 

(--x ) (_ --( =at )-( )V (AP). VP 
o c. i-t-2 c '. ' Po 

where P is the sound pressure. If it is also assumed that the scattered 

wave Ps(r, t) from the volume V is very much smaller than the incident 

Pi(r, t) and that no multiple scattering takes place, then the scattered 

wave pressure is given by 

(r, t) .f 
Q(r, t -r co) 

dv .......... 
(14) 

sv 41Tr 

where dV is a volume element and 0(r, t) is the scattering strength of the 

inhomogeneous medium which is as follows 

a2p 2Ac 

c. = =at p)v 
(AP) VP 

00 

The first term of eq. (15) represents the contribution to the scattered 

wave from the velocity fluctuation and the second term the contribution 
from the density fluctuation. Integrating these contributions over the 

source surface gives the echo voltage signals from the source for the 

density and the velocity fluctuations. 

By expressing the scattering medium in terms of a discrete model 
(where the medium is represented by a number of small cubes of uniform 

density and sound velocity) Ueda and Ichikawa were able to show that at 

ranges larger than one source radius the echo signals from density and 

velocity fluctuations are identical; Stacey [731 has since shown that the 

same result can be obtained in the continuum without recourse to a 
discrete model. The echo response can then be expressed in terms of a 

single fluctuation in the specific acoustic impedance of the medium 
We 0. Their expression for the output voltage E(t) from a source, which 
is uniformly pressure sensitive and used in transmit-receive mode 

response, on receiving the echo from a weak scatterering, arbitrarily 

shaped reflector is as follows 

A(pc) f p0 V(t)* 2p 
0c0s 

at (t, y, z)*N. Vý i 
(t, y, z)ds ............ 

(16) 

where ds is a surface element on the scattering volume, N is the outer 
normal to that surface, v(t) is the source velocity function and 
Oi(t, y, z) is the velocity potential impulse response at a field point as 
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described in section 2.4. The term Wýc) represents the fluctuation of 
the specific acoustic impedance of the fluid medium due to the presence 

of the scatterer and A(fc)/eoCo is given by 

L(PO Ap _C +t............. POCO PO Co 

In general the solution to eq. (16) requires the evaluation of a 
double integral over the scattering surface. In some instances however, 

the geometry of the scatterer is such that the double integration reduces 
to a single line integral. Ueda and Ichikawa have examined such a case 
for a circular piston source and a flat-ended cylindrical rod having 

faces parallel and both being centered on axis as shown in Fig. 2.6.2 
(see section 2.6.2). 

It should be noted at this point, that implicit in the derivation of 

eq. (16) is the assumption that both the medium of propagation and the 

scattering medium are fluids. Even so. Ueda and Ichikawa have used this 

expression to predict the form of echo responses from weakly-scattering 
solid targets in fluid media. Thus the effect of mode conversion at the 

solid/fluid interface is not taken into account. However, results 
presented in chapter 4, which are awaiting publication [74], clearly show 
that the effect of mode conversion can be neglected and hence confirm 
that the mathematical model eq. (16) may also be used to accurately 
predict echo responses from solid targets in fluid media. 
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Fig 2.6.2 Geometry for determining the transmit-receive mode response 
for a circular transducer interrogating an axialt normally-aligned, flat- 

ended cylindrical target centered at co-ordinates OjZoo 
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2.6.2 Transmit-receive mode responses from the perfectly smooth, 

normally-aligned, circular flat-end of a cylindrical target 

centred on axis. 
The pulse-echo output from a source of finite dimensions 

interrogating the scatterer shown in Fig. 2.6.2 (which is assumed to be 

isotropic) is found from eq. (16). 

A(PO 1', (18) 
E(t) =P VW* ds +f.......... 

0 2p 
0C0 

fS. 
U 3t 3z tY 

ds I 

where the first integral gives the contribution from the upper surface of 

the target and the second integral is the contribution from its sides. 

For the case of normal incidence considered here only the contribution 
from the upper surface is significant. 

As a result of the circular symmetry of the radiated, field from a 

circular source, the velocity impulse response at all points on a 

circular are on the scattering surface that are equidistant from the 

source centre are identical. The surface integral in eq. (18) may 

therefore be transformed into a line integral expression by treating the 

upper surface of the reflector as a sum of circular segments ds - all 

points on a segment being equidistant from the source centre. When the 

target is on axis the circular arcs are complete and ds is 

dS = 2lTydy 

By also making the substitution Z= cot the echo signal from a 

normally-aligned, flat-ended, cylindrical target is therefore 

R 

EPo V(t) * 
A(pc) 3ý' 

* 
3ý' 

27rydy ............... 
(20) 

2 Poco 

f 
3t 3t 

0 

As can be seen, the double convolution within the integral in eq. 
(20) is of similar form to that for the trans mit-receive mode response of 

a point target given in eq. (8) in section 2.4.1. The recognition of 

this similarity allows aý, simpl_e physical interpretation to be made; 

namely, that as might be anticipated, the echo waveform from the surface 

of a finite-sized target can be thought of as the sum of contributions 
from all the elementary point targets that make up its surface. 

Ueda and Ichikawa's model (eq. 20) predicts that targets of 
identical size but with different acoustic properties (i. e. velocity and 



density), will give rise to echo responses with identical pulse shape but 

different amplitudes. The relative magnitude 6f the echo amplitudes is 

equal to the ratio of the constant terms in eq. (20) which is 

A(pc)l POACJ + COAPI 
A(PC)2 P06C2 + co6p2 

whereA(ec), is the fluctuation in the specific acoustic impedance due to 

one target and a(ec)2 is the corresponding value for the second target. 

As mentioned previously the model has been derived for the case of weak 

scatterers. In this case there is no problem in using the definition of 

hc and Le given by eq. (17). However, as will be shown later the model 

accurately predicts the 
* 
shape of the echo waveform. from strong scatterers 

and with simple modification can determine with reasonable accuracy the 

relative amplitudes of echo waveforms from strong scattering targets of 

differing acoustic properties. 

With strong scatterers the corresponding fluctuations in sound 

velocity and density can no longer be considered small and it is 

preferable to use an alternative form suggested by Stacey [731 

C2 .............. (22) 
AC CO(i -0 C2 

AP = Poln( P .............. 
(23) 

P0. 
However, as demonstrated -in* 'see ýi'on 4.6.2, even the above 

relationships in eqs. (22) and (23) cannot accurately predict echo 

amplitude ratios from targets with acoustic. properties which result in 

large differences in sound velocity and density from those of the 

propagating medium. The experimental evidence presented later clearly 

shows that in this case a more precise estimate of the relative amplitude 

of echoes is given by simply taking the ratio of the target reflection 

coefficients for normally incident plane waves. Indeed, it is interesting 

to note that where the fluctuations in velocity and density are small it 

can be shown that the ratio of the conventional pressure coefficients 

_reduces 
to eq. (21). 

The mathematical model described by eq-(20) is valid only for planar 

circular targets on axis. Here a straightforward extension of this model 
is presented which allows theoretical waveforms to be calculated for 

planar circular target both on and off axis. Using this same method, 
echo waveforms from simple planar target shapes other than circular can 
be easily calculated. 
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2.6.3 Trans mit- receive mode responses from flat-ended, cylindrical 

targets off axis. 

When integrating over off-axis target surfaces, some or all of 

the equidistant circular ring segments are incomplete and ds in eq. (20) 

is then given by 

dS = 6(y)ydy ............. 
(24) 

where 0 (y) is the angle of equidistant arc included on the target 

surface. The angle of equidistant arc is found by the law of cosines 

y2+ y2ff - R2 
6(y) = 2cos-I [--0............... (25) 2yyoff 

where the axes and other variables are defined in Fig. 2.6-3. 

It is therefore proposed that a general finite-sized target model 

for weak and strong scattering, normally-aligned, flat-ended, cylindrical 

targets both on and off axis should be given by 

E 
Lo 

V(t) 
plcl - Poco 

2 PJCJ + POCO 

Rtyoff 
3ýi * 

aý' 
8(y)ydy 

.............. 
(26) 

at at 
0 

where the term &(ýO/poco is replaced by the pressure reflection 

coefficient. Note that when none of the target surface falls on the axis., 

the lower limit of the integral in eq. (26) becomes yoff-R. Transmit- 

receive mode responses frcm'targets of simple geometry (e. g. rectangles, 

triangles etc) can be obtained by deriving from basic geometric 

considerations simple analytic expressions similiar to that in eq. (25) 

for the angle of equidistant arc on the target surface. 

When the upper surface of a target is not normally-aligned to the 

source axis the solution of the surface integral does not reduce to a 

single line integral and requires the numerical evaluation of a double 
integral (see eq. (16)). Modelling of such target geometries is left to 
future work. It should in fact be possible to theoretically calculate 
echo waveforms from any arbitrary reflector or scatterer using this 

nethod. 

* 
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Fig 2.6.3 Geometry for determining the transmit-receive mode response for 

a circular transducer of radius at interrogating a circular target of 

radius R. The target, with its face parallel to the transducer, is 

centered at co-ordinates Yoff, Zo. 
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EXPERIMENTAL APPARATUS. 

Essentially the measurements taken fall into two basic categories: - 

(a) Measurements of pressure and transmit-receive mode response 

waveforms from both conventional (uniformly excited) and non- 

uniformly excited sources radiating into a fluid medium; for the 

transmit -receive mode case the corresponding lateral beam profiles 
have also been measured. Some preliminary pressure waveform 

measurements in solids were also carried out using a non-uniformly 
excited EWO transducer; and 

(b) B-scan images of various test targets in both liquids and solids 

using uniformly and non-uniformly excited sources. 

Most of the instrumentation used has been fully described elsewhere 
[75] and a brief description only is given here. 
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3.1 Excitation and receiving system. 

The measuring system consisted of a conventional wideband excitation 

and receiving electronics system together with an automatic scanning 

water tank which provided positional accuracy of +O. 1mm, angular accuracy 

of +0.10 and allowed movement in three orthogonal directions, Fig. 3.1.1 

shows a block diagram of the measuring system. 

The excitation source is a thyristor pulse generator which applies a 

unidirectional pulse to a wideband transmitting transducer. The width 

and rise time of this pulse can be adjusted so as to obtain single cycle 

ultrasonic pulses of varying shape and frequency content. When making 
pressure measurements the receiving system consists of a miniature 
receiving transducer and head amplifier which are directly connected to 

a main amplifier and a gated amplifier; in transmit -receive mode the 

transmitting transducer is directly connected to the receiving 

amplifiers. The gate is activated by a delayed pulse which is 

synchronized with the signal to be gated. The range and width of this 

gate is adjustable so as to include as little or as much of the received 

signal as desired. The gated signals could subsequently be fed to a 

, 
number of analytical or recording devices including: - 

(a) An analogue oscilloscope. Using a scope camera, waveforms could be 

photographed directly from the screen; 

(b) a digital oscilloscope. This was used to capture' and digitize 

waveforms for subsequent computer modelling; 

(c) a Metrotek MD 702 gated peak detector which was used to make 
transverse beam profiles by detecting the amplitude of the pulsed 
waveforms. The detector gave a dynamic range of 40 dB and included 
the option of half or full-wave detection; and 

(d) a digital scan converter. This piece of equipment is described in 

section 3.4. 
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3.2 Transmitting transducers. 

The transmitting transducers studied included: 

(a) A conventional uniformly excited Panametrics (V3289) transducer with 

a 9.5mm radius aperture. These commercially -available transducers 

are manufactured from heavily-damped discs of lead metaniobate (PKN) 

with 1OMHz half-wavelength thickness. Earlier work [2,27,29,321 has 

shown that these transducers are well modelled by assuming ideal 

piston behaviour; and 

(b) a conventional Panametrics transducer (V3289) as above, modified 
into a prototype edge-wave-only transducer. An approximation to the 

required form of non-uniform excitation was made by simply removing 
the front face electrode and replacing it with an annular electrode 
0.5mm in width at the rim of the active element. When the 

electrodes are excited, field fringing effects arise between the 

large back face and the small front face annular electrode. On the 

disc element this results in a velocity amplitude distribution which 
has an approximately 3aussian fall-off from a maximum at its rim to 

zero at its centre. The transducer was designed to be used with 

water coupling and in order to prevent water providing an earth 

electrode a glass slide was used as an insulating layer. The front 

face of the glass slide was coated with a conducting layer of paint, 

electrically connected to the earth electrode to provide a screen 

against Radio Frequency interference. This prototype device is 

further described in reference 1761 which also gives details of 

alternative methods of construction. 
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3.3 Miniature receiving probe. 

The small receiving probes used to make field-point pressure 
measurements are improved versions of specially-constructed devices first 

constructed within the Ultrasonics Group at the City University [6] which 
are now fabricated from PMN. These probes have a typical diameter of 
0.2mm and are usable in the frequency range 0.5-8HIlz. Such a frequency 

response ensures that the output waveform from the probe is an accurate 
representation of the impinging ultrasonic waves used here. At a 
frequency of 2MHz, their sensitivity to an incoming wave at 450 incidence 
is not more than 3dB down on that of a normally incident wave. 
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3.4 B-scan imaging system. 

The process of converting acoustic echo information into a visual B- 

scan image was carried out using the imaging system illustrated 

schematically in Fig. 3.4.1. 

The digital scan converter, a Hughes ANARA14 80 with a microprocessor- 

controlled image memory, accepts X and Y positional data and converts it 

into locations within a random access memory consisting of a 512x512 4- 

bit word matrix. The signal to the X input is a D. C. voltage level 

representing the lateral position of the transducer whilst a voltage ramp 

at the Y-input synchronized with the pulse-echo signal provides the 

information on the echo time-of-flight and hence the echo depth. At the 

same instant as the positional information is being processed the 

rectified envelope of the RF return echo signal (video mode)o which is 

passed to the Z-input, is digitized at a rate of 12.6 MHz. Every sample 
is assigned to one of sixteen grey scale levels and this value placed 
into the relevant element of the memory matrix as determined by the' 

positional data. Each element within the memory corresponds to a picture 

element or pixel in the final displayed image. The output from the scan 

converter conforms to the standard 625 line 50 Hz television format and 

can therefore be fed directly to a TV display monitor for direct viewingo 

video recording and photography. 

Various pre-programmed pre-processing functions are selectable. Thus 

the grey scale levels can be allocated to ultrasonic echo data in a 

manner which favours or enhances those portions of the echo amplitude 
variation having the greatest significance. For example, by choosing a 
pre-processing function which assigns most of the sixteen grey scale 
levels to the stronger echoes the unwanted detail in the weaker signals 
may be removed. Conversely another selection could assign the majority 
of grey scale levels to the weak echoes and retain only gross 
distinctions between strong signals. The disadvantage of pre-processing 
is that it alters the B-scan image as it is "written" into the memory. 
Therefore if an inappropriate choice is made the scan must be repeated. 
More useful are the post-processing functions which are similar to the 

pre-processing functions except that they are carried out after the image 
has been stored in digital form and therefore effects only the displayed 
image and not the originally stored data. 
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RESULTS 

In this section both calculated and experimental results are given. 
Detailed calculations of pulsed pressure waveforms and trans mi t-receive 

mode responses from targets of various size have been made throughout the 
field of circular sources radiating into water. Calculated results for 
both uniformly and non-uniformly excited sources (PWO and EWO) were 
generated by computer using an impulse response approach discussed in 

chapter 2; the numerical techniques employed are outlined briefly below 
in section 4.1. 

Although transient pressure fields from uniformly excited sources 
have been thoroughly investigated 113-18,20-301, they are included here 
in order to compare their characteristic properties with those of PWO and 
EWO sources for the purposes of evaluating the usefulness of non- 
uniformly excited sources in high-resolution NDT. 

The effect of target size, material properties and shape on the 
transmit -receive mode echo responses obtained using uniformly and non- 
uniformly excited sources, is investigated using the finite-sized target 

model presented in section 2.6. Furthermore, in order to better 

understand the echo generating process, an attempt has been 
' made to 

describe the form of these responses in terms of plane and edge waves. 
The implications of these results in relation to high resolution testing 

and current flaw sizing and characterisation techniques employed in NDT 
will be discussed in chapter 5. 

Experimental results from two real sources, a uniformly-excited 
conventional transducer and a non-uniformly excited prototype EWO 
transducer, have been compared with calculated results in order to confirm 
the accuracy of the computer modelling. 

Due to the difficulties in fabricating heavily-damped, wideband non- 
uniformly excited PWO transducers, only theoretical results can at this 
time be included for such a transducer. 
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The imaging capabilities of the E119 transducer, along with its 

ability to locate and characterise targets (flaws), are compared with 
those of conventional transducers in a nurrber of test applications and in 

B-scans of various specially constructed phantoms and test blocks 

containing simulated flaws. 

Finally some preliminary results for an EWO transducer propagating 
into a solid are reported and their relevance to practical pulse-echo 
testing discussed. 
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4.1 Rx-nerical Calculations 

Pressure waveform calculations were made on a mainframe computer 

using the impulse response method described in section 2.4. For a 

uniformly excited source the velocity potential was calculated as a 

function of time (with a time increment bt of 10 ris) using the analytic 

exp-ressions given in Appendix 1 and then differentiated numerically to 

give the pressure impulse response. The pressure waveform for an 

arbitrary motion of the source could then be obtained by performing a 

direct time domain convolution of the pressure impulse response with the 

relevant velocity function. 

Transmit -receive mode impulse responses from an idealised point 

target, interrogated using a uniformly excited source, were calculated 

by performing a convolution of the pressure impulse response with itself 

as described earlier in section 2.4.1. The echo waveform was once again 

found by convolution of this impulse response with the velocity function. 

Trans mit-receive mode beam profiles were generated in a point-by-point 
fashion by first calculating the transmit -receive echo waveforms and then 

taking the amplitude of the pulse at each field point as determined by 

full-wave detection ie. the largest half-cycle of the pulse is detected. 

It should be noted that with short pulses the method used to detect the 

amplitude can markedly alter the form of the resulting beam plot; these 

effects have been thoroughly investigated elsewhere [281. 

Pressure waveforms and trans mit-receive mode responses for non- 

uniformly excited sources were obtained by using the extension to the 

impulse response approach proposed in section 2.5.2. Using this 

technique the source is treated as a collection of sources of varying 

radius each weighted by the appropriate velocity amplitude as determined 

by the weighting profile. This requires the numerical evaluation of the 

line integral expressions given in eqs. (11) and (12) (section 2.5.2) for 

the pressure waveform and transmit-receive mode response respectively. 
The integration with respect to the radial component y was performed 

using a constant increment, &y of 0.1 mm. For a typical source of radius 
9.5 mm this provided a sufficiently smooth approximation to the weighting 
profile. 
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For each position of the idealised point target the sl>actrum oA ' the 

pulse waveform was also calculated using a Fast Fourier Transform 

algorithm. The waveforms were samplei at a rate given by the sampling 

theoreom, ie. &t = 1/2fmax. * The value for fmax. is found from the 

spectrum of the velocity function (ie. the excitation waveform) and is 

chosen to be four times the frequency of maximum output since there is 

negligible usable energy in the pulse spectrum above this frequency. 

Echo responses from normally-aligned, flat-ended targets of finite 

dimensions are calculated by numerical evaluation of the convolutions and 
the integral in eq. (26) (section 2.6-3). The integration with respect 
to y was performed using the trapezoidal rule with a constant increment 

, hy of 0.1 mm which is the cptimum for the target sizes studied here. At 

each value of y on the target surface the velocity potential impulse 

response was calculated in the same manner as described above. 
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4.2 Calculated pressure waveforms for uniformly and non-miformly 

excited sources in water. 

Figs. 4.2.1 - 4.2.4 show pressure waveforms for uniformly and non- 

uniformly excited circular, piston sources of 9.5 mm radius. In 

calculating these results, a source velocity function consisting of a 

single cycle sinusoidal (2 MHz) pulse was chosen. Such a waveform is a 

reasonable approximation to the shortest pulse that can be obtained from 

the transducers used. As an aid to presentation each off-axis result is 

shown horizontally displaced. A direct comparison between computer 

generated results can be made by taking into account the relative 

sensitivity figure shown on all plots which has been normalised to 1.00 

for the uniformly excited source. 

4.2.1 Uniformly excited (conventional) source. 

The pressure waveforms from a conventional source, Fig. 4.2.1, are 

best explained in terms of their plane- and edge-wave structure. Close 

to the source it can be seen that within the geometrical beam region the 

plane wave retains its shape and amplitude at all regions where it is not 

overlapped by an edge wave. On axis the edge-wave contribution is an 
inverted replica of the earlier arriving plane wave. Off axis the edge 

wave gives rise to two smaller and distorted pulses which can be 

considered to arrive from the nearer and further edges of the source. 
Note that in Fig. 4.2.1 some of the off-axis responses at the shortest 

range have been truncated in time in order to prevent overlapping with 

other waveforms. It is not always possible therefore to see the edge- 

wave component from the further portions of the rim. 

Further away from the source the plane- and edge-wave contributions 
begin to overlap. Initially this gives rise to an increase in amplitude 
and because the two contributions are of opposite sign produces the 

effect of differentiation. The shape of the axial far-field pressure 
waveform is in fact asymptotic to the time differential of the near-field 
direct plane wave( which is itself identical to the form of the source 

velocity function). At distances further away from the source than are 

shown here, the gradual fall off in amplitude with range characteristic 
of the far field can be observed as the plane and edge waves increasingly 

overlap. Detailed descriptions of these waveforms and the overall 

structure of the pulsed beam are available elsewhere [23,25,28). 
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Fig 4.2.2 Computed pressure waveforms at points (, ) in the field of a 
circular PWO source radiating a short pulse into water. 
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4.2.2 PWO source 

Fig. 4.2.2. shows pressure waveforms from a non-uniformly excited 
PWO source. The weighting profile for the source depicted in Fig. 4.2.2. 

gives a smooth fall off from maximum excitation in the centre region to 

zero at the rim; the distance, as measured from the rim, for the 

amplitude of the profile to fall to half its maximum value is known as 

the half maximum amplitude width and has chosen to be 3.0 mm in this 

case. In contrast to pressure wave-forms from a conventional source the 

pulse shapes are much simpler throughout the field, the edge-wave 

contributions having been smeared out. These results are similar to 

those published by Harris [541 and Stephanishen [551 for a source with a 
Gaussian velocity weighting profile which exhibits the same 

characteristics. Interestingly, at ranges close to the source it is 

possible to discern a small wave component that Harris terms a "membrane 

wave" (see section 2.5.2) trailing the direct plane wave. The on-axis 

amplitude from the PWO source is only 3dB down on that from a 

conventional source at ranges close to the source and remains fairly 

constant with range. It is interesting to note that if the transition in 

the weighting profile is made sharper, so that a larger portion of the 

source is fully excited, the sensitivity at the further ranges is 

improved. This improvement is gained at the expense of a loss in pulse 

shape simplicity and the re-introduction of a multi-pulse structure. The 

opposite effects to those described above are produced by making the 

fall-off transition in the weighting profile smoother. The weighting 

profile used in the calculations is a compromise which maintains a simple 

pulse shape whilst maximizing far-field sensitivity. Notice that the 

shape of the axial pressure waveform in the far field is again asymptotic 
to the time differential of the velocity function. 

4.2.3 Ideal EWO source I 

Fig. 4.2.3 shows pressure waveforms from an "ideal" EWO source. 
Such a source radiates an edge wave with exactly the same characteristics 
as that radiated by a conventional source, but as implied does not 

radiate any plane waves. Although such sources are physically 
unrealisable for the reasons outlined in section 2.5.2, they are 
relatively easy to model theoretically [591 and provide a convenient 
starting point in the study of the characteristics of practical EWO 
tra*nsducers. As can be seen in Fig. 4.2-3. there is a single pulse of 
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constant amplitude and shape at all points on axis where the 

contributions from each element of the edge wave arrive simultaneously 
and in phase. At a given field point off axis the path lengths from all, 
the various portions of the source rim, are no longer constant. Thus the 

edge waves arrive at different times resulting in the net pulse amplitude 
being much reduced relative to the on-axis value. The constant amplitude 

with range of the on-axis pulse may at first sight seem surprising since 
the edge wave has a toroidal wavefront and is thus a spreading wave. 
However, the edge wave is also very directional being much stronger in 
the direction straight ahead of the source rim than it is at angles 

either side. At points along the axis this directivity exactly 

compensates for the reduction in amplitude with range due to the 

spreading nature of the wave. 

Off axis the edge wave quickly "splits" into two smaller and 
distorted pulses in the same manner as the edge wave propagating from a 

conventional source. By following the form of the two edge-wave 

contributions in Fig. 4.2-3 it is possible to observe the way in which 
the strength of the edge wave varies as a function of direction of, 

propagation. In the direction straight ahead of the rim the amplitude of 
the edge-wave pulse from the nearer edge is only 6.5dB less than the on- 

axis pulse value. This relatively large response in the directions 

straight ahead of the rim would lead to misinterpretations in pulse-echo 
testing if in fact such a source could be made. 

4.2.4 EWO source 

The weighting profile for a non-uniformly excited EWO source is in 
the opposite sense to that of a PWO source, with a smooth fall off from 

maximum excitation at the rim to zero in the centre. The half maximum 
amplitude width has been chosen to be 1.5 mm. Hence, as can be seen in 
the pressure waveforms from such a source (Fig. 4.2.4), it is the direct 

plane-wave component that is smeared out leaving a single pulse on axis. 
Although the on-axis pressure waveforms are not so constant in form and 
amplitude with range as those of the idealised EWO source, they are still 
much simpler than those of a conventional source. At ranges close to the 
source the pulse amplitude is only 4dB less than for a conventional 
source. However, approaching the beginning of the far field, as defined 
by the centre frequency (2 MHz) of the velocity motion and the whole 
source apertureq the amplitude begins to decrease. 
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Note that as for the conventional and PWO sources, the shape of the 

axial pressure waveform in the far field is again asymptotic to the time 

differential of the velocity function. For a conventional uniformly 

excited source the differentiating effect in the far field was explained 
in terms of the interaction of plane and edge waves (see section 4.2.1). 

This effect is still observable for PWO and EWO sources because for 

reasons outlined previously (see section 2-5) "ideal" transducers which 

radiate just plane waves or just edge waves alone, cannot be realised and 
in practice both types of wave are present. The weighting function of a 

practical version of the EWO transducer for example results in there 

still being a small plane-wave contribution emitted. Although its effect 
in the near field is not evident, it is more noticeable in the far field 

as in effect the influence of the weighting function becomes less 

important. In contrast, the purely theoretical "ideal" EWO transducer 

exhibits no differentiation effect in the far field. 

Off axis the edge wave splits into two smaller, time separated 

components. However, straight ahead of the source the amplitude of the 

pulse f rom the nearer rim is smaller than for the ideal EWO source and 
falls of f with increasing range. For reasons already mentioned, 

suppression of the response straight ahead of the rim is a desirable 

characteristic. By making the weighting profile sharper, so that the 

transition from maximum excitation at the rim to zero excitation occurs 
in a shorter distance, the straight ahead response is reduced but with 

consequent loss of far field sensitivity. In a similar manner to the PWO 

source a compromise weighting profile must be found which optimizes the 

conf licting characteristics. 
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4.3 -Calculated transmit-receive mode - responses from - uniformly- -- and- -- non-;:. 

uniformly- excited sources, interrogating, an- idealised- pointý-like- target- in 

water 

Calculations have been made with the same weighting profiles and 

velocity functions used in the previous section. Uniformly excited 

sources are again included so as to illustrate their limitations in high 

resolution pulse-echo testing and to allow a direct comparison to be made 

with equivalent PWO and EWO transducers. Comparisons of pulse-echo 

amplitudes are possible by taking account of the relative sensitivity 

value on each plot. An understanding of the way in which the propagated 

ultrasound interacts with an idealised point target gives a valuable 
insight into the echo generating process that occurs on the 

reflection/scattering of ultrasound from targets of finite dimensionst 

which is subsequently considered in section 4.4. 

4.3-1. Uniformly excited (conventional) source. I 

Computed trans mit- receive mode responses of a uniformly excited 

source interrogating an idealised point target are shown in Fig. 4.3.1. 

These exhibit a more complicated structure than thecorresponding pressure 

waveforms, especially in the near field. The form, of these responses has 

already been described in previous work[ 23], but briefly for an axial, 
idealised point target the plane-and edge-wave reflections are equal in 

amplitude and each give rise to two output pulses when received back at 
the source. However, for such a target, the second of the output pulses 
due to the plane-wave reflection overlaps the first output pulse arising 
from the edge-wave reflection giving rise to the three pulse structure 

shown. At sufficiently close range, the three pulses are time separated 

and the central pulse has twice the amplitude of the other two. At 

greater ranges into the far field the pulses overlap to produce the 

effect of double differentiation. As described in section 4.2.1 the 

pressure incident on the target resembles the differential of the plane- 

wave pulse and another differentiation takes place on reception of the 

echo. off axis the response is more complicated with several pulses 
being generated, though some of these are of relatively small ampAtude. 

The spectra of the above waveforms (Fig. 4.3.1. ) show strong 
modulation, particularly in the near field. This modulation corresponds 
to the reciprocals of Uie time separation between the plane- and edge- 
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Fig 4.3.1 Computed transmit-receive mode responses and spectra of a 
uniformly excited circular source interrogating an idealised*point 

reflector in water. (*) indicates the target positions. 
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wave components [621. Even off axis, where the amplitude of the edge- 

wave components are reduced, there is still significant modulation. 
Further away the axial spectral response is smooth but modulation again 

appears in the off-axis result. Thus diffraction effects alone, produced 
by the interaction of plane and edge waves, lead to strong modulation of 

echo spectra from small targets. This would tend to mask any modulation 
due to target characteristics and make the application of target 

characterization techniques which rely on analyzing the frequency content 

of ultrasonic pulses, very difficult. 

Fig. 4.3.2. shows calculated transmit-receive mode beam profiles at 

various ranges made assuming full-wave detection of the echo pulse 

amplitude. Close to the source and on-axis, the double -amplitude pulse 

shown in Fig. 4.3.1 gives rise to a central maximum. Just off axis the 

various plane-and edge-wave contributions do not overlap and there are no 
fluctuations in the beam plot, which then falls to half the central 

maximum. Even further off axis the plane-and edge-wave contributions 
increasingly overlap. At first the effect is to give an increase in the 

amplitude of the beam - as the various pulses partially reinforce to give 

an increase in their peak-to-peak amplitude (see Fig. 4.3-1) - and then a 
decrease, until at the edge of the geometrical region the beam has one 

eighth of its on-axis amplitude. 

At larger distances from the source, the axial plane-and edge-wave 

contributions increasingly overlap. At first the affect is to give an 
increase in the beam amplitude. But at greater ranges, even further 
into the far field than shown here, the pulses destructively interfere to 

give the familiar fall off with range. Note that with short pulses, such 
as those considered here, the off-axis beam amplitude decreases smoothly 
in the far field, there being no side lobes characteristic of the beam 

radiated by a source emitting continuous sinusoidal waves. 

4.3.2 PWO source. 

In contrast to the conventional, uniformly excited source, the echo 
waveforms from a PWO source interrogating a point-like source shown in 
Fig. 4.3.3 are much simpler, consisting of a single pulse at all field 
positions. The axial echo amplitude increases with range reaching a 
maximum towards the end of the near-field region (as defined in section 
4.4.4) before gradually decreasing. This is to be expected since the 
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form of the weighting profile tends to reduce the effective source 

aperture leading to greater beam spreading in the far field. The 

shape of the axial response in the far field is, like the conventional 

source, asymptotic to the second time differential of the velocity 
function. As discussed before the weighting profile is a trade-off 

between the minimum of beam spreading together with maximum sensitivity 

and simple pulse shape. 

As Fig. 4.3.3. shows the absence of a multi-pulse structure leads to 

correspondingly simpler spectra. Therefore any modulation of the. 

spectrum will be characteristic of the target rather than being due to 

diffraction effects. 

At all ranges shown the transmit -receive mode beam profiles (Fig. 

4.3.4. ) decrease smoothly f rom a maximum on axis and contain no side 

lobes. Furthermore, the beam-width is only marginally greater than that 

from a uniformly excited source of the same aperture. 

4.3.3 EWO Source 

Calculated trans mit-rece ive mode responses for an EWO source are 

given in Fig. 4.3-5. On axis everywhere, the response consists of a 

single pulse which varies in shape and amplitude with range. Close to 

the source, the axial echo response amplitude is not markedly different 

from the PWO source and 4-5dB less than a conventional source. However, 

at greater ranges into the far field the fall off in amplitude is more 

rapid for the EWO source in comparison with the other two types of 

source. Once again note that far field transmit-receive mode response 

asymptotically approaches the second time differential of the velocity 
function. 0 ff axis the response drops off rapidly with lateral 

displacement, the on axis edge wave splitting into two miniature edge- 
wave contributions. This results in sharp lateral resolution. Further 

off axis, at a range of 20mm, the response straight ahead of the rim is 

18dB less than the on- axis response at the same range. The size of this 

"straight-ahead response" , relative to the corresponding on-axis 

response, diminishes with increasing range. The consequences of this 

undesirable response in relation to non-destructive testing is discussed 
later in section 5.2.3. 

74. 



Tr--. ncriLjr-Pvl 

Vo 
wi 

Fig 4.3.4 Computed transmit- receive mode beam plots of a circular PWO 
source interrogating an idealised point reflector at various ranges in 

water. 

75. 

Distance oF2 axis (rn,, -n) 



It)) 

7rs ns dýA z: e r, 

TransdýAcor TrsnsdLicer 
eLemen'. 

y 
ReLs.. ve s 

-2 IT-T, 

veLoc, ty 
5 

emsit. v-tv !. 75 

I 

(b .1 Iv. - Iv 

T-snsdýAcer d; avioter = 19.0 rr., n 

Transdicer Trarisd, -4cer veLocity =5 
eL ement 

4Z' 

0 Orn MHz 
F 

F 

(b 

A- J\, 

Fig 4.3.5 Computed transmi t- receive mode responses and spectra of a 

circular EWO source interrogating an idealised point reflector in water. 
(*) indicates the target positions. 

76. 



The simpler palse sha. -Lpoes an axis result in correspondingly smoother 

spectra as shown in Fig'. 4.3-5. Off axis the splitting of the edge wave 

into contributions from the nearer and further rim reintroduces 

modulation into the speectra. 

The beam profile for the EWO source (Fig. 4.3.6) shows how the major 

response is concentrated on, or close to the axis, and further highlights 

its excellent lateral resolution. Close to the source the lateral 

resolution is of order magnitude better than that of a conventional 

source of the same aperture. Although there is a decrease in lateral 

resolution with range, a useful improvement in resolution over a 

conventional source is still achieved even at the furthest range shown 
here (180 mm). Notice also that the undesirable response straight ahead 

of the source rim is visible only at the shortest range. 
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4.4 Calculated trans mit-receive- nK)de responses from' targetsý 'of 'finite-ý 

size. , 

Using the same source configurations as in section 4.3, ', equivalent 

transmit- receive mode calculations were made for uniformly and non- 

uniformly excited sources interrogating circular, smooth, flat-ended, 

normally aligned, cylindrical targets of finite dimensions. Echo 

responses from 4 mm and 19 mm, diameter targets were predicted using the 

mathematical model described in section 2.6.1. 

A direct comparison of the various pulse-echo waveform amplitudes 

given in this section can be made by taking into account the relative 

sensitivity figure given with each plot. This figure has been normalised 
to 1.00 for the case of a uniformly excited source interrogating a 1ýmm 

diameter target. . The dots(. ) represent the position of the target 

centre. 

4.4.1 Uniformly excited source 

The ef fect of target size on the trans mit-receive mode response for 

a uniformly excited source can be clearly seen in Fig. 4.4.1 for a target 

diameter of 4 mm. With this size of target, which is approximately five 

wavelengths wide at the centre frequency of the velocity function, there 
is a marked departure from the near field multi-pulse structure obtained 
from an idealised point target. No longer is there a distinct three 

pulse structure. For a4 mm, diameter target, the first pulse trailing the 

plane wave has split into two smaller components which are followed by a 
fourth pulse. Furthermore, because of the finite dimensions of the target 
the diffracted edge-wave components are much smaller than the initial 

plane wave. The edge-wave components are smeared out over the target 

surface, whereas the plane wave is integrated over the target surface 
since all plane-wave contributions arrive simultaneously to, reinforce. A 

more detailed physical explanation of the transmit- receive mode pulse 

structure for finite-sized targets is given in section 4.6.1.1. On axis, 

approaching the far field, the diffracted edge-wave components are still 
suf f iciently large that for this size of target they overlap with the 
plane wave to give an increase In amplitude. - This effect is clearly 
evident at a range of 140 mm where the peak-to-peak amplitude is more 
than twice the amplitude at 30mm. Although not shown here, at ranges 
furt, her from the source, the amplitude begins to decrease with increasing 
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Fig 4.4.2 Computed transmit- receive mode responses of a uniformly excited 

circular source interrogating a normal ly-aligned, 19mm, diameter circular 
target in water. 
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distance in a simil ar marmer to a point target. Of f axis and in the far 

field the shape of the pulse waveforms are similar to those from a point 

target (cf. Fig. 4.3-1. ). 

For a target of dimensions equivalent to that of the source (ie. 25 

wavelengths wide), the echo waveforms (Fig. 4.4.2) are much larger in 

amplitude than for a 4mm diameter target, as indicated by the relative 

sensitivity. Because the target now effectively acts as a specular 

reflector there is no evidence of any multi-pulse structure. The 

response at all points consists essentially of a single specular 

reflection of the plane wave. It can be seen that, unlike the smaller 
point target and 4 mm diameter target, the waveform at the largest range 

on axis no longer reserrbles the second time differential of the velocity 
function. This is because, as explained elsewhere [61, the 
dif f erentiating ef fect takes place when the wavef ront incident on the 

target can be assumed to be uniformly plane over the whole of its 

surface. obviously the larger the target the greater the range will be 

before this condition is met. For this size of target the effect of beam 

spreading taken over the relatively large target surface results in a 

gradual decrease in echo amplitude as the far field is approached. 

4.4.2 M Source 

The transmit-receive mode response for a PWO source interrogating a 
4 mm. diameter target are shown in Fig. 4.4-3. The pulse shapes are 

virtually identical in form to those obtained from a point target (cf. 

Fig. 4.3.3. ) and show no evidence of any complicated multi-pulse structure 
in either the near or far field. Furthermore, the on-axis echo amplitudes 

are only 2 or 3dB down on those obtained using a conventional source (cf. 

Fig. 4.4-1). In contrast to the conventional source, the pulse amplitude 
remains fairly constant over the ranges shown here, since there are no 
significant edge-wave components to overlap with the plane wave. 

Increasing the target size to 19 mm, (see Fig. 4.4.4) in diameter 

does not significantly alter the shape of the response compared with 

smaller targets excepting that the echo amplitudes are larger. Only at 
the furthest axial range is there a noticeable difference in pulse shape 
compared with a point target (Fig. 4.3-3) and 4 mm diameter target (Fig. 

4.4.3), where the far field double differentiation is not achieved for 
this size of target for the same reasons as discussed in section 4.4-1. 
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IZotice that as for a conventional source the reduction in peale. -to-pealk 

amplitude with increasing range is again due to beam spreading. 

4.4.3. EaD source. 

When using an EWO source to interrogate a4 mm diameter target (Fig. 

4.4.5) the echo response is similiar to that for a point target (Fig. 

4.3-5), the major response being concentrated along the axis. However, 

with the larger 4 mm target the response with the target centered 

straight ahead of the rim is greater than for a point target. 

When the target size reaches the dimensions of the source a marked 

change to a multi-pulse structure can be observed. The response now 

consists of a "straight-aheac-e' response, which arises from portions of 

the propagating wavefront that travels directly from the source rim to 

the target edge and back, and a high resoluticn pulse which travels the 

longer distance from the source rim to the central portions of the target 

and back. At ranges close to the source the high resolution pulse is 

small and well time separated from the initial "straight-ahead" response, 
but due to the directional nature of edge waves it increases as the 

target is moved further from the source. At ranges into the far field# 

the time delay between the two components decreases and they increasingly 

overlap to produce the effect of differentiation. It should be pointed 

out that the multi-pulse structure in the near field of an EWO source is 

only evident for targets of a similar or larger size than that of the 

source aperture. 

Although the amplitude of the echo responses are not nearly as large 

as those from a conventional or PWO source, there is a smaller disparity 
in echo amplitudes from targets of differing size. This characteristic 

of the EWO source can in certain instances be desirable and is discusssed 

further in section 5.2 
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4.5. Measured and calculated field point pressure measurements and 

trans mit-receive mode responses from a small 
-2oint-like 

target for a non- 

uniformly excited source radiating into water. 

Detailed experimental measurements of pressure waveforms and 

trans mit-rec eive mode responses from wideband, uniformly excited 

transducers have already been reported extensively elsewhere [6,23-263 

and will not therefore be repeated here. These results were shown to be 

in good agreement with the theory for a piston-like source except in a 

paraxial region less than three transducer radii from the transducer. 

Such discrepancies were shown to be caused by an extra ("head") wave 

which originates from a plate wave propagating laterally across the faces 

of the transducer. 

Presented below are experimental measurements for an EWO transducer 

which are compared with modelled results in order to confirm the accuracy 

of the extension to the impulse -response method (see section 2.5.2) used 
in calculating pressure waveforms and transmit-receive mode responses 
from non-uniformly excited sources. 

4.5-1. Field point pressure waveforms. 

Measurements of pressure waveforms from a 19 mm diameter prototype 
EWO transducer were made using a 0.2 mm diameter miniature probe. 
Figs. 4.5-1. and 4.5.2 show results at various ranges on axis and 2 mm 

off axis respectively. 

In order to give a better comparison between the calculated and 
measured results it was necessary to determine the velocity weighting 
function (velocity amplitude distribution) of the transducer along with 
the velocity function time dependance. The velocity weighting function 

was obtained by scanning a miniature probe very close to the transducer 
face and recording the amplitude of the probe output against distance - 
it has been shown that such a plot is proportional to the spatial 
variation in the amplitude of the source velocity motion (63]. The 

actual weighting function of the prototype EWO transducer approximates to 

a Gaussian fall off, with a half maximum amplitude width of 0.5 mm. The 
theoretical velocity function of the source was chosen so that the 

predicted on-axis waveform at 140 mm matches the corresponding measured 
waveform. Since the shape of the pressure waveform at this range 
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Fig 4.5.2 Measured and calculated field point pressure waveforms 2mm off 

axis at various ranges from a 19mm diameter prototype EWO transducer 

radiating into water. 
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": -rentiai of the sour,:: -e motion, the colrreýspon--ýs to the first tiue difl. - 
4ance of t1ne velo- ty fun,: ýt- Id t)e obtainei by direct numerical depen-. --- -- 

4J. 
Lon coul 

-ion. The velocity function useJ here consists of approximately a inteErat. 
p,, 17 siný: "e -yc'--ý s nus3 -se. 

GoDd agreement between measured and calculated results is obta'-nej 

for the amplitude and shape of the wavefo. rms both on axis and off ax., -s. 
Tne only deviation from the modelled results occurs at 40 r,, m, where the 

amplitude of the measured result is greater than predicted. This slight 

discrepancy is due to the non-ideal behaviour of the transducer. This 

effect is more evident in the transmit-receive mode responses from a 

point target and therefore a fuller description of its origin is left to 

the next section. 

4.5.2 Transmit -receive mode responses and beam profiles from a point 
target. 

Using the same prototype EWO transducer described in the previous 

section, trans mit-receive mode measurements were made with a 0.8 mm 
diameter flat-ended brass cylinder as the target. The theoretical 

velocity function, which approximates to a single cycle sinusoidal (3MHz) 

pulse, was as before chosen so that calculated 'and P.,, easured r'ý_ýsults r'nitch 

at a range of 140 mm. 

As predicted by the modelling results the major response is 

concentrated on axis (Fig. 4.5-3) with the response 2 mm off axis (Fig. 

4.5.4) being much reduced in amplitude. Close to the transducer at 

ranges of 30 and 50 mm there is poor agreement between the shape and 

amplitude of the measured and calculated results. This discrepancy is 

caused by the radiation of head waves which arise from vibrations (plate 

waves) which originate at the source rim and travel across its face. 

These plate waves occur because piezoelectric ceramic discs do not behave 

as ideal piston sources. As implied by Poisson'3 ratio, which is 

approximatly 0.3 for ceramics, the lateral as well as the thickness 

dimensions of the disc change on excitation, generating plate waves which 
then propagate into the fluid media as head waves. 
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Fig 4.5.4 Measured and calculated transmit-receive mode responses of a 

19mm diameter prototype EWO transducer interrogating a small (0.8 mm 

diameter) point-like target 2mm off axis at various ranges in water. 
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Previous wor, ý [6,25,27-_', asscciate,, ' with t]-ie experimental 

verification of the transient fields predicted by assuming an ideal 

piston, has slhown discrepancies between t2-ieory and practice 1>2! cause of 

the existence of head waves. For a circular soý, arce the wavefront of the 

head wave forms a conical surfcice, t_h_: ý a-c, _2x of %vrjidi lies o,. -i the axis of 

the source. The influence of the head wave is mainly limited to a 

. L- liameters of the transducer face t -paraxial region within a-ie to two c bu 

still persists with diminishing effect further away. Depending on the 

range, the head wave (which has opposite polarity to the edge wave) 
interferes either constructively or destructively with the edge wave. 

The range at -Wnich head an3 &39e waves overlap to reinforce, also known 

as the "focusing range", depends on the plate wave velocity of the 

ceramic disc alid its dimensions. For a PýU transducer of 19 mm diameter 

aperture the focusing range is 26 mm. It is interesting to note that the 

head wave effect is more dramatic in the trans mit- receive mode responses 
than in the pressure wavefo=, s. However, this is to be expected since as 

required by the principle of reciprocity, on reception of the spherical 

waves reflected by a point-like target, head waves will again be 

generated. In reception the mechanism which forms tlie counterpart of the 

head waves is presumably the excitation of plate waves in the transducer 

as the spherical incident wave sweeps across its face. The effect of 

head wave production on both transmission aLnd reception is accumulative 
leading to a more noticeable departure from the ideal. An attempt at 

modelling the contribution of the head wave has been made by Baboux et al 
[771. The future application of such a model would allow more accurate 

estimates to be made of pulse shapes at ranges close to real 
transducers. 

At ranges of 70,100 and 140 mm, where the head wave effect is 

greatly diminished, there is good agreement between measured and 
calculated results in both pulse shape and amplitude. off axis, where 
the head wave effect is again minimal, there is also good agreement with 
theory at all ranges. 

Transverse trans mit-receive n-K)de beam plots were made in the usual 

way by recording the detected output voltage waveforms from a prototype 

EV40 transducer interrogating a small target (0.8 mm diameter flat-ended 

brass cylinder) as the Y co-ordinate on an XY plotter, while the X 

coordinate denotes the lateral position of the target. The amplitude of 
the pulsed waveforms was detected with a Metrotek MD702 gated peak- 
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detector using full-wave detection whi: ch gave a dynamic range of 40 dB. 

Shown in Fig. 4.5.5 are the trans mit- receive mode beam profiles for an 
EWO tranducer interrogating a point target. Beam plots from a range of 
30 mm to 170 mm are given at intervals of 20 mm. 

There is reasonable agreement between measured and calculated 

results at all ranges and demonstrates the excellent lateral resolving 

power of EWO transducers. At a range of 30 mm it is just possible to 

observe the response straight ahead of the rim. At a range of 50 mm, this 

response is much reduced in size and further away still is less than the 

minimum detectable signal. 

The consequences of all the results presented in this section in 

relation to high-resolution pulse-echo testing is discussed at length in 

chapter 5. 
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4.6 IIjeasured and calculated trans mit -receive inode responses from solid, 
finite-sized targets in water for a tiniformly excited transducer. 

All experimental measurements reported in this section were made 
using a conventional 19 mm diameter PVAN transducer and include transmit- 

receive mode responses from targets of various size, material properties 

and shape. These measurements are compared with theoretical predictions 
calculated using the finite-sized target model described in section 2.6 
in order to evaluate the usefulness and accuracy of the model. Some of 
the general observations and ideas gained from these results are also 
useful in obtaining an understanding of the way in which the'ultrasound 
from a non-uniformly excited transducer interacts with targets of various 
dimensions and material properties. Furthermore, the uniformly excited 
transducer employed here is representative of the best quality wideband 
conventional transducers currently available and as such provides a good 
reference with which to compare the performance of the non-uniformly 
excited transducers. In section 4.7 similar sets of experimental results 
are reported for a practical prototype version of an EWO transducer. 

4.6.1 Echo responses from circular metal targets. 

Figs. 4.6.1 and 4.6.2 show measured and calculated transmit -receive 
mode waveforms at a range of 30 mm, for a series of cylindrical brass 
targets of increasing diameter, the flat circular ends of which are 
normally aligned to the transducer axis. Targets made from brass were 
used so as demonstrate the accuracy of the finite-sized target model 
(section 2.6) in predicting echo responses from strongly reflecting 
targets. In order to give a better comparison between calculated and 
measured echo waveforms, the shape of the theoretical source velocity 
function has been chosen to match the shape of the measured time- 
separated plane wave from an axial 0.8 mm, diameter target. The 
amplitudes of the calculated echo waveforms have been scaled so that the 
amplitude of the first received pulse matches the amplitude of the 
corresponding pulse in the measured waveform. The emitted plane-wave 
pulse has a simple shape approximating to a single cycle sinusoid (2MHz). 
The theoretical waveforms have been obtained by convolving this pulse 
with the appropriate -impulse response which has also been included for 
completeness. The relative sensitivities in the experimental results are 
given by the scale factors in decibels (dB) in the left hand corners of 
the figures. Note that the scale factor is an attenuation setting. 
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Fig 4.6.1 Measured and calculated transmi t- receive mode responses from (a) a 0.8mm diameter, and (b) a 2mm diameter normally-aligned, flat-ended 
cylindrical brass target at a range of 30mm in water, both on and 2mm off the axis of a 19mm diameter conventional PMN transducer. The corresponding impulsive transmit-receive mode responses are also included. 
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Fig 4.6.2 Measured and calculated transmit-receive mode responses from 
(a) a 4mm diameter, and (b) an 8mm diameter normal ly-al igned, flat-ended 

cylindrical brass target at a range of 30mm in water, both on and 2mm off 
the axis of a 19mm diameter conventional PMN transducer. The 

corresponding impulsive t ransmi t- receive mode responses are also 
included. 
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. The agreement between experiment and theory is found to b- excellent 

at all target sizes both on and off axis. This clearly confirms that the 

finite-sized target model can be used to predict the shape of echo 

waveforms from strong solid scatterers. Furthermore the good agreement 

also confirms the assumption made in the model that the response-from the 

sides of the cylindrical target are negligible, i. e. it behaves like a 

planar, circular reflector. 

4.6.1.1 Echo responses in terms of plane and edge waves. 

The three pulse structure for a point-target is evident in the axial 

results shown in Fig. 4.6.1 (a). Here the target diameter is of the same 
order as the centre -frequency wavelength of the interrogating pulse and 
thus the target approximates to a point-like reflector. However, as 

shown there is a slight departure from the ideal three pulse structure of 

a point target. Instead of a single point reflecting the plane- and 
edge-wave contributions as spherical waves back to the transducer, there 
is now a continuous smear of such points distributed over-the reflector 
surface. As the impulse response given in Fig. 4.6.1(b) shows, the 

first pulse (plane-wave reflection) is a delta function, whereas the 

second and third pulses are now smeared in time. In the corresponding 
echo responses, the second pulse in the waveform is an inverted but 

slightly distorted replica of the earlier arriving plane wave. 
Furthermore, its amplitude relative to the plane wave is smaller than for 

an ideal point target. The third pulse is also a smaller distorted 

replica of the plane wave. The relative- reduction in the edge-wave 
contributions is analagous to that which occurs when a probe of finite 

aperture is- used as a receiver of ultrasound (27,54]. 

Off axis the situation is more complicated, there being two major 
edge-wave contributions to consider from the nearer and further portions 
of the transducer rim, on both transmission and reception. The plane 

wave remains the same, but the second and third pulses have split 

producing the more complicated response consisting of several pulses of 

smaller amplitude trailing the initial plane-wave pulse. 

For a larger axial target of 2 mm diameter (Fig. 4.6.1(b)), it is 
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still possible to identify a three pulse structure, both in the 

experimental and calculated results. The plane wave, although retaining 

the same shape as in Fig. 4.6.1(a), is now larger in amplitude, - the 

increase is approximately proportional to the ratio of target areas. 

Relative to the plane wave, the second and third pulses are now even 

smaller and more smeared out in time. Again, the smearing of the edge- 

wave components is clearly shown in the on-axis impulse response included 

in Fig. 4.6.1(b). off axis the response is again complicated, consisting 

of a number of edge-wave components of smaller amplitude trailing behind 

the directly transmitted plane wave which retains the same shape and 

amplitude as on axis. 

The responses from a4 mm diameter target are given in Fig. 

4.6.2(a). on axis the response consists of a relatively large, almost 

specular reflection of the plane wave followed by edge-wave contributions 

which have been smeared out over the area of the target. A distinct 

three pulse structure is no longer visible, the second pulse appearing to 

have split into two separate pulses of opposite polarity. A following 

fourth pulse is still visible. The edge-wave components are even further 

reduced in amplitude relative to the plane wave. Off axis the response 

consists essentially of just the plane wave, the edge-wave components 

having been almost totally smeared out. 

The 8 mm diameter target, being ten wavelengths wide at the centre 
frequency of the excitation pulse, results in an essentially specular 

reflection of the direct plane wave as illustrated in Fig. 4.6.2(b). In 

the on-axis result the edge-wave contributions are now quite small. 
Note IxAmiever that for even this relatively large target, the edge-wave 
contributions would still be of sufficient amplitude to give rise to 

significant modulation in the spectrum of the echo response. Such 

modulation could easily be mistaken as being due to target features 

rather than an effect of diffraction. Off axis, the edge wave components 
are hardly visible at this sensitivity. 

4.6.1.2 Variation of echo response with target range. 

The way in which the axial response from a4 mm diameter, flat- 

ended, cylindrical brass target varies with range is illustrated in Fig. 
4.6.3. The theoretical source velocity motion has been chosen to match 
the measured plane-wave pulse at 30 mm range (Fig. 4.6.1 (a)) and all 
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Fig 4.6.3 Measured and calculated t ransmi t- receive mode responses for an 

axial, 4mm diameter flat-ended cylindrical target at a range of (a) 30mm, 

(b) 70mm, (c) 120mm and (d) 180mm in water, using a 19mm diameter 

conventional PMN transducer. 
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subsequent results are plotted to the same scale. Close to the 

transducer at a range of 30 mm (Fig. 4.6.3 (a)), the echo response is the 

same as that described in Fig. 4.6.2. (a), the multi-pulse structure due 

to diffraction. effects being clearly evident. At a larger range the tine 

separation between the plane- and diffracted edge-wave contributions 
becomes smaller causing them to overlap as can be seen in Fig. 4.6.3(c). 

At an even greater range (180 mm, Fig. 4.6.3(d)), the pulses overlap to 

produce the effect of a double differentiation. As described previously 
the pressure incident on the target resembles the differential of the 

plane-wave pulse and another differentiation takes place on reception of 

the echo. Thus for this target size and range, the echo received has a 

similar form to the second time differential of the plane-wave, an effect 
that can be observed in both the theoretical and experimental results. 

Note that in all the measured results presented so far there is no 

evidence of any significant contribution due to the existence of head 

waves. Since such contributions are only of appreciable size in a par- 

axial region close to the transducer, their affect taken over the surface 

of a target of finite dimensions is comparatively small and can be 

ignored. 

4.6.2 Echo responses from circular targets of differing raterials. 

Ia ed ýmplicit in the original derivation of the finit -siz, target model 
(section 2.6) is the requirement that the strength of the reflected wave 
be much less than that of the incident wave, i. e. that the target be a 

weak scatterer of ultrasound. The strength of the reflected wave is a 
function of both its overall dimensions and the magnitude of its 

acoustic impedance relative to that of the propagating medium. However, 

as predicted in section 2.6 and confirmed experimentally above, the model 
can accurately predict the shape of the echo waveform from strongly 
scattering targets. In order to investigate the affect of different 

target materials on both the shape and relative amplitude of echo 
responses, flat-ended, cylindrical targets of various size were machined 
from Teflon, Perspex (both relatively weak ref lecting media with 

reflection coefficients in water of 0.34 and 0.37 respectively and brass 
(a strongly reflecting medium with a reflection coefficient of 0.92 in 

water). 

Fig. 4.6.4 shows echo responses from Te f lon (on the le f t) and 
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brass (right) targets on axis at a range of 30 mm. The corresponding 

results for targets lying 2 mm of f axis are given in Fig. 4.6-5. 

Excitation and reception conditions are identical in all measurements 

except for the overall sensitivity which as before is given by the scale 
factors in the left hand corner of each Figure. Note that the scale 
factor is an attenuation setting, i. e. the brass signals are larger than 

the corresponding Teflon ones. Notice that the waveforms from brass and 
Teflon versions of a particular target size possess an identical shape 

and structure (but are of course of differing overall amplitude). This 

is found to be the case for all target sizes, both on and off axis. Even 

for the largest brass target of 8 mm diameter there is little 

discernable difference in waveform structure when compared with the 

weaker scattering target made from Teflon. Since, as explained here, 

the interrogating waves have a plane- and edge-wave structure, the fact 

that echo pulse shapes do not vary with target material may at first 

sight be considered somewhat surprising. Even for normal ly-aligned 

targets the incident edge waves will undergo mode conversion at the 

target surface by an amount which will differ from material to material. 
Hence it might be anticipated that the angular dependence of the 

amplitudes of the reflected edge waves will also vary from material to 

material. However, in practice such variations in the edge-wave 

components of the reflected waves do not markedly affect the overall echo 

pulse shape arising from targets of differing materials. This last 

observation is consistent with the good agreement found between measured 

results and calculated results obtained using an approach which does not 
take account of mode conversion at the target surface. 

Figs. 4.6.4 and 4.6.5 clearly show that the acoustic properties of 
a target of given geometry do not affect the shape of the echo waveform, 
a result which is in agreement with theory. The material properties of 
the target do however affect the echo amplitude. As previously discussed 
in section 2.4, there are three proposed methods by which the value of the 

ratio of echo amplitudes from targets of different acoustic properties 
but identical size may be calculated. Theory also predicts that this 

ratio is independent of target size and field position. 

In order to confirm these predictions and to assess the accuracy 
with which the different methods can estimate waveform amplitude ratios, 
experimental measurements of echo amplitudes have been made using Teflon, 
brass and Perspex targets of various size. Table 1 shows three sets of 
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measured and calculated ratios for various target combinations i. e. 
brass/Tef lon, brass/Perspex and Perspex/Tef lon. The measured results 

were cbtained using flat-ended, cylindrical targets machined from these 

materials in fa= different sizes. 

All measurements were carried out several times in order to cbtain 

an average value. In each case the target was placed on axis at a range 

of 30 mm. and the peak-to-peak amplitude of the wavefonn measured. Almost 
identical results were obtained when all the measurements were carried 

out on axis at a range of 140 mm. This agrees with the theoretical 

prediction mentioned above that echo amplitude ratios are independent of 
target position. Also confirmed by the measured results in Table 1 is 

the fact that echo amplitude ratios are independent of target size. The 

small variations in the measured results can be attributed to 

experimental errors, which are discussed below. 

Table 1. Calculated and measured ratios of echo pulse amplitudes for brass, 

Teflan and Perspex targets. 

Tarqet, Target Calculated'ratios Measured ratios 

diamter materials 

Ueda Stacey Reflection 

Ichikawa [731 coefficient 
[721 

1 Brass/Teflon 8.63 3.71 2.75 2.96 

2 
'8-63 

3.71 2.75 3.05 

4 8.63 3.71 2.75 2.96 

8 8.63 3.71 2.75 3.14 

1 Brass/Perspex 9.11 4.89 2.47 2.25 

2 9.11 4.89 2.47 2.37 

4 9.11 4.89 2.47 2.39 
8 9.11 4.89 2.47 2.64 

1 Perspex/Teflon 0.95 0.76 1.11 1.31 

2 0.95 0.76 1.11 1.29 
4 0.95 0.76 1.11 1.24 

0.95 0.76 1.11 1.19 
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In comparison with the measured results, the ratios predicted using 

weak scattering assumptions [721 (eq. (21)) are quite inaccurate. This is 

especially true when one of the targets is made from the strong 

scattering medium brass, and in this case the improved method of Stacey 

[731 (eqs. (22) and (23)) gives better accuracy. Hawever, as shown by the 

set of results for Perspex/Teflon, when both targets are made from weakeý 

scattering media, the inaccuracy incurred by using eq. (21) is not so 
large. The most consistently accurate estimates of the echo amplitude 

ratios are clearly seen to be provided by the empirical use of the 

reflection coefficients for norm, ally-incident plane waves, whicli in all 

cases agree with the measured results within the limits of experimental 

error. These include uncertainties in amplification factors, errors in 

reading waveform amplitudes, variations in the nominal target dimensions, 

irregularities in target flatness, transducer misalignments and 

variations in the uniform, ity of target properties such as density and 

velocity (a polymer compound such as Teflon for example can exhibit large 

variations in density and acoustic velocity [781). The total estimated 

error due to these uncertainties is + 15%. Also note that uncertainties 
in the exact values of the various material densities and velocities 
(estimated at + 5%) result in errors in the calculated values of the 

various echo amplitude ratios shown in Table 1. 

4.6.3 Variation of echo amplitude with target size. 

Fig. 4.6.6 shows theoretical and experimentally-measured relative 

echo amplitudes versus target area for various sizes of normally-aligned, 
axial, circular refleýtors in water. The measured results were obtained 
at two ranges (30 mm and 120 mm) in the field of a 9.5 mm radius 
transducer using a number of f lat-ended, cylindrical targets machined 
from brass. The source driving function has been chosen to match that 

obtained when making the experimental measurements. The theoretical 

amplitudes (continuous line) have been normalised so that measured and 
calculated results are coincident for a target of area 11.3 mm Full- 

wave detection, i. e. the largest half-cycle, has been used in detecting 

all echo amplitudes. Target sizes range from 1 mm diameter up to a 
target with dimensions slightly larger than the source aperture. As can 
be seen there is a fairly good match between experimental and calculated 
curves. Deviations from the calculated curves are caused by the same 
kind of experimental errors as the quantitative measurements associated 
with the results in Table I. (section 4.6.2) 
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Fig - 4.6.6 Calculated (solid line) and experimentally determined (circles) 

echo amplitudes versus target area, for various sizes of axial, normally- 

aligned, flat-ended cylindrical targets in water. These were obtained at 

two ranges: - (a) 30mm and M 120 mm, using a 19 mm diameter conventional 

pMN transducer. II 

106. 



As shown in Fig. 4.6.6 (a), at ranges close to the transducer the 

echo amplitude is proportional to target area for all targets with a 
diameter less than approximately half the source aperture. Above this 

size there is a departure from linearity, the echo amplitude becoming 

greater than would be expected if the amplitude remained linear with 

area. Eventually, as the target area approaches that of the transducer 
the rate of increase in the echo amplitude decreases. The reason for 

this can be understood by considering the form of the transmit-receive 

mode beam profile (obtained using a point target to probe the field) of a 

circular transducer emitting a short pulse (see Fig. 4.3.2). In Fig. 
4.3.2 it can be seen that at ranges close to the source, apart from a 
sharp maximum on axis, there are no fluctuations in the beam plot in a 
central region concentric with the transducer axis. Further off axis 
there is an initial increase from the- central plateau level, which 
reaches a maximum value and then decreases, until at the edge, of the 

geometric region the beam has an amplitude equal to one half its central 

plateau level. At a range of 30 mm and for the short pulse emitted, all 

points on the surface of targets of Size less than half the source 
aperture contribute the same peak pulse amplitude to the overall echo 
waveform. As a consequence reflected pulse amplitude is proportional to 

area. For larger targets, as a result of the form of the radiated beam, 

the contributions from points slightly further off axis are, greater than 
those from the central plateau region causing the departure from 
linearity. 

At a distance of 120 mm, which corresponds to the last axial maximum. 
in the CW field at 2 MHz, the overall shape of the calculated curve is 

shown in Fig. 4.6.6 (b). Notice that the echo amplitude is not linear 

with target area over any portion of the graph and the slope of the curve 
smoothly decreases with increasing area. ' Again the form of the curve can 
be understood in terms of the beam profile from a point-like target. At 
120 mm. there is no central plateau region. From a maximum on axis the 
transmit- receive mode beam prof ile falls of f smoothly with lateral 
displacement. Although there is good agreement between calculated and 

measured results over the early section of the graph there is a slight 
deviation from the theoretical results at the largest target sizes. This 
departure from theory is most probably due to alignment errors whidi are 
more significant at the larger target sizes. 
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4.6.4 Echo responses fran targets of different shape. 

Trans mit-receive mode echo waveforms from circular, square and 

triangular planar targets are shown in Fig. 4.6.7. All three targets, of 

equal cross-sectional area and machined from brass, have been normally 

aligned to a conventional transducer at a range of 30 mm on axis. 

The form of the echo waveforms from all three targets is almost 
identical, there being only small differences in the shape of the pulses 

trailing the plane wave. Because all target areas are equal so too are 

the plane wave amplitudes. These observations are confirmed by the 

calculated results which are in good agreement. The structure of the 

echo responses from these different shapes of target are so similar that 

even the spectra provide no clear information that would allow them to be 

individually identif ied. 

Characterising the shape of simple planar targets in this manner is 

likely tobe difficult. Theoretical modelling also shows that this is 

the case at all field positions and for all target sizes. If the 

different shaped targets are smaller they all tend to behave as point- 
like scatterers again generating almost identical echo waveforms. If 

their dimensions are much larger, they all tend to act as specular 

reflectors again resulting in similar responses. It may however be 

possible to extract shape information if the targets are at non-normal 

orientation relative to the transducer. Using further extensions to the 

finite-sized target model already outlined in section 4.6 this 

possibility could be investigated more fully at a later date. 

Theoretical modelling and experimental mesurements also show that 

virtually identical waveforms from targets of different shape, but 

identical cross sectional area, are also obtained with non-uniformly 
excited sources. 
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Fig 4.6.7 Measured and calculated transmit-receive mode responses from 

axial, normal ly-aligned targets of various shape (of identical cross- 

sectional area) at a range of 30mm in water, interrogated using a 19mm 

diameter conventional PMN transducer. 
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4.7 I, Ieasurc-3 wrd* calzulated trwismit-reco-ive r, ýspmses from sc, -. 5lid 

finite-sized targets in wattýr using an EWO transdaccer. 

Experimental measurements reported in this section were rnade using a 

19 mm diameter prototype EWO transducer. in order -ýo obtain a better 

comparison between calculated and measured waveforms, the theoretical 

source velocity function has been chosen to match the measured waveform 
for the 1mm diameter target on axis at a range of 100 mm. The! source 
velocity function approximates to a single cycle (3 IIHz) sinusoidal 
pulse. An experimentally determined weighting profile, a Gaussian fall- 

off with a half maximum an, plitude width of 0-5mm, is used in the comprater 
roodelling. 

4.7.1 Ed-io respmses frcn, circular mtal targets. 

Fig. 4.7.1 shows measured and calculated echo waveforms from axial 

normally-aligned, flat-ended, circular brass targets of different size. 
The corresponding 2 mm off-axis results are given in Fig. 4.7.2. The 

relative amplitudes of the waveforms can be- compared by referring to rlie 

scale factor (in dB) given with each result. The overall structure and 

shape of measured echo responses are in reasonable accord with the 

calculated results both on and off axis and for all target sizes. 

Since the frequency content of the excitation waveforn, (ie- the 

source velocity function) is such that the wavelengths radiated are of 

m illimetre order, the pulse shapes in Figs. 4.7.1 (a) and 4.7.2 (a) for a 
1 mm diameter target are similar in form to those that would be obtained 
from an ideal point target. On axis the contributions from each element 
of the edge wave arrive simultaneously thereby superimposing to give a 
single pulse which is time differentiated. As cor, =ented on previously 
[6], the axial far-field echo waveform from a point target interrogated 
by an EWO source is asymptotic to the second time differential of the 

source velocity function. Even at a range of 100 mm the form of the 

pulse in figure 4.7.1(a) resembles the second time differential of a 
sine wave. When the target is moved 2 mm off axis (Fig. 4.7.2 (a)) the 

situation is more complicated with the edge-wave pulse beginning to split 
into much smallert distorted pulses. It is of course this rapid 
reduction in pulse amplitude with distance off axis that gives the 
excellent lateral resolution of the EWO source. 
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Fig 4.7.1 Measured and calculated transmit-receive mode responses of a 

19mm diameter prototype EWO transducer interrogating axial, flat-ended 

cylindrical brass targets with diameters of (a) 1T-,, m, (b) 10mm and (c) 

2.0mm, at a range of 100mm in water. 
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Fig 4.7.2 Measured and calculated transmi t- receive responses as in Fig 

4.7.1 with the targets 2mm off axis. 
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As shown in Fig. 4.7.1(b), wi-LI, a 10 mm diameterr targai; thi: re no 
longer exists a single pulse On axis. The transrrit- receive mode response 

now consists of three distinct pulses. The central pul 'se whidn 

corresponds to the on-axis "high- resolution" pulse of Fig. 4.7.1(a) is 

prece3ed in time bry a smaller palse. 7ais first pilse mstly originates 
from the portion of the edge wave incident on the target edge and has a 

shorter time-of-flight than the "high-resolution"-- pulse which has 

travelled to the target centre (on axis) and back. The even smaller 
third pulse corresponds to the portion of the edge wave which has 

propagated in the direction of the further target rim and returned to the 
further transducer rim. Off axis (Fig. ý 4.7.2 (b)) the central "high - 
resolutio., T' pulse remains fairly constant, in amplitude and shape whereas 
the two other pulses have begun to split, into smaller components. Notice 
that all three pulses seen experimentally are also theoretically 

predicted. 

When the target dimensions approach that of the source; the n. ulti- 

pulse structure is more developed. On axist as shown in Fig. 4.7.1(c), 

the first pulse Vnich has propagated in a direction aln, ost straight aheid 
of the transducer rim to the edge of the target and back, is murli larger 

than for the 10 n. m diameter target, whilst. the "high-resolution" yulse 
is only fractionally larger than in Fig. 4.7.1(b). The "straight-ahead" 

response at this target size is now equal in magnitude to the central 
"high resolution" pulse, which is approximately the same for both 

the 10mm and 20mm, diameter targets. The reason for this increasa in 

amplitude is due to the fact that the edge wave does not have a uniforn, 
amplitude with direction of propagation, being stronger in the direction 

straight ahead of the rim than at angles either side. The third pulse 
shown in Fig. 4.7.1(c) is larger in amplitude than the corresponding 
pulse for a 10 mm diameter target and can be clearly resolved in time 
from t1he central pulse. As well as this three pulse structurep theory 
also predicts a much smaller trailing pulse (see the calculated result of 
Fig. 4.7.1(c)) which is confirmed experimentally. The relative time of 
arrival of this fourth pulse corresponds to components of the edge, wave 
which have travelled from the transducer rim to the furtliest. edge of the 
target and back. Notice also that as might be anticipated, with larger 
target dimensions the pulses are more spaced out in time. when tile target 
is moved off axis the 'Idgh-resolution" central pulse remains constant 
and there is a slight reduction hi the amplitude of the "straight-ahead" 
response. Furthermore the third and fourth pulses are now no longer 
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distinctly visible 11-axing split into smaller components whidn are sm. earc: L 

out in time (Fig. 4.7-2). 

The effect of range on echo response is illustrated in Fig. 4.7.3 
for a normally-aligned, 10 mm diameter, circular, f lat-ended brass target 

on axis. The result at 100 mm is identical to that shown in Fig. 4.7.1 
(b). At the shortest range of 30 mm, the time separation between the 

various pulse components are larger and because of the geometry and tile 
directional nature of edge waves, the amplitudes are smaller. At a 
distance of 200 mm from the source the various components overlap to form 

a single pulse on axis. It should be noted that, although the main 
features of the echo structure along with the echo amplitudes are 
predicted by theory, the agreement between measured and calculated results 
is not as good as for a uniformly excited transducer (see section 4-G). 
Since most of the results were taken at a range of 100 mm, these 
discrepancies cannot be attributed to head waves. More likely reasons 
are the difficulties in accurately determining the actual weighting 
profiles of the transducer and mode conversion at the fluid/solid 
interface at the target surface. As explained in section 4.6.2 the 
fia-iite-sized tarcjet model takes no account of mode conversion of the non- 
normal edge waves at the target surface which effects the amplitude of 
the reflected wave. This effect is possibly mre noticeable here because 

unlike a uniformly excited source the edge-wave contributions are seen in 
isolation and not swamped by the larger plane-wave reflections. 
Nevertheless the experimental and calculated results are in reasonable 
accord, confirming the validity of the finite-sized target model in 

predicting echo waveforms from targets of finite dimensions interrogated 
by non-uniformly excited transducers. 

Although not shown here, experimental results with the ENO transducer 
have also shown that the pulse shape from a target of a given geometry is 
uneffected, by that target's material properties. This is consistent with 
the finding made for a uniformly excited transducer in section 4.6-2. 
The relative amplitudes of echo waveforms from identical targets of 
different acoustic impedance was again found to be given (within the 
limits of experimental uncertainty) by the ratio of their reflection 
coefficients for a normally-incident plane wave. 

114. 



I Range 30 mm 0 

70P. uTi 

10 0 mall 

200 nm 

TIME (. 5 ps/div) 

Fig 4.7.3 Measured and calculated transmit- receive mode responses for an 

axial, 10mm diameter, flat-ended cylindrical target at a range of (a) 

30mm, (b) 70mm, (c) 100mm and (d) 200 mm in water, interrogated using a 
19mm diameter prototype EWO transducer. 
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4.8 Field mesurements in solids. 

Preliminary experimental results only are included here and more 
detailed measurements along with computer modelling is left to future 

work. 

Previous work within the Ultrasonics Group [6,641 has shown that a 

miniature probe coupled to the surface of a solid may be used to detect 

both compression and shear waves. A detailed account of their use in 

measuring short pulses propagating in a solid is given elsewhere [791. 

Essentially the action of the probes is such that they respond to the 

normal component of the surface velocity motion, which is assumed to be 

locally plane and unperturbed by the presence of the probe. Since the 

diameter of the probe (0.4 mm) is smaller than the wavelengths of the 

propagating pulses it can be considered to act as a point receiver. 

Field point measurements of pulses from a conventional, uniformly 

excited transducer and an EWO transducer, both of 19 mm diameter 

aperture, propagating in a solid were obtained using the experimental 

set-up shown in Fig. 4.8.1. Short pulses from the respective 
transmitting transducers were coupled to the mild steel test piece via a 
10 mm water path. Water coupling was necessary because the construction 

of the prototype EWO transducer does not allow direct coupling to be 

made. The waveforms appearing at the opposite face of the test piece 

were measured using the miniature probe, the tip of which sits in a round 
bottomed hole of 10 mm radius bored into the bottom face of the test 

piece. The function of the hole was to avoid a problem which occured at 
some ranges due to the overlapping of the shear edge wave with a multiple 
reflection of the faster compression wave. In order to avoid problems 
due to variations in coupling, the probe tip was held into position 
using a specially constructed jig. A number of steel test pieces of 
various thickness were used so as to place the probe at different ranges 
from the source. 

Fig. 4.8.2 shows on-axis waveforms at four ranges in steel for a 
conventional and an EWO transducer. In both cases the transducers are 

normally aligned to the top surface of the test piece at a coupling 
distance of 10 mm in water. In both sets of measurements the excitation 
and receiving systems were kept constant in order to allow a direct 

comparison of sensitivities. 
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Transmitting transducer 

Fig 4.8.1 Measurement of particle velocity waveforms using a miniature 
probe. 
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4.8.1 Uniforrdy excited transducer. 

The results for a conventional transducer are similiar to those 

already 13SIDlished Vy Weight [643 whid-i were made with the transmitting 

transducer directly coupled to the test piece. 

With a5 mm thick test piece three distinct pulses can be 

identified. The first two pulses are the familiar compression plane and 

edge waves of opposite polarity doservable in fluids; the higher 

compression wave velocity in steel of 5.85 x 103 m/s means that at this 

range they can only just be time resolved. Trailing these two pulses is 

a rl-iird pulse travelling at the shear wave velocity in mild steel of 3.23 

x 103 m/s. The existence of this shear wave can be attributed to mode 

conversion of the incident compression edge wave. The proportion of 

compression edge wave which mode converts into what is termed by Weight 

[641 a "shear edge wava", depends on the angle from the field point to 

each element of the transducer rim. 

At a range of 10 mm in steel the compression edge wave begins to 

overlap the plane wave. The time separation between the compression 

waves and the shear edge wave has increased and its amplitude is much 

reduced. With increasing range (15 and 25 mm in steel) the time 

separation between r-he slower travelling shear edge wave and the 

compression waves lengthens$" while the shear edge wave continues to 

decrease in amplitude with range. The small ripples observable in the 

waveform, traces are unwanted acoustic noise caused by waves that bounce 

around in the miniature probe tip. 

4.8.2 High-Resolution EWO transducer. 

Field point measurements using the EV40 transducer as transmitter are 

also shown in Fig. 4.8.2 to the same scale as the previous results for a 
conventional transducer. As to be expected there is no direct plane-wave 
component present and the waveform consists of a compression edge wave 
followed by a shear edge wave. At the shortest range in steel the 

trailing shear edge wave is very much larger in amplitude than its 

compression counterpart. However, with increasing range the amplitude of 
the shear edge wave diminishes whilst the compression edge wave 
amplitude increases. At a range of 15 mm bi steel the compression edge 
wave is larger than the shear-wave component which has now become well 
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time separated. Still further from the transducer the amplitude of the 

shear edge wave continues to fall off and the large time separation means 
that in practice it could be conveniently gated out. 

The existence of a multi-pulse structure in solids for the high- 

resolution EWO transducer is undesirable since it can lead to extra 

spurious target indications especially at short ranges from the 

transducer. This problem is only likely to affect the EWO transducer 

when using direct coupling or a very short water'couplingý path and can be 

easily overcome by using a larger water coupling distance which tends to 

minimize the shear edge-wave contribution. Furthermore, when using water 

coupling in trans mit-receive mode shear wave reflections will only be 

detected via mode conversion at the solid/liquid boundary. Such mode 
conversion will be weak if the angle of inclination is small. Fig. 4.8.3 

shows results for an EWO tranducer made with a coupling path of 60 mm 
instead of 10 mm; 40-60 mm was. a typical path length used in the 

immersion B-scan testing of solid test pieces shown in section 4.9. 

Using this technique the response is simpler at all ranges, consisting of 

a single compression edge wave. The small amplitude of the shear edge 

wave results in it being lost in the acoustic noise produced in the probe 
tip. Further note that the extra path length in water causes only a 

slight reduction in the amplitude of the compression edge wave. 
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Fig 4.8.3 measured waveforms as shown in Fig 4.8.2 for a prototype EWO 

transducer but with a water coupling path of 60mm. 
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4. " Uitrasciic B-sr i:: 

In this section -r-he ability c., f t]he pr3t-c)Lyfýe EWO transduce. - to 

acculrately locate and size flaws and defects is 
'Ind compar'2, 

Wi-Lýh Lill equivalent Conventional transducer. ', Inis evaluI-Lion 
is mo, 

--. ý2 

US 4 ng various specially constructed phantoms (similar to those used in 

evaluating medical ult-rasonic (ý: K4uipmant) and solid test blocks containilig 

simulated defects, in conjunction with the imaging system outlined ýn 

section 3.4. Scanning of solid test pieces was made using water 

coupling. 

I 'D B-scali il-, acges of targets Ln a fluid ii-ea-Lum. 

Fig. 4.9.1 shows B-scans of a test specimen consisting of an array 

of lengths of 0.2 mm diameter nylon monofilarneit thread (a weak 

scatterer) in water. The specimen consists of three vertically- spaced 

grids of t: nreads, the second grid lying 40 mm anQ the third grid 70 min 

belaa the top grid. Each grid consists of four groups of three threads. 

7he spýicinqs of tiie threads within the groups are 10 nu. i, 6 i7ji, -') mil-n cind 1. ý 

mm. The upper B-scan (Fig. 4.9.1 (a)) was obtained using a 19 rlrn 

diameter conventional transducer. -10he poor lateral resolution means t1l: ar- 

none of the threads within the groupings can be resolved. The lower 

image was made under identical conditions except with a EWO trans, ducer 

of 19 mm. diameter aperture. In marked contrast to the image above, all 

threads can be resolved - even those at the closast spacing. ThIs is 

true for all three grid levels highlighting the EWD transducer's ability 

to obtain sharp focus over a large depth of field. 

A similar test specimen to that above, consisting of an array of 
0.2 mm diameter nylon threads, spells aut the word -'vu and below PHYSICS. 

Fig. 4.9.2(a) shows that at the coupling range used 60 mm, the range 

resolution of the conventional transducer is good enough to resolve the 
threads at each depth. However, the poor lateral resolution makes the 

word PHYSICS impossible to read. The B-scan in Fig. 4.9.2(b) on the 

other hand allows both words to be easily read, again demonstrating the 

excellent lateral and axial resolution of the EWO transducer. 

4.9.2 B-scan images of targets in a solid test block. 

The alumillium test plece shown in Fig. 4.9.3 contains a row of nine 
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(a) 

(D) 

Fig 4.9.1 B-scan images of an array of nylon threads consisting 0', -- three 

vertically spaced grids of threads (diameter 0.2mm) suspended in water. 

These were obtained using (a) a conventional uniformly excited transducer 

and (b) a prototype EWO transducer, both of 19mTn diameter. The closest 

spaced threads are 1.5mm apart (cent re-to-cent re). 



(a) 

(b) 

F-9 4.9.2 B-scan images of an array of 0.2mm diameter nylon thfe 

which spell out the words TCU and below PHYSICS, suspended in water. 

These were obtained using (a) a conventional transducer and (b) a 

prototype EWO transducer of the same aperture (19mm). 
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5 into t-he 'býDt. ý-C)m f acc (-, f tI, -, c- 
biocýý to various . 1"s all] block 

schematically in Fic. 4.9- 3 using Li - (a). Fig. 4.9.3ý1b) was proý3uc,: ý,, 
u: -. iformlly exciL, -, ý3 rai-, i, whilsr- Fig. 4-9.3(c) W&s 

obtai,,, ed using an EWO transducer of the s-me aperture under identical 

co" I" it J ons. The coupling distance jj-, water was 40 rLun iii bor-II cases. 11, 

Fig. 4.9.3ýb) the bottoms of the holes are all resolved in relation T-o 

3epth, bur- the inherc-nr- poor lateral resolution of the convenr-ional 

trans3acer is of the or(3c-r of its apeerture so that the hole diameters are 

not accurately represented. Tne B-scý: ai also indicates that tht.! buck face 

of the tesr- piece is continuous which is clearly not the case due to the 

presence of týie flara-botr-ortied ho-Le. For The r_wo holes closest to the top 
face of the -Lesr- piece there is evidence of multiple ref lections whicii 

could lead to misinterprer-c2tions. When using uniformly excited 
transducers, large targets close to a component surface inevitably 

produce sudi misleading multiple reflecr-ions. 

in Fig. 4.9.3(c), using axi EWO transducer, the diameter of the holes 

can be ascertained to an accuracy of better than a millimetre at all 

depths. This highlights the ability of the E40 transducer to accurately 

size simple defects over a large dEýpt'a of fi,. ýld in 1x3th fluids and 

solids. It is interesting to note that no multiple reflections are 

present and that shadows on the back wall of the test block, 

corresponding to the position of the drilled holes are present as in fact 

they should be. Note however, that the non-linear relationsilip betw,. ýen 

time and range for an EWO transducer leads to errors in the indicated 

depths of the holes. This non-linear relationship has been modelled 
for the case of an "ideal" EWO transducer interrogating a solid test 

piece (containing defects) using water coupling, as well as for the 

simpler case of direct coupling to a single medium containing 

scat terers/ reflectors. The computer model predicts that for the coupling 
distance ai-O size of test block used, the maximum error in the measured 
depth of any internal target as measured by a 19 mm aperture EWO 

transducer will be 2 nun. 

Fig. 4.9.4 also sly)ws B-scan images made of an aluminium test piece 

with a conventional transducer Fig. 4.9.4(b) and an EWO transducer 
4.8.4(c), under the same experimental conditions as in Fig. 4.9-3. The 
test block contains a row of six flat-bottomed holes which vary both in 
diameter and depth and is shown schematically in Fig. 4.9.4(a). In Fig. 
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(a) 

(b) 

(c) 

Fig 4.9.3 B-scan images of an aluminium test piece (shown schematically 

in (a)) containing nine 5mm diameter flat-bottomed holes at various 

depths, obtained with (b) a conventional and (c) a prototype EWO 

transducer, both of l9mm diameter. In both results a 40mm water -coup I in, j 

path was used. 
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(a) 

(b) 

(c) 

Fig 4.9.4 B-scan images of an aluminium test piece (shown schematically 

in (a)) containing six flat-bottomed holes of various size. These were 

obtained with (b) a conventional and (c) a prototýpe EWO transducer, both 

of 19mm diameter, using a 40mm water-coupling path. 

1 2' 7. 



4.?. 4('1)') the bD`-t0: -; Is Of h0les ar; - ý-s- ý-'I 1-0 

using a --onven. I. -I'anal trcns3-, ic---. c- ! 'g-n 
are not accurar-ely size, 3 duý Lo the r-r-y-, r 1ý-. teral resol-j--ion. Wir-h Em D;, ') 

trF,,, -. s -hice r lhola CDrf--ýCLLY Lil SiZtý un-I 7ý21'-- 

hole botton., s are clearly resol-, ved in T-eri-, -. s of -bot-h 3. --pT-h anc3 lateral 

13, D siti on. "OWt: Ver, 4LOr ti-10 

depths are slightly in error. 

.LIL.,,, 
r: ýDtý 'Irrie schematic diagrain of cý-i alumLn: u-, -. i bloc'k conta'n-'119 -j ,r of 

circular, side-drilled holes is shown in Fig. 4.9.5(a). This test block 

has been imuged using a conventional 19 min ýIiiameter transducer (Fic.;. 

4.9.5(b)), an EWO transducer (Fig. 4.9.5 (c)) and a focused transducer 

f--30 rim (Fig. 4.9.: -)(d')'). Using uia conventional -cransc3ucer the holes in 

the diagonal can be clearly seen alt1iough they are not correctly sized 

due to poor lateral resolution. Thzý holes lyi., -iy behind the diagonal 

cannot however be properly imaged. For a focussed transducer, the hole 

nearest to the surface is clearly resolved. But because the focussing 

is maintained over only a small depth the rest of the holes cannot be 

cleariy imaged, especially those at rhe great, --sz deptlis. In contrast r-11,3 
L-nage obtained with an K40 transducer shows all holes clearly resolved, 

even those lying lbahind ones above. ':, nis illustrates tht! ability Of Lý-, e 

EWD transducer (because of the geometry of the radiatked waves) tc 

effectively "see around" targets mas-king other defects. 

It shculd be notte-d that there is no evidence of any shear edge-wave 

components causing spurious target indications in eitýher images dbtaineýd 

witli a conventional or an EWO transducer. This is because the ýuiowledge 

gained of the shear edge wave obtained froi-, i die experimental mesurements 
in the previous section allowed a suitable water coupling path to be 

chosen vinich i,. Linimized its effect. It should however 'be borne in mind 
that when inspecting for defects close to a component surface that 

complications due to the shear edge wave might arise, especially if 

direct coupling is used. 

4.9.3 Target range and echo gý-, and-retun-i times for LWD transducers. 

As mentioned earlier when measuring the range of targets using an 

Ewo transducer, errors are incurred due to the inht:! rent non-linear 

time/range relationship of this type of source. This error has been 

inodelled. for the case of ail "ideal" D; O trarisducer intt. --rrogating a solid 
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Fig 4.9.5 B-scan images of an aluminium test piece containing a number of 

2mm diameter side-drilled holes (shown schematically in (a)). These were 

obtained with water-coupling using (b) a 19mm diameter conventional 
transducer, (c) a 19mm diameter prototype EWO transducer and (d) a 
focused transducer (f=30mm). 
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i-I watr-r cou.:, lirrý. Lsin, ý4 an izýerativ, ý -11 0-6er to test blocýý W__ 'L - 
tý, ýe account of refraction at thc- time-of- 

flight to a target at a given depth can be predicted. , ýy also 

Calculating the rela-Live ti, --. iýýs of arrival of rj-,, 3 echcw--s fror, i -, ]io- : -op 

botta. -, i surfaces of the block (the dirý. ensio. -js (DIE whid-i are 7-0 

the depth of the tarqel . t. as would bý! measurE__3 by ail EWO soUrce can 

be determined. The positional error in range as a function of real 

tcirý; et dtz-pzh is shown as a solid line in Fig. 4.91.3. This theoretical 

calculation has been made for the experimental set-up employed in 

6btaining figure 4.9-3, assuming a compressional wave velocity in the 

solid (aluminium), a water coupling path of 40 mm from the transducer 

face to the block surface und nori--ial ali(: p-iment of tlie txansducý_-r- 

As Fig. 4.9.6 indicates, for a target located at the top or bottoin 

sarface of the block the positional error is zero. This is I: K--cause it is 

assumed that in actual measurements the slope and delay of the timebase 

used to display the echoes would be chosen so that the front- and back- 

wall echoes lie in the same position on the display irrespective of 

whether an EWO t-ransducer or a convent-i-onal transducer was being Lis, ýý3- It 

is found that the error in target range incurred by using an "ideal" Evio 

transducer shows a well defined sii-igle maximum (2-2 mm) for a target 

located 20 mm below the front face. Experimental confirmation of the 

calculated results was miade using a prototype EWO t-rLinsducer along witli 

the aluminium test block shown in Figs. 4.9.3. The experimental 

measurements plotted on Fig. 4.9.6 closely match tl-ie theoretical curve, 

confirming the accuracy of the technique. 

Fig. 4.9.7 shows positional error versus target deptl-i for the same 

test block as in Fig. 4.9.3 but at t2iree different coupling distances in 

water of 20,40 and 100 mm. As expected from the geometry of the 

situation the largest errors occur at the shortest coupling distances. 

At 20 mm this can be as much as 5.5 mm. At 100 mm however the largest 

error is less than 0.5 mm. It can also be seen that the maximum 

positional error occurs at slightly different target depths for the 

various coupling distances. 
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Fig 4.9.6 Calculated (solid line) and measured (crosses) errors in 

indicated target range for the aluminium test piece shown in Fig 4.9.3, 

using a 40mm water-coupling path. 
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Fig 4.9.7 Theoretically calculated error in target depth as in Fig 4.9.6 

for various water-coupling paths. 
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5. ' DISCL3SSIa-"- 

In chapter 4 theoretical results wera given which showed the echo 

responses from targets of various size, shape and material properties 

interrogated by uniformly and non-uniformly excited sources. 7111 e 

relative amplitudes and shapes of these echo waveforms were sucessfully 

predicted using simple extensions to the impulse response method for the 

propagation of ultrasound in a fluid media. In this chapter these 

results are discussed and the characteristic properties of the various 

source types, ie. conventional, PWO and ZWO are compared for the purposes 

of evaluating their usefulness in high-resolution NDT . Properties 

considered include pulse shape, beam divergence and sensitivity along 

with the related properties of lateral and range resolution. The 

implications of these properties in relation to current flaw sizing and 

characterisation techniques (eg. MS curves and ultrasonic spectroscopy) 

are discussed. 

5.1 Distance, Gain, Size (DGS) diagrarms. 

One of the most commonly used techniques traditionally employed [80, 

811 to estimate defect sizes in NDT applications makes use of 

measurements of the reflected echo-pulse amplitude. Before discussing 

the use of high-resoluticn (non-uniformly excited) transducers in such 

applications it is convenient to review the technique and show haw the 

theory developed in section 2.6 can be used to improve its accuracy. 

5.1.1 Uniformly excited (conventional) source. 

The DGS method, whereby the maximum ref lection from a defect 

interrogated 17y a uniformly excited source is sought and evaluated, was 

originally proposed by Krautkramer [651. This technique makes use of the 

now familiar DGS curves which describe the echo amplitude as a function 

of gain, distance and target size. These curves have been derived for 

flaws of various size having the form of a completely reflecting circular 
disc at right angles to the axis of the radiated field. Using the curves 
it is possible to determine the size of the equivalent normally-aligned, 

planar, circular reflector that would produce an echo amplitude equal to 

that from a natural defect at the same distance. As Krautkramer has 

pointed out, the size determined can only correspond to the actual flaw 

size under certain conditions. The limitations and drawbacks associated 
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with the use of DGS curves have been thoroughly investigated elsewhere 

[82,831. It is well known that the echo amplitude is dependent on many 

factors other than simply target size including shape, orientation, 

material properties and surface conditions. Nevertheless, this technique 

can be useful and is in common use. 

Existing theoretically derived DGS curves are valid only in the far 

field and are based on the assumption that steady-state continuous-wave 

conditions apply. Very close to the transducer, at a range equivalent to 

one tenth of the near-field distance, the echo amplitude is assumed to be 

proportional to the square of the defect diameter (i. e. the area), 

provided that the flaw is smaller than the source. A substantial part of 

the ultrasonic field lies between these two regions and the curve for 

this portion of the field was originally determined experimentally. 
' for the case of pulses which Furthermore, as Krautkramer points outf 

consist of a few cycles (quasi- continuous waves) there is a deviation 

from the theoretical predictions which becomes larger the closer the 

reflector is to the source. For short wideband pulses the deviations 

become even grea-ter. In a manner similar to that used in obtaining the 

plots of section 4.6.3 showing the variation of echo amplitude with 

target size, it is possible to calculate DGS curves which are valid at 

all points in the field and for any form of excitation from short pulse 

to CW. 

For instance, shown in Fig. 5.1.1. are theoretical DGS curves which 

have been generated for a 24 mm diameter, circular conventional source. 

The curves are presented in terms of the usual dimensionless parameters G 

and A so as to make them more generally applicable. G is the ratio of 

flaw diameter to the source diameter and A is a CW parameter which 

represents the usual near-field length given by a2/N. Peak-to-peak echo 

amplitudes have been used in calculating the curves. It was found that 

other forms of amplitude detection, i. e. half-wave and full-wave 

detection made little or no dif f erence to the form of the curves. The 

range of flaw distances given in Fig. 5.1.1. are those over which the 

theoretical solutions used by Krautkramer [651 are invalid and it is 

necessary to resort to experimental measurements. When using DGS curves 
in practice it is necessary to calibrate equipment gain settings in terms 

of a reference echo from a feature on a standard block so as to allow 

experimental amplitudes to be normalized to those on thu DGS diagram. 
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Fig 5.1.1 DGS curves calculated for a source excitation consisting of (a) 

six cycles of a 2MHz, sinusoidal pulse within a half sine-wave envelope 

and (b) -a 2MHz,, single-cycle sinusoidal pulse. The original DGS curves 

given in reference [651 are plotted as a broken line on (a). 
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The calculated DGS diagram in Fig. 5.1.1. (a) has been derived for a 

source drivilig function consisting of six cycles of a2 MHz; sinusoidal 

pilse within a half sine-wave envelope. The equivalent experimentally 

measured DGS curves given in reference [65], which were also obtained 

using pulses consisting of several cycles. at 2 MHz, have been plotted on 

Fig. 5.1.1. (a) as a broken line. Measured and calculated results are in 

good agreement except for a target size giving G equalto 0.5. where the 

measured amplitudes given in reference 65 are lower than predicted. 
[Interestingly, for this size of target there is a similar discrepancy 

between the experimental masurements and theoretical solutions given in 

reference [653t there being a discontinuity where the experimental and 

theoretical results link up. Although not shown here, the theoretical 

solutions of Krautkramer's for ranges greater than about three near-field 
lengths are in perfect agreement with the calculated results obtained 

using the present model. This suggests that for G equal to 0.5, the 

experimentally, measured curve given in reference [65] is in error and 

that the correct curve is in fact given by the calculated solid line in 

Fig. , 5.1.1. (a)-l 

There is a striking difference in the form of the curves for a small 

target (G = 0.1) and a large target (G = 1.0). For the former the near 

field is characterized by large fluctuations (of order magnitude) in 

amplitude with range. These maxima and minima are equivalent to those 

found on axis in CW transmit-receive mode beam profiles for a point-like 
target [281 and are due to interference effects caused by the interaction 

of plane and edge waves. These fluctuations could lead to large errors 
in estimates of flaw size if; for example; the target range is, not 
determined accurately. As explained earlier; echo waveforms fron, larger 

targets (with -dimensions an order of magnitude. larger than the 

wavelength) consist essentially of a specular plane-wave reflection and 
in this case the interaction of the m uch smaller edge-wave components 

make relatively little impression. The curve for G=1.0 tlierefore shows 
a gradual decrease in amplitude with range due to the effects of beam 

spreading. 

Fig. 5.1.1. (b) shows the corresponding DGS diagram calculated for a 
source driving function consisting of a2 Miz, single cycle, sinusoidal 
pulse. The curves clearly demonstrate the marked effect that tlie, form of 
the radiated pulse has on a DGS diagram. The effect is particularly 
noticeable within one near-field 1engtIj (at 21-111z), where the maxima and 
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minima obtained in Fig. 5.1.1. (a) for smaller targets are completely 
flattened ait wInen a short pulse is radiated. At ranges greater than one 

or two near-field lengths both diagrams confirm the well Imcrvn-i results 
that at sufficiently large distances froin the source the echo amplitude 
is inversely proportional to distance (for a given defect size), and that 

at a given range the echo amplitude is proportional to target area. 
Furthermore, it has been found that the model is in agreement with 
Krautkramer's theoretical solutions concerning circular reflectors at 

ranges of no more than a ta-ith of the near-field length, namely that echo 

amplitude is independent of range and proportional to target area. For a 

small target (G = 0-1) in the near field the time separation between the 

plane and edge waves in short pulse cperation is such that interference 
does not occur. Hence the echo amplitude is constant with range until 
further from the source, approaching one near-field length, the plane and 
edge-wave components gradually overlap producing a maximum. Further away 

still, the plane and edge waves begin to overlap causing destructive 
interference and a consequent reduction of amplitude with increasing 

range. This effect can be clearly seen in the calculated, axial 
transmit-receive mode responses from a4 mm diameter target (which for a 
19 mw diameter source approximately corresponds to G= 0-2) shown in Fig. 
4.4.1. Similarly the form of the curve G=1.0 can be understood by 

examination of Fig. 4.4.2 which shows how the echo amplitude from. a 
target of the same dimensions as the source, i. e. G=1.0, varies with 
range. 

The marked difference between the two sets of DGS curves shown in 

Fig. 5.1-1. clearly illustrate the error that can be incurred in using 
the original DGS curve for sizing flaws with short pulse wideband 
transducers. The introduction of this unnecessary error can be 

eliminated by use of the finite-sized target model which can produce 
theoretical DGS diagrams to suit the emitted (plane-wave) pulse in any 
given application. This model can also be used to calculate the 

corresponding curves for a PWO transducer. 

5.1.2 Non-uniformly excited PWO source. 

Fig. 5.1.2 shows two sets of curves equivalent to those given in 
Fig. 5.1.1 for a PWO source. The results have been calculated for a 
24 mm diameter transducer assuming a weighting profile with a half 

maximum amplitude width of 3mm and again presented in terms of the 
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Fig 5.1.2 DGS curves as in Fig 5.1.1 but for a PWO source. 

138. 

1.0 10.0 

A (Log. Scale) 

1.0 10.0 

A (Log. Scale) 



norma, lised 1_varýnmeters G and A. In Fig. 5.1.2. ta) there is no evidenc, 3 of 

any near-field fluctuations for any target size. it should be note3 

however, that if as discussed earlier (section 4.2-2. ) the weighting 

profile were to be made sharper so that more of the source is fully 

excited, edge-wave contributions would be reintroduced, resulting in the 

reintroduction of large amplitude fluctuations in the near field of the 

DGS curves. The set of DGS curves for short pulse operation see Fig. 

5.1.2(b) are similar in form to those in Fig. 5.1.2(a). 

For a PWO transducer the form, of the DGS curves are not as dependent 

as a conventional source on the type of excitation used. Furthermore, 

with relatively much smaller variations in echo amplitude with ranga in 

the near field compared with a conventional transducer, the PWO 

transducer offers advantages of simpler and nore reliable flaw sizing 
based on echo amplitudes and DGS diagrams. 

It is also theoretically possible to determine DGS curves for an EWO 

transducer. However, as the calculated and experimental results for an 

nio transducer given in chapter 4 show, the range of echo amplitudes from 

targets of various size is small in comparison to the variation in 

amplitude that is obtained with a conventional or PWO source of the same 

aperture. The EWO is therefore not as suitable as the two other types of 

source in flaw sizing techniques which make use of echo amplitudes. The 

smaller disparity in echo amplitude with target size can however be 

useful in imaging techniques or in applications where there is limited 

dynamic range (e. g. in a B-scan, see later discussion in section 5-2). 

5.1.3 Limitations on the use of DGS diagrams to size defects which lie 

in a solid media. 

DGS curves were originally produced making use of theory which 
describes ultrasonic propagation in fluid media as well as experimental 
measurements in water. The calculated results presented here also make 
this assumption. Care must therefore be taken when extending these 

curves to the sizing of defects in solids since even a normally-ocupled 

compression wave transducer gives rise to mode-converted shear edge 

waves by an amount which varies with the angle from the target to the rim 

of the source. As a result of this the relative amplitudes of the 

compression plane and edge waves at a (normalised) field point in a fluid 

and a solid are not the same. This variation in edge-wave amplitude can 
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in certain circumstances effect the pulse amplitu5c, hs already ghown 

hcwevers the e5gc-wave components are relatively small for large targets 

in comparison witJi the plane wave. Therefore any mcdifications to the- 

D'GS curves due to mode conversion are likely to be confined to the 

smaller target sizes of wavelength order. I-ICde conversion of edge waves 

on propagation and reception will not however cause any complications for 

a normally-aligned PWO transducer since it does not of course generate 

any eage waves. 
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5.2 Ultraso-Ilic'il-aciii1ci t-'Chlicfjc! s 

ultrasonic imaging tedriniques (such as the B-scalis in Section 4-9) 

which seek to provide a picture in which defects can be identified and 

characterized are also con, monly used in 10T. lu-i essential requirement of 

such techniques is high lateral and range resolution. Range resolution 

is typically def ined aLs tl-ie ability to discriminate between two or n. ore 

targets having closely spaced ranges. Lateral resolution on the other 

hand is the ability to clearly resolve adjacent, closely spaced targets 

at a given range. The performance of the various source configurations 

(conventional, PWO, EWO) in imaging applications can be partly assessed 

in terms of these two commonly used criteria. There are however other 

important properties that must be considered. For example, these include 

the ability to identify small targets in the presence of larger ones and 

detect targets which are poorly orientated relative to the source. 

Although much of tI-Le discussion of the above mentioned criteria in t1-Lis 

section will be made with regard to ultrasonic imaging, ie. B- and C- 

scans, it is often equally relevant to conventional A-scan pulse-echo 

testing. 

5.2.1 Range ea-id Lateral resolution. 

In order to completely resolve two targets closely spaced in range 

the pulse length must be short enough that the echoes from such targets 

do not overlap on reception back at the transducer. Due to diffraction 

effects there is a limitation on the range resolution that is achievable 

when interrogating small targets in the near field of a conventional 
transducer. The reason for this limitation can be seen in the transmit- 

receive mode responses from a small target given in Fig. 4.3-1. The on 

axis multi-pulse structure means that the overall effective pulse length 

is greater than that of the emitted (plane wave) pulse by an amount equal 
to twice the extra time it takes the edge-wave component to reach. the 

target - the closer the target is to the transducer the longer the 

effective pulse length. Range resolution for such small targets cannot 
therefore be improved by simply using a shorter excitation pulse. , As 

shown in section 4.6 echo waveforms from near field, axial targets of 
finite-size still exhibit a multi-pulse structure even for a target ten 

wavelengths wide (centre frequency)s see Fig. -4.6.2(b). However# with 
increasing target size the specular plane wave reflection increasingly 

swamps the edge-WaVe cOmponents until eventually, as shown in Fig. 4.4.2, 
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for a target twenty-six wavelengths wide the range resolution at all 

points in the field is determined solely by the duration of the 

excitation pulse. 

Off axis the output pulse length for the smaller targets is 

increased further, but the edge-wave components are reduced in amplitude. 
By moving off axis it may be possible to resolve closely spaced targets 

if they are of similar size. With targets of very different size, the 

off-axis edge-wave pulses from the larger targets could be confused with 

plane-wave echo pulses from the smaller targets. This is obvious from 

Fig. 4.6.1 and 4.6.2 when taking into account the scale factors and the 

limitation on range resolution again applies. 

As well as reducing the range resolution that can be achieved, the 

complicated multi-pulse structure most evident on axis could lead to 

misinterpretations and spurious targets being registered. 

As the smaller axial targets are moved further away f rom the 

transducer the effective pulse length shortens until well into the far 

field the plane- and edge-wave components overlap and the range 

resolution approaches that of the emitted pulse. Overcoming the problem 

of range resolution by working in the far f ield is not however always 

possible or convenient. Inevitably much NDT takes place in the near 
field for various practical reasons, e. g. poor lateral resolution in the 

far field due to beam spreading and poor signal to noise ratio because of 
highly attenuating materials. 

In contrast to the above results, the calculated results for the PWO 
transducer in section 4.3 and 4.4 show that it exhibits good range 
resolution throughout the field and for all target sizes since the 

response consists of essentially a single plane-wave pulse. The PWO 
transducer therefore affords a considerable improvement in range 
resolution over a conventional transducer in the near field and is 
limited only by the duration of the excitation pulse. Similarly the EWO 
transducer shows good range resolution on axis (there being little 

response off axis) both in the near and far field for all but the largest 
target sizes. Only when the target reaches the dimensions of the source 
itself does a multi-pulse structure develop (see Fig. 4.4.6). However, 
as will be demonstrated later, this drawback will rarely in practice pose 
a problem and can be easily overcome. 
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Diffraction limitations also govern the lateral resolution which is 

related to beam width and beam divergence. At points in the near field 

of a conventional transducer the plane- and edge-wave components can be 

time separated and the lateral resolution is determined by the size of 

the transducer aperture. This can be seen in the trans mit-receive mode 

beam profile for a point target (Fig. 4.3-2). With increasing range into 

the far field the plane and edge waves overlap and the opposite phase 

relationship between them is such that they interfere to reduce the 

amplitude of the wave in the geometric region which increasingly becomes 

of similar amplitude to the wave in the shadow region. Thus the lateral 

resolution decreases with range in the far field. 

Lateral resolution for a PWO source is similar to that for a 

conventional source as illustrated by the calculated result in Fig. 

4.3-4. In comparison. the EWO exhibits high lateral resolution# the major 

response being centred' on axis in a narrow collimated beam. The high 

resolution is maintained over a considerable depth of field unlike 

traditionally-used focussed transducers which can attain such resolution 

only over a relatively small range of distances. The calculated beam 

profiles in section 4.3 for a conventional and EWO source both of 19mm 

diameter and excited with a 2MHz single cycle sinusoid, clearly 
demonstrate the improvement in lateral resolution offered by the latter. 

For the conventional source at a range of 20mm the beam-width as defined 

by a Full Width Hal 
,f 

Maximum (FWBA) criteria is 17mm compared with 0.5mm 

for the EWO source, more than an order of magnitude better. Even at a 

range of 180mm the lateral resolution is twice as good as that of the 

conventional source. 

The effect of range and lateral resolution on imaging are 
illustrated in Fig. 5.2.1 which shows B-scan images from normally- 

aligned, flat-ended brass targets of various size in water. Depicted 

schematically in Fig. 5.2.1 (a); these targets have been imaged at a 

range of 25 mm and 100mm using firstly a conventional transducer, *, Fig. 

5.2.1(b), and then an EWO transducer Fig. 5.2.1(c). For the conventional 

transducer at a range of 25 mm poor lateral resolution causes all target 

diameters to be oversized. This is particularly evident for the small 

target (far right) whicli appears as a straight line of approximately the 

same length as the transducer aperture. Clearly it would have been 

impossible to resolve these targets if they had not all been separated by 

143 



U 

Transducer 

(a') 
:ý- I (DO 

(b) 

(c) 

Fig 5.2.1 B-scan images of three axial, normal ly-aligned, flat-ended 

cylindrical brass targets of various size in water depicted schematically 

in (a). The images were obtained using (b) a 19mm diameter conventional 

transducer and (c) a 19mm diameter prototype EWO transducer at ranges of 

25mm and 100mm in water. 
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at least one source diameter. 7ne poor range resolution is also Obvious 

at this distance where Oie multi-pulse structure gives rise to spurious 

target images lying behind the main plane-wave pulse. For the sm allest 

target the two "point" images correspond to rl-ie second and tj-drd pulses 

which trail the plane wave in the tin, e domain. Any other small targets 

lying directly behind the first target might prove difficult to resolve. 

At a range of 100ran with the same source, the range resolution is 

improved and there are no longer any spurious images. The lateral 

resolution however is still poor. 

By replacing the conventional transducer with an EWO transducer 

(Fig. 5.2.1(c)), whilst keeping excitation and reception conditions 

idenzical, excellent lateral resolution is achieved and the targets are 

correctly represented as single straight lines, the length of which 

accurately corresponds to their diameter and in the case of the small 

target appearing as a dot. Furthermore with the absence of a multi-pulse 

structure there are no confusing spurious indications. These 

improvements in range and lateral resolution are obtained at 25 and 

100rTn. 

Further evidence of the ability of the EWO transducer to accurately 
identify and size simple defects over a large depth of field in solids as 

well as fluids is to be found in section 4.8. Potentially the existence 

of shear edge waves in a solid can cause complications in the 
interpretation of B-scan images. In practice however, they rarely causa 

any further problems as demonstrated in the B-scan images shown in 

section 4.9. 

5.2.2 The effect of pulse-echo amplitude variation with target size in 

ultrasonic imaging. 

As well as offering better target resolution the range of peak 
signal amplitudes from targets of different size interrogated by an - EWO 
transducer is smaller than for a conventional source of the same 
aperture. This is clearly demonstrated in the results in Figs. 4.7.1 - 
4.7.3 which shows echo responses from various finite-sized targets 
interrogated using an EWO transducer. As indicated by the scale factors, 

the Mgnitude of the peak signal from a lmm target on axis is only lOdB 
less than the response from a 20mm diameter target. This range of peak 
signal amplitudes is small in comparison to the range of signal, sizes 
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obtained with an equivalent uniformly excited transducer; where in the 

near field the amplitude is approximately proportional to the target area 
for all targets which completely lie within the geometric region of the 

transducer. Therefore for a conventional transducer tl-ia amplitude of the 

response fram a lmm diameter target will be more than 50dB less than that 
from a 20mm diameter target. The large disparity between targets of 
largely differing size can be a disadvantage in imaging systems where 
there is a limited dynamic range. This mismatch in echo amplitudes ccu-i 
also make it difficult to identify small crack-like targets close to 
larger perhaps innocuous targets, for example slag inclusions or 
component surfaces, as the small signal can be difficult to "pick-out" 
from the much larger reflections nearby. In particular if the large 

target is a component surface it may be impossible to detect a defect 
lying close by if it lies within the amplifier dead time following the 
reception of the large specular reflection. In detecting small defects 

close to large ones and more specifically sub-surface flaws, the highly 

collimated beam of the EWO transducer results in there being no large 

specular reflection from the plane component surface. This allows any 
small sub-surface defects to be detected by the receiver and hence 
identified. 

5.2.3 Variation in echo response with target orientation 

IIj,, 
The effect of target orientation relative to the transducer is 

important to conventional A-scan testing techniques as well as ultrasonic 
imaging. Fig. 5.2.2 shows echo responses from four sizes of f lat-ended 
brass target at various angles to a l9mm. diameter conventional 
transducer. In each case the centre of the circular reflecting surface 
was positioned ("centered") on the extended axis of the transducer at a 
range of 30 mm. Again a single cycle (214Hz) sinusoid was used as the 
velocity driving function. For a O-8mm diameter target (approximately 

one wavelength wide at the centre frequency of excitation) there is no 
significant change in either pulse shape or amplitude at either 20 or 50 0 
With targets of 2 mm. and 4 mm, diameter there is again little change in 

amplitude and shape at 20. At an angle of 50 however, a marked distortioll 

and smearing out of the diffracted edge-wave components, together with a 
reduction in the overall amplitude relative to normal incidence is 

observable. The relative amplitudes of the echo waveforms can be 

assessed by reference to the scale factors. For the largest target (ten 

wavelengths wide), at an angle of 20 the specular plane-wave reflection 
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starte, ý i-o s:, -, Etareýi o. )t in tim,, - Lin- zii, falien by 

qd3. kt 5o the plane wave is increasingly smeared out due to the pat]'-l 

diff, z--rence from 7. jie various p:: Lrts of i: lie reflecting surface, resulting i-n 

a 18d: 3 re(duction in amplitu--ý, -- relative to normal incidence. It is 

obvious frorn tliese- results -L; iar- the Iarr2er the target diameter the 

greater the relative reduction in echo amplitu,, ae with angle and the 

greater the distortion of the pulse shape -will bt,, relative to those 

fo, xi-i at normal incidence. 

Table 2.1 leasured variation in Eyalse amplitude with range for an angulation of 

2o for different sizes of flat-ended, circular brass targets interrogated 

with a 19 mm diameter conva-itional rransý3ucer. Amplitude figures in dB 

are relative to normal incidence. 

Target dianný--r-er (mn) Rati9e 

30r. Tn 60 ML 150m, 

4 - 3.7d3 -1. OdB - 0.63dB 

8 -11.3dB - 6.7dB - 6.0 dB 

12 -14. Od3 -11.9dB -11.0 dB 

plane reflector -20.7d! 3 -18.7dB -19.5 dB 

Table 3. As above but for a target angulation of 50. 

Target diameter (m) Range 

30mn 60n-m 150M 

4 -12.2dB - 5-2dB -14. Odi3 

8 -20.3dB -12. ldB -24.3dB 
12 -22.4d]3 -20.6dB -30.6dB 
Plane reflector -30.5dB -24.9dB -32.7dB 

As well as being a function of angle and the target size the 

variation in edio amplitude and shape is also dependent on range. This 

can be seen in Tables 2 and 3 which show peak-to-peak echo amplitudes 
versus range for different sizes of target at angles of 20 and 50 
respectively. As these results indicate, there is a complicated 
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tingly, -for both 2c) Interest and 5c) of angulation, the fall in amplitude 
r, ý, lative T-o 11-ici(3ence is smaller at 60 r: u,, i Lhan at 30 i-x-, i range, for 

the trar. s3ucer size an3 ernitted- p--, 'Lse us&3 h,. --re. This is ail 

Lriexpecz. ed res, il-L since from sir, -Lple geometric co. nsi6erar-ions i-, 
- might 'Da 

anticipated that the further the target is from the transducer the 

smaller the echo response would be for a given orientation cini target 

size, since a 11-Irger proportion of the reflected beam will miss the 

r-ransducer. Ir- is difficult to attribute a simple j: hysical explanation to 

this result and a more detailed study of the interaction of ultrasonic 
fields with angled targets (especially in the near field) is left to 

future work. At a range of 150 mm for an angle of 20 the reduction in 

amplitude is similar to tnar- at 60mm, but for a 50 tilt in angle the 

reduction is greater than at the two previous ranges (30 and 60mm ), ' as 

would be expected. These experimental results are by no mealis intended 

to fully describe the effect of target angulation on pulse shape and 

amplitude but instead are meant merely to illustrate the complicated 

relationships that exist between echo amplitude/shape and target 

size/rzinge/angle for a oonventional transducer. 

In contrast, the effects of target angulation are much less 

pronounced for aii EWO transducer. This is illustrated in Fig. 5.2.3 

which shows three sizes of flat-ended brass target at normal incidence 

wid at 20, centered a-i axis at a range of 60 rmii. 11hese results 'were made 

with the EWO transducer previously used and with an excitation wavefurri 

approximating to a single cycle sinusoid at 311'. iz. For both the 0.8 and 
8mm diameter targets there is no change in shape or amplitude with 

angulation. In comparison, for a conventional transducer interrogating 

an Smm diameter target at the same range (see Table 2) the amplitude at 
20 is less than half that at normal incidence. It is interesting to 
notice that with the larger 20 inm diameter target the multi-pulse 
structure previously discussed in sections 4.4.3 and 4.7 can only be 

obtained with perfect alignment. A relatively small misorientation and 
the "straight-ahead" response is lost altogether, having split into 

smaller =nponents, whilst the high-resolution pulse changes little in 

shape or amplitude. This means that the multi-pulso. structure wit)-i its 

attendant drawbacks i. e. spurious indications etc, is not likely in 

practice to Wa problem for an EWO transducer interrogating targets 
larger than its own aperture because they will rarely if ever be 

perfectly aliyned. 
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Fig 5.2.3 Measured transmit- receive mode responses for a 19mm diameter 

prototype EWO transducer interrogating various sizes of axial, flat- 

ended, cylindrical brass targets at various angles. 
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The variation in amplitude of the "high- resolution" and the 

to straight- ahead" responses with angle is given in Fig. 5.2.4 at three 

different ranges. These graphs we 
' 
re determined experimentally by 

measuring the two time separated contributions from a large smooth brass 

block which effectively acts as a plane interface. The results for the 

two responses have been normalized to their respective amplitudes at 

normal incidence (00). At all three ranges 301 60 and 90 mm the 

"straight-ahead" response rapidly falls off with angle whereas the 

decrease in the "nigh-resolution" probe is much more gradual. However, 

as might be anticipated the rate of fall off in amplitude for the high 

resolution pulse becomes greater with increasing range. For the 

transducer aperture and frequencies used here, at ranges greater than 
100mm the two component pulses begin to overlap and it is no longer 

relevant to measure their individual contributions. Because the effect of 

target- angulation on pulse amplitude and shape is less pronounced with an 
EWO transducer the interpretation of ultrasonic images is simplified. 
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5; 3 UIW. Sor-iic - Spectrosc: OPFY 

Traditional ultrasonic testing has tended to concentrate on 

correlating the amplitude of received signals to the size of the 
discontinuities giving rise to those signals. This correlation has been 

made using techniques such as DGS curves. However, as previously 

mentioned there are drawbacks to such techniques and amplitude 
information alone is incapable of providing information about flaw shape 
and character. This information is very important since a knowledge of 
the type of discontinuity or flaw that is present allows a better 

assessment to be made (with the use of fracture mechanics) of the threat 
it poses to a component. For example, cracks are usually considered more 
serious than spherical voids (e. g. slag inclusions or porosity) because 
high stresses at cracks may cause them to propagate. One common 
technique is to use wideband short pulse transducers in an attempt to 

relate target characteristics to the shape or frequency content of the 

ultrasonic pulses arising from them. It has been shown that ultrasonic 
waves interacting with a target generate so called "diffracted" or 
scattered echo-wave pulses which originate at discontinuities on the 
target surface. Such discontinuities include features such as crack 
edges or the near point and equatorial plane of a sphere for example. 
The interference of these diffracted echoes back at the transducer 

results in modulation of the echo spectrum at frequencies which are 
multiples of 1/&t whereAt is the time for the ultrasonic waves to go 
between two important scattering features. It is this type of modulation 
that can provide information on defect characteristics. 

The measured and calculated results given in chapter 4 have shown 
that wideband conventional transducers interrogating simple; planar 
circular targets lead to complicated multi-pulse structures especially in 
the near field. As explained already these are due to diffraction 

effects and result in strong modulation in the frequency domain. Even 
for such simple target geometries the shape of echo spectra can change 
dramatically with field position and target size. The variation in echo 
spectra with range for a small target can be seen in Fig. 4.3.1; whilst 
the effect of target size at a given range-is illustrated in Fig. 5.3.1. 
Fig. . 

5-3.1 shows echo spectra from four different sizes of circular, 
planar brass targets at a range of 30 mm. For the smallest target (0-8mm 
diameter) strong modulation is observable. With increasing target size 
the edge-wave components become smaller relative to the initial plane 
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wave anJ U)e amount of, 1, xiodulatiaa decreases. Howevert even for a tarqýýt 

ten wavelengths wide (at centre irequency) there is still significant 

mo2ulatican due to diffraction effects. Although at first it might appear 

possible to estimate the flaw size of simple planar targets from the 

a. m. ount of modulation present in the echo spectra, in practice this wo. 31d 

prove to be impractical. Firstly, any slight misalignments; of the target 

cause variations in echo waveforms and spectra by an amount which is 

dependent on target size. It is only in cases where near perf ect 

alignment of the transducer relative to the target can be achieved that 

such a technique could be accurately applied. Secondly, the spectra 

varies significantly with field position making it necessary to 

accurately determine range and lateral position. Even attempting to 

characterize normally-aligned planar targets of different shape from edio 

spectra (see Fig. 4.6.7) is dif f icult since the spectra are almost 
identical and the shape cannot be deduced. rMe conclusions of this are 

that near-field diffraction effects are a nuisance and when examining 

real planar and non-planar (three-dimensional) flaws the modulation it 

introduces into tlie echo spectra is likely to maSk the mdulation due to 

the target characteri s tics. Previously, application of ultrasonic 

spectroscopy techniques has required working in the far field where the 

wave can be assumed to be essentially plane and hence the echo spectra 
free from diffraction nxdulation. Any modulation present will then be 
due to target characteristics alone. The necessity of working in the 
far field is a distinct limitation since for reasons previously outlined 
much NDT inevitably takes place in the near field. 

As the calculated results in section 4 illustrated the PWO 

transducer does not exhibit the complicating diffraction effects 
discussed above. Since the edge-wave components have been shaded-out the 

pulse shapes are simpler and more constant throughout the field and for 

all target sizes. Hence the echo spectra from small targets interrogated 

by a PWO transducer contain little or no modulation at any position in 

the field. Therefore any modulation of echo spectra will be 

characteristic of target features alone; allowing spectral analysis to 
be mre easily carried out both in the near and far field. 
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5.4 Target sizing using ultrasonic diffra--tion analysis. 

Another technique which relies on the wavefront being essentially 
plane and therefore free from diffraction effects is time domain 
diffraction analysis. Originally proposed by Silk [84), the time domain 

analysis of "diffracted" signals from the edges of defects is a technique 

which attempts to improve the accuracy of defect sizing by making use of 

pulse transit times rather than echo amplitudes. In the near field the 

multi-pulse structure of echoes from small sharp target features could 

cause misleading interpretations to be made. For the same reasons as 

above the use of a PWO transducer would simplify the extraction and 

interpretation of information on target characteristics using this 

technique. 
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RrLURE M)RK 

One main area of future interest is -Lhe experim E-ntal evaluation of a 

practical PWO transducer. At the time of writing further development in 

the non-uniform poling of ceramic discs is still required to realize a 

working PWO transducer. This , work f orm s part of an on-going research 

programme in the Ultrasonics Group at the City University and the 

successful construction of such transducers is anticipated shortly. 

As the measured waveforms in chapter 4 have shown, the non-ideal 

behaviour of ceramic discs results in the radiation of an additional head 

wave not predicted by the theory. This wave can cause a departure of 

actual measured responses fran those theoretically predicted# an effect 

which can be particularly marked in the near field of an EWO transducer. 

Further mathematical modelling which takes account of the head wave 

effect, based on the work of Baboux et al [77] for example, would enable 

more accurate predictions to be made of the pressure and echo waveforms 

from real ceramic transducers. The construction of transducers from 

polyvinylidene flouride (PVDF) film which exhibits almost ideal piston 

behaviour and therefore a much reduced head wave effect, should also be 

investigated. 

It is also proposed that the modelling of echo responses frora 

finite-sized targets in fluids be extended in the manner outlined at the 

end of section 2.6.3, to include target orientations at any arbitrary 

angle to the source and even more complicated non-planar reflectors. By 

making use of the simplified impulse response model for solids formulated 

by Weight [64], it is also recommended that the work on targets of 
finite-size be extented to make calculations of echo responses from such 
targets in solid media. 
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CONCLUSIONS 

Non-uniform excitation of ultrasonic transducers has been 

investigated in an attempt to overcome the limitations associated witn 
the diffraction effects found in the field of a conventional uniformly 

excited source, which are caused by the interaction of the radiated plane 

and diffracted edge wave. Computer modelling of field point pressure 

waveforms and transmit-receive mode echo responses from point reflectors 
in a fluid media has been carried out for two types of such non-uniformly 

excited source using an extension to the impulse response method. It has 

been shown that the first type, a PWO source, which has a velocity 

weighting distribution with a smooth decrease from maximum excitation in 

the central region to zero at the rim. Such a source tends to "shade 

out" the diffracted edge-wave component thereby achieving a good range 

resolution and a reasonably uniform pulse shape throughout the field. 

The second type, an EWO source with a weighting distribution in the 

opposite sense to the PWO source above, tends to "shade out" the plane 

wave and radiates only edge waves. Field-point pressure measurements 

using specially-constructed miniature probes and trans mit-receive mode 

response measurements from a small target made with a prototype EWO 

transducer have been compared with the theoretical predictions and found 

to be in good agreement. 

Calculations were also made of transmit-receive mode echo 

responses arising from solid, planar targets of finite dimensions in a 
fluid medium, interrogated by short ultrasonic pulses from uniformly and 

non-uniformly excited sources. These theoretical predictions were based 

on a weak scattering model first introduced by Ueda and Ichikawa (72). 
Originally derived for the specific case of an axial, circular target 

normally aligned to the source it has been extended and developed into a 
more generalized version that allows calculations to be made for targets 
lying at a general field point both on and off axis and for the case of 
other regular planar target geometries such as rectangles or triangles. 
Echo responses from both uniformly and non-uniformly excited sources have 
been calculated using this model. 

Detailed experimental measurements have shown that the shape of echo 
waveforms from a given target was the same whether it was made from a 
weakly or a strongly reflecting medium. The shape of calculated echo 
waveforms were found to be in good accord with measured results at all 
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field positicxns an-d for all -sizes, of target thus verifying Uiat the rxxiel 
is in fact valid for all strengths of scatterer. The good agreement 
between measured and calculated results were obtained with both a 

conventional and an EWO source. It was discovered that the acoustic 

properties of targets effect oray the amplitude of echo pulses, the shapý: 
being dependent only on its geometry (ie. size). Experiment has shown 
that the ratio of echo amplitudes from identical finite-sized targets 

made from different material properties is given by the ratio of the 

reflection coefficients for a normally- incident plane wave. 

Theoretical curves have been obtained which should be a valuable 

addition to current NDT techniques that make use of DGS diagrams and 

reflected pulse amplitude in flaw-size estimation. Such diagrams can be 

determined for all portions of the field and for dny radiated pulse. For 

a conventional source the pulse length was shown to dramatically affect 

the form of the curves. In contrast to a conventional source, the form 

of the curves for a PWO source was shown to be fairly independent of 

pulse length and to be simpler and smoother in shape. 

It is clear that all pulse-echo observations in the near field of a 
conventional source, in particular those involving small targets, must be 
interpreted with caution because of the multiplicity of echoes which can 
arise from diffraction effects. Even relatively large targets of simple 
geometry still give rise to multiple echo waveforms. The PWO source with 
simpler pulse shapes and spectra throughout the field than a conventional 
source, offers the possibility of improved target characterisation using 
ultrasonic spectroscopy. At present the diffraction effects associated 
with uniformly excited sources often complicates the application of such 
techniques. 

As indicated by calculated w-d measured results reported here; the 
EWO source exhibits better lateral resolution (defined by EWIIM criteria) 
and range resolution (defined by the pulse length) than an equivalent 
conventional source. Experimental results show that a prototype version 
of the EWO transducer has an Cptimun, lateral resolution about the same as 
its range resolutione that is about one wavelength at its centre 
frequency (typically 3-4 MHz). The lateral (and range) resolution is 
relatively constant over a large 'focal' range; being better than three 
wavelengths over a range extending from one to twenty transducer radii. 
B-scan images further highlight the improvement such a source offers over 
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conventional and focused transducers in Uneir -ability to resolve very 

closely spaced targets over a large depth of f ield. Furthermore the 

ability of the EWO transducer to detect small targets close to large 

specular reflectors and its relative insensitivity to small changes in 

target angulation make, such sources particularly useful in high- 

resolution NDT. 
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Appendix 1. Expressions for the angle of equidistant arc on 
the surface of a circular source. 

Region Time limit Q(ct) 

Inside geometrical to<t<tl 2w 
beam y<a tl, ýt-ýt2 

2Cos-1 ( c2t2 Z2 + y2 - a2 

2y (C2t2 _ Z2)ý 

On edge, y=a t-to=tl 
-1227 Z2)ý Nos ((c t-) 

2a 

Outside geometrical to<t<tl 
-1 220 z2 + Y2 2 beam, y>a C 2Cos (c t--a 1. ý 

-<ýt 2 
2y (C2 t2'_ Z2)'I 

where to = Z/c, 

tj = 1/c [(a - y)' + 
t2 = 1/C [(a + y)2 + Z2]4 
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