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ABSTRACT

The ultrasonic characterisation of solid-state bonds, in 
particular diffusion bonds has been considered in this thesis. 
The study has concentrated on titanium sheet material 
diffusion bonded with similar materials on either side of the 
bond-line. A review of diffusion bonding, ultrasonic 
diffusion-bond non-destructive evaluation (NDE) and acoustic 
microscopy is presented.

A broadband Pulsed Digital Reflection Acoustic Microscope 
(PDRAM) with a centre frequency of 50 MHz has been designed 
and built as part of this study. The system is capable of 
imaging small flaws about 100 |im in diameter on the diffusion 
bond-line between two titanium plates typically 2 to 3mm 
thick. Calibration of the system has been conducted through 
the use of the optical concept of the Modulation Transfer 
Function (MTF) and evaluation of its various imaging modes 
have been presented.

Images and data in the form of reflection (CR) and 
transmission (CT) coefficients from the diffusion bond-line 
are obtained using two different techniques: C-scan and Leaky 
Rayleigh wave scans. The variation of CR and CT with impedance 
contrast ratio (Z1/Z2) has been discussed by considering plane 
incidence on a perfect interface. CR and CT values have been 
obtained using the C-scan technique. Metallographic sections 
that provide the bond-line normal to the free surface are used 
for a qualitative optical classification of bond quality. 
Quantitative CR and CT values and images are obtained by 
scanning these samples using leaky Rayleigh waves. The results 
are compared with a Finite Difference (FD) model developed 
within the Ultrasonics Group at UCL. This considers Rayleigh 
wave interaction on welded quarter spaces. Both FD model and 
experimental CR and CT values are found to be in good agreement 
at values of Z1/Z2 close to or equal to 1 (valid for specimens 
in this study) . Reasons for any differences observed are discussed.
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1.1 MOTIVATION

Over the past 20 years, a large number of structural 
problems have occurred in both civilian and mil itary aircraft 
components such as turbine engines with high costs both in 
human and financial terms. The role of Non-Destructive 
Evaluation (NDE) in inspecting and predicting failure in 
critical components has been widely documented by the 
aerospace community (AGARD (1985) AGARD (1988))

Various joining techniques are used in precision 
engineering. The NDE of one particular form of joining 
technology, that of the solid-state dr diffusion bonding 
between similar metallic alloys is considered in this thesis. 
A major advantage of using a solid state bonding technique is 
that it avoids many of the stress concentrations which occur 
in other joining processes (ASM Int. (1989), Garmong (1975)) 
and it is therefore increasingly being used in the aero-space 
and nuclear industries. However, ensuring the integrity of 
such joints is a difficult task. Hence there is a major need 
for methods which can be used to inspect diffusion bonded 
joints (ASM Int. (1989)). Current UK production of aircraft 
components using Super Plastic Forming / Diffusion Bonding 
(SPF/DB) technology include the hot-air ducts for the Tornado 
and access panels for the Airbus A310/A320.

A recent review of major contributions in the area of the 
measurement of the strength of these types of bonds reached 
the conclusion that physical principles preclude researchers 
from using one single technique that will uniquely measure 
bond strength in all cases (Thompson (1988)). The major points 
that emerged from this review are that there is the potential 
to exploit the relationship between the ultrasonic reflection 
and transmission coefficients to bond strength (Palmer et al. 
(1988)). The problem of seeking to determine the strength of 
metallic diffusion bonds using ultrasound has been studied by
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many researchers working over a range of frequencies (Palmer 
et al.(1987), Sinclair et al.(1989), Thomas and Spingarn 
(1988)). However problems still remain and aspects of the 
ultrasound-bond interaction are not well understood. There 
remains the need to be able to non-destructively quantify 
"bond strength". Theoretical studies on the ultrasonic 
interaction with imperfect diffusion bonds have considered 
several models (Rose (1988), Sotiropoulos and Achenbach 
(1988), Nagy (1988)). These model based data have been 
supported by a body of experimental ultrasonic work (Palmer et 
al.(1987, 1988), Buck et al.(1989), Sinclair et al.(1989).

The use of ultrasonic C-scan methods such as the pulse- 
echo or through-transmission techniques for the automated 
inspection of in-service aircraft have been discussed and 
widely implemented by many workers in the aerospace industry 
(Sturrock et al.(1989), Sainz et al.(1989), Tracy (1989), 
Blondet and Molinero (1989) ) . These compression wave imaging 
systems, operating at relatively low frequencies of 20 MHz and 
less, are conventionally used to image the typically two-plate 
finished diffusion bonded structure, but they are only able to 
resolve regions of gross disbond.

The reasons for the limitations of these conventional 
ultrasonic systems include inadequate signal-to-noise ratio in 
the detected bondline signal, low resolution due to the low 
frequencies used and limited vertical discrimination in the 
systems that affect the quality of the final image.

When other NDE techniques are considered (ASM 
Int. (1989)) it is found that although micro-focus x-ray 
coupled with digital enhancement offers improved resolution 
and discontinuities as small as 50 |im have been detected (ASM 
Int (1989) ) , conventional radiography has not been able to 
provide the required quantitative information about bond 
strength.



i

28
Optical techniques are currently used along with 

destructive examination to characterise diffusion bonds. For 
example, for two-plate structures, the quality of diffusion 
bonds fabricated from a particular "run" is determined by the 
time consuming process of cutting and mounting selected 
sections from the edge of the bonded two-plate structure as 
metallographic samples. These samples are mounted so as to 
provide the bond-line normal to the free surface. The samples 
are then, after polishing and etching, subjected to a 
qualitative optical classification at high magnification and 
on the basis of various visual pointers such the degree of 
grain growth across the bond-line, they are classified as 
"acceptable" , "borderline" or "unacceptable" bonds. Along 
with optical classification, destructive tests are carried out 
on smaller plate-like samples. It must be emphasised that no 
standards exist for the destructive testing of diffusion 
bonds. Most experimental determination of bond strength has 
considered ultimate tensile strength as a figure for bond 
strength. (Palmer et al.(1988)).

The motivation therefore, for this work was the need for 
a quantitative investigation of the use of high frequency 
ultrasound for inspection of diffusion bonds leading to an 
estimation of the bond strength. In this thesis, a two-fronted 
approach has been taken in characterising diffusion bonds 
through the development of a high resolution, broadband, 
ultrasonic, acoustic microscope operating with transducers 
with centre frequencies of approximately 50 MHz.

The first approach has been in imaging the bond-plane 
between two titanium sheets diffusion bonded together. Through 
the use of impulse excited lens-type transducers with long 
focal lengths, high resolution images of the bond-plane below 
2mm of titanium alloy are obtained. This enables one to 
identify the presence of features on the bond-plane typically 
100 Jim in diameter. In addition to the surface and volumetric 
imaging capabilities, through the use of special lenses with
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suitable half angles, the imaging of subsurface features by 
"leaky Rayleigh waves" is also possible. Acoustic images are 
a very useful tool in detecting areas of gross disbonds and 
individual features, but cannot provide any quantitative 
information about the quality of the bond .

The second approach takes a more quantitative view of 
the response from the bond-line via the study of ultrasonic 
reflection (CR) and transmission (CT) coefficients from the 
bond-line between similar titanium sheet material diffusion 
bonded together. The change in these coefficients with 
variation in the impedance contrast (Z1/Z2) of two media have 
been studied both theoretically and experimentally. Reflection 
and transmission coefficients from diffusion bonded titanium 
have been obtained by two independent means: the conventional 
C-scan and the "leaky Rayleigh wave" technique. In this 
thesis, the combined use of these two techniques is sometimes 
referred to as the measurement technique. Quantitative data 
obtained using these techniques have been used to evaluate a 
Finite Difference (FD) Model originally developed within the 
Ultrasonics Group at UCL (Bond and Aristodemou (1988)) to 
study the interaction of Rayleigh waves with welded quarter 
spaces.
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The contributions of this study can be briefly summarised
as:

(1) A Pulsed Digital Reflection Acoustic Microscope 
(PDRAM) has been designed and constructed around specific 
requirements that include the material characterisation and 
imaging of a wide range of advanced materials such as ceramics 
and composites. The various imaging modes have been 
extensively tested.

(2) The system has been calibrated through the 
characterisation of commercially available ultrasonic lenses 
using the concept of Modulation Transfer Function from optics. 
A procedure for sizing the ultrasonic beam at focus has been 
presented and through the MTF, peak detection has shown to 
theoretically yeild a lower resolution image than power 
detection.

(3) The system has been applied to the particular problem 
of solid-state bonding in metallic alloys and conventional 
compression wave scans of diffusion bonded alloys have been 
conducted at high resolution of the order of 40 - 100 \im. 
Prior work in this field has concentrated either at low 
frequency (10 - 20 MHz ) or at very high frequency (2GHz) . The 
low frequency work has not been able to image small flaws of 
about 100 Jim in diameter. The very high frequency work has not 
been able to penetrate titanium plates 2-3 mm thick. By 
choosing the right system parameters, this work has been able 
to combine good lateral resolution (better than 45 |im) with 
good penetration into the material (2-3 mm) and adequate axial 
resolution of about 150 }J.m.

(4) Reflection and transmission coefficients from 
titanium diffusion bonds have been obtained in this study 
using two independant techniques, the conventional compression 
wave (or C-scan), and a "leaky Rayleigh wave" technique. These
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coefficients have been compared with both a. plane wave model 
and 01 finite difference model mentioned in (5).

(5) Compression wave interaction with a diffusion bond 
has first been considered as the simplistic case of plane wave 
interaction on a perfect interface. This has been compared 
with results obtained in another study (Bond and Aristodemou
(1988)) from a Finite Difference (FD) Model predicting the 
reflection (CR) and transmission (CT) coefficients resulting 
from Rayleigh wave interaction with a system of welded quarter 
spaces.

During the course of this study two new observations were 
made and they can be summarised as follows:

a) Single point measurements of bond-line response have 
been observed to be inadequate for characterising large 
samples.

b) A statistical analysis of diffusion bond-line response 
has revealed a qualitative relationship between the spread of 
response and the condition of the bond. In general, the 
acoustic response from an unacceptable diffusion bond-line has 
shown a greater degree of spread in data (ie. more "noisy") 
than an acceptable one and vice versa.
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1.3 THESIS STRUCTURE

Chapter 2 provides a review of solid-state bonding 
techniques and their characterisation , both ultrasonic and 
non-ultrasonic methods. A review of acoustic microscopy is 
also provided.

The acoustic microscope has been designed with certain 
specific requirements in mind and these are discussed in the 
first part of Chapter 3. The system itself is then described 
and various examples of images taken in its various modes are 
provided along with an example of a time domain technique.

Chapter 4 is concerned with the calibration and 
evaluation of the system and this has been conducted using the 
optical concept of the Modulation Transfer Function (MTF).

The theoretical background to the ultrasonic techniques 
used in this thesis: compression waves and leaky Rayleigh
waves is provided in Chapter 5. A brief review of work on the 
interaction of Rayleigh waves with welded quarter spaces 
including a finite difference formulation developed within the 
Ultrasonics Group at UCL is also provided.

Chapter 6 is concerned with the experimental measurements 
taken in the Compression wave and Leaky Rayleigh wave mode 
respectively. Acoustic and optical images of the same 
representative areas of diffusion bonded titanium are also 
provided and compared.

Both images and data are analysed in Chapter 7. 
Quantitative data predicted by the finite difference model is 
finally compared with experimental results obtained in 
Chapter 6.

Chapter 8 provides the conclusions to the study and 
makes recommendations for further work.



Chapter 2.

BACKGROUND
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2.1 SOLID-STATE BONDING
2.1.1 Introduction

The technique of diffusion bonding (DB) is used to make 
high strength joints between metallic, non-metallic and 
dissimilar materials in components varying from electronic 
circuitry to aircraft structures. The development of the 
technique and its various uses particularly in advanced 
aerospace applications have been covered in a number of 
reviews (Fitzpatrick (1984), Beck and Winkler (1984) , Stephens 
and Swadling (1985). Dunkerton and Dawes (1985), Partridge et 
al.(1985), Partridge and Ward-Close(1989)).

The major thrust of the diffusion bonding work in the 
aerospace community has been directed towards titanium alloys 
(especially the most widely used 6% Aluminium 4% Vanadium 
alloy Ti-6A1-4V) and aluminium alloys (prompted by the 
development of metal matrix composites). Further interest in 
the use of diffusion bonding has been stimulated by its 
association with super plastic forming (SPF) as a combined 
process (SPF/DB) in the manufacture of high quality, low cost 
aerospace components (Beck and Winkler (1984), Weisert (1984), 
Holbein and Sahm (1984), Stephens and Swadling (1985)).

2.1.2 Techniques and Processes

Diffusion bonding (DB) can be divided into 2 techniques:
1) Diffusion welding : two metals are joined by pressure 

and temperature without melting. An interlayer foil or coating 
may be used and the process is also referred to as solid-state 
DB or hot press bonding. Solid-state DB involves 4 mechanisms 
that take place roughly in 2 stages (Partridge and Ward-Close
(1989)) and they are:

Stage 1: upon applied loading of the 2 materials, two 
deformation mechanisms take place: plastic deformation
followed by creep deformation. The development of the bond 
interface and its relations to the asperities on the bonding
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At the end of Stage 1, the bond interface consists of 
bonded areas separated by areas containing small voids and 
bonding in this stage is sensitive to stress and occurs much 
faster in the next stage: stage 2.

Stage 2: the third mechanism now takes place: diffusion 
followed by recrystallisation and grain boundary migration. 
This is the final stage of bonding and is essential for the 
development of high strength joints since it leads to the 
elimination of the planar grain boundary interface.

2) Diffusion brazing : two metals are heated to produce 
liquid at the bond interface via an interlayer foil or 
coating. Pressure may or may not be used and the process is 
also referred to as liquid phase DB or activated DB (ADB) . 
This process is shown in Figure 2.2 as 4 stages (Adam and 
Steinhauser (1985))

The primary advantage of the interlayers are to "wet" the 
bond surfaces and they are normally in the form of metallic 
foils or coatings (electroplated, sputtered or evaporated) . 
They can lead to greatly reduced values in the main processing 
variables associated with DB which are temperature, pressure 
and time. In order to reduce the effects of the asperities 
shown in Figure 2.1 surface finish and surface deformation 
along with the absence of insoluble substances on or between 
the surfaces to be bonded are the other 3 main processing 
variables. “3Mmain bonding processes are used and they are gas, 
pressure and isostatic pressure bonding.
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Fig. 2.1 Development of the bond interface in solid-state
Diffusion Bonding

1) single or double 
interlayer applied

2) Interlayer melts at 
T > 0.8 Tm matrix 
pressure 10 N/mm2

3) diffusion of interlayer, 
melting temperature lifts

4) result: a homogeneous 
bond: secondary grain 
structure of interlayer 
dissapears

Fig.2.2 Principle of diffusion bonding
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A vacuum environment is preferred in order to maintain clean 
surfaces but in order to exploit the need for gas pressure as 
used in SPF/DB, an argon gas environment is also used.

An example of the 3-sheet SPF/DB process is given as 
Figure 2.3 (Stephens and Swadling (1985)). The 3 stages of 
applying the "stop off" (an insoluble coating which is applied 
to the mating surfaces in areas which are not required to be
bonded) , pack bonding and forming with a gas at high pressure
results in a structure that has a significant reduction in
weight and in the "parts count".

An example of the large weight and cost savings gained by 
the introduction of SPF/DB is shown in Figure 2.4 where the 
conventional fabrication of the door panel of an aircraft 
fuselage consisting of 16 parts held together by 500 fasteners 
was replaced by a 2-sheet integrally stiffened SPF/DB 
assembly. (Dunkerton and Dawes (1985)). Current UK production 
of components using SPF/DB technology include the hot-air 
ducts for the Tornado, access panels for the Airbus A310/A320 
and fan blades for the Rolls Royce RB211-535E4 engine.

In addition to the two main forms of joining metals 
outlined earlier, another solid-state bonding process that 
allows for the inexpensive joining of otherwise difficult-to- 
weld materials is inertial friction welding (Armstrong et al.
(1986)) . Inertial friction welding is performed by forcing a 
stationary part against a rotating part and allowing the parts 
to brake themselves to a stop. The process has 3 parameters: 
rotational velocity, inertia mass and weld pressure. As for 
the bonding processes outlined earlier, the final weld is also 
influenced by the surface finish and the degree of 
contamination. Figure 2.5 gives a schematic of the sandwich
like grain structure of inertia welded stainless steel 304L 
pieces.
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Conventional structure

16 Parts
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Integration plan
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Diffusion bonding
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Fig.2.4 Conventional structure and integrated plan for
door panels using SPF/DB

base material
heat affected zone 

p̂elted region

axis of 
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Fig.2.5 Inertia welded stainless steel 304L
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Another example of the use of solid-state bonding is 

provided by the nuclear industry in the resistance tube- 
closure welding or pinch welding process (Thomas et al.
(1986)). Solid-state bonding techniques eliminate many of the 
problems encountered in traditional fusion welds such as "hot 
cracking" and porosity. The pinch welding process is used 
mainly to reliably seal small stainless steel tubes and the 
process is illustrated in Figure 2.6.

Confining dies are placed on opposing sides of the tube 
to prevent lateral expansion while radiused electrodes are 
forced together to collapse the tube. Electric current is 
then passed between the electrodes causing Joule heating and 
softening of the tube. The hot plastic deformation causes the 
inside surfaces of the tube to contact and weld. Once again, 
the quality of the bond is dependent amongst other factors 
upon the cleanliness of the tube bore
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2.1.3 Mechanical properties of diffusion bonded joints

Table 2.1 summarises typical strengths of DB joints in 
titanium and aluminum alloys and in certain cases the bonding 
parameters are also given (Stephens and Swadling (1985), 
Partridge and Ward-Close (1989)). The capability of titanium 
to achieve "parent" strength properties and the significant 
increase in the shear strength of both titanium and aluminium 
DB joints relative to current conventional joining techniques 
can be seen from Table 2.1.
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Material Temp
(°C)

Pressure Time 
(MPa) (h)

Joint strength 
(Mpa)

Similar metals
Titanium (Ti-6A1-4V) PARENT MATERIAL 575 (shear)

" solid-phase DB 
" liquid phase DB*

930
950

2-3 1.5 
1-4

575 (shear) 
950 (tensile)

Aluminium 
8090 (Al-Li)-T6 
(solid phase DB) 560

PARENT MATERIAL 

1.5 4

320 (shear) 

190 (shear)

Dissimilar metals
Ti-6Al-4V/stainless steel 
solid phase** 850 10 1 450 (tensile)

Conventional ioininc? techniaues
Typical rivetted joint 
Typical adhesive bond joint

10 (shear) 
20-40 (shear) |

using Copper and Nickel interlayers 
using Vanadium and Copper interlayers

Table 2.1 Mechanical properties of diffusion bonded joints

2.1.4 Defect types in diffusion bonding

The 5 main non-destructive evaluation (NDE) techniques 
widely used in industry (apart from visual inspection) are dye 
penetrant, radiography, ultrasonics, magnetic particle 
inspection and eddy currents. None of these techniques have 
been developed in a simple form for the NDE of diffusion 
bonds.



I

44
In determining which NDE method to use, it is necessary first 
to decide what kind of defect may be present.

DB joint defects fall into roughly 3 categories and these
are:

1) Micro voids
2) Large voids
3) Intimate contact disbonds

Micro voids occur as a result of incorrect processing 
conditions and they have typical widths of 0.5 |im to 10 |im 
with diameters of around 15 p.m or larger with known constant 
depths (Tober and Elze (1985) ) . The size of defects is 
determined principally by the scale of roughness of the 
surfaces being bonded. The degree of surface roughness is 
dependent on the material and machining technique used. It has 
been shown that bonding becomes easier with finer surface 
roughness prior to bonding. As a result, due to the very fine 
scale of roughness involved in commercial machining techniques 
such as turning and grinding, the corresponding size of 
possible defects is extremely small compared with conventional 
welding defects (turning processes give a roughness height of 
about 2 |j.m while grinding about 0.5 |im. (Kapranos and 
Priestner (1987))

The cause of large voids/disbonds is most likely to be 
associated with argon gas entrapment eg. when bonding in an 
argon gas environment. Large void areas can also arise due to 
irregularities in the individual plates before the bonding 
process. Thin oxide skins, release agents used for SPF/DB (eg. 
graphite) and a combination of oxide/release agent with 
processing voids commonly lead to large voids (100 |lm or 
larger).

Intimate contact disbonds are associated with non gaseous 
insoluble layers between the mating faces and are very
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difficult to reliably detect and size because of the intimate 
nature of the materials.

2.2 THE CHARACTERISATION OF DIFFUSION BONDS

2.2.1 Non ultrasonic NDE techniques

Real time radiography coupled with microfocus X-ray 
source and digital image enhancement has been successfully 
used in detecting defects of 1mm in size (Alreja (1984)) and 
the claim has been made that defects down to 25 |im can be 
detected in titanium plates 5mm thick. The detectable defects 
have to be of unrealistically large sizes in order for this 
technique to be of any use.

The conductivity of a piece of metal is proportional to 
the area through which electrons can migrate. If there is a 
partial bond in the material, this migrational area will be 
reduced in the region of the bond and thus the resistance of 
the material will be greater than that of a perfect specimen 
of similar size. Using this technique, a large constant 
current is passed through two contacts down the specimen under 
test. The potential difference between points on the specimen 
surface is measured by 2 other contacts and the voltage drop 
along the length of the specimen containing the bond can be 
compared with an identical length of perfect material. There 
should then be a simple relationship between the difference in 
conductivity and the total bonded area. In practice however, 
Lodge and Briggs (1983) and Derby et al. (1983) have shown that 
above 7 0% bonding, the required sensitivity for this technique 
increases indefinitely. One serious problem with the technique 
is that the changes being observed are so small that they may 
be swamped by minute variations in experimental conditions or 
material properties.

Fluorescent penetrants are used for determining bond 
quality along edges and for thin members having both sides
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accessible. This method is capable of revealing edge 
separations which may have occurred during bonding or
subsequent processing. It also provides information when the 
unbonded areas extend to the surface of the detail parts, 
however, the method is ineffective when there is no path from 
the surface to internal defects.

2.2.2 Experimental ultrasonic work to date

Conventional ultrasonic testing of metals typically uses 
a frequency of 5 MHz, giving a wavelength of about 1mm in 
steel. The scattering due to a single void 50 |lm wide would be 
far too small to detect and unless the mean void - width to 
inter-void spacing is nearly unity, the bond would be
transparent to this wavelength. Derby et al.(1983) have tried 
to image diffusion bonds in steel using a gated toneburst 
excited transmission acoustic microscope at 140 MHz at which 
the wavelength in steel is about 40 |im.

There is a major problem in imaging polycrystalline
materials with these wavelengths (and the toneburst excited 
system) at which ka « 1 (where k is the wave vector and a is 
a measure of grain size). There is a dappled appearance in the 
acoustic images due to multiple grain scattering and although 
this may contain useful information about grain size, it is an 
undesirable feature for bond inspection. This problem of grain 
scattering may be eliminated by using a lower frequency (Yue 
et al. (1982)) where images taken at 60 MHz do not show the 
individual voids, but they do reveal gross unbonded areas.

Although conventional C-scan techniques can be successful 
in separating unbonded from bonded regions in some 
applications, no techniques have proved successful in 
separating good bonds (ie. near maximum strength) from 
marginal bonds (strengths below 50 % of the maximum value). 
The bond / no bond approach to classify diffusion bonds has 
not been found to quantitatively explain the wide range of
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strengths that are observed either during tensile testing or 
even accidentally during post-weld machining for example. When 
specimens do not have uniform bonding across the bond planes, 
the unbonded interfaces may be held in intimate contact via 
residual stresses.

One approach to this problem has been the ultrasonic 
interrogation of the bond plane and detection of the 
ultrasonic signal response combined with data reduction and 
pattern recognition algorithms for specimens deliberately 
manufactured with a range of strengths (Thomas and Spingarn 
(1984, 1988), Thomas et al. (1986, 1987)) .

The approach is briefly summarised as follows: samples 
were prepared with varying strength levels (destructively 
tested after collection of the ultrasonic data). Using 
ultrasonic transducers varying in frequencies from 30 MHz to 
50 MHz, RF return echoes from the bondlines of each of the 
samples were captured and each sample was categorised either 
as a "test" or a "training" sample, each with its own RF 
waveform.

The training data was applied to evolve a classification 
algorithm and the test data was used to confirm the 
reliability of the algorithm. To describe quality of bonding, 
a classification scheme was chosen that was based on 4 quality 
levels from Class 1 (best weld possible) to Class 4 (a weld 
that holds together mechanically but has no ductility.) The 
procedure for extracting information from the ultrasonic 
waveforms included transforming the RF waveform into various 
time and frequency domains. Thirty three features were then 
extracted from the various domains, the optimal features were 
selected and then the quality of the bonds were classified 
with pattern recognition algorithms.

In general, it was found that certain features in the 
ultrasonic signals were able to classify certain types of
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bonds but the underlying mechanisms for their behaviour were 
not discussed. The pattern recognition algorithms seemed to be 
somewhat dependent upon the materials from which the samples 
were fabricated, but all showed a good deal of commonality.

In a parallel study investigating tubing pinch welds, 
immersion focused probes with 35 MHz centre frequency and 2.54 
cm focal lengths were used to scan the bond-lines in 304L 
stainless steel tubes (Rehbein et al.(1986), Rehbein et al.
(1987)). They observed that gross disbonds could be easily 
detected from changes in signals either reflected from or 
transmitted through the bond-line. Another observation made in 
this study was that signals that were "doubly transmitted" 
through the interface (ie. the back surface echo) showed a 
trend to lower values as the bond quality decreased.

The NDE of integrally fabricated turbine rotors where the 
turbine blades are either bonded to the disk in the 
manufacturing process or during rotor repair has been studied 
(Gray et al.(1987,1988)) using both focused and planar 
transducers ranging in frequencies from 5 to 50 MHz. Three 
techniques emerged from this study as having good sensitivity 
to the bond. These included the use of critical angle 
longitudinal waves, leaky Rayleigh waves and "near-grazing 
incidence" longitudinal waves. It was found that a significant 
improvement in signal amplitude can be realised by inspection 
at angles near grazing incidence to the bond as compared to 
near normal incidence measurements. A secondary benefit 
claimed in this study was that the noise induced by the 
roughness of the component-surface was of lower relative 
amplitude.

Comparisons were made between the experimental reflection 
coefficients obtained at normal incidence using planar and 
focused probes and the theoretically predicted reflection 
coefficients using a "spring model" that shall be discussed in 
greater detail in Section. 2.2.3.
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In a series of studies conducted mainly on copper-copper 

diffusion bonds, broadband (2-15 MHz) focused probes were used 
to obtain contour plots of reflection coefficients from the 
interface (Palmer et 31.(1987,1988), Buck et al (1989)). 
Several tensile specimens were then cut from each diffusion 
bonded sample (keeping in mind its exact location on the 
original reflection coefficient contour map) and were then 
destructively tested to obtain their ultimate engineering 
stress which was then used as an indicator for the strength of 
the bond. When correlating the ultimate stress with the 
ultrasonic reflection coefficient, it was observed that the 
stress decreased monotonically with increasing values of 
reflection coefficient for a given surface roughness prior to 
bonding.

In addition to the tensile testing, slices perpendicular 
to the bond plane of each sample were mounted, polished and 
etched in order to carry out the determination of parameters 
such as the "fraction of bonded area" and the number of 
contacts or disbonds per unit area. The results obtained were 
used once again to test the "spring model" detailed in Section 
2.2.3.

Ultrasonic analysis of inertia or friction welds have 
been conducted on 3 types of inertia welded 304L austenitic 
stainless steel using 8 MHz focused probes and 15 MHz planar 
probes in pulse-echo mode (Armstrong et al. (1986)). Using both 
types of probes, the frequency spectra of the RF signals 
reflected from the welded region were digitally recorded for 
each sample. Upon completion of the ultrasonic work, the 
samples were sectioned and used for mechanical and test work. 
Taking the case of a 304L/304L stainless steel inertial weld, 
3 separate samples were prepared under 3 different conditions 
of applied pressure; high, medium and low pressure and the 
normalised frequency spectra were obtained when each sample 
was inspected using a 8 MHz focused probe. The same exercise 
was repeated for cases of dissimilar steel alloys and welds
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between steel alloys and aluminium alloys. The normalised 
frequency spectra for varying weld pressures showed certain 
potentials for identifying weld quality (it was found that 
generally the highest strength welds were made under 
conditions of greater pressure).

The bonding process may induce microstructural changes in 
the metal especially near the bond region (Rehbein et al.
(1987), Thomas et al.(1987)). One suggestion for the indirect 
monitoring of bond quality has been provided by Rose (1988) by 
the measurement of attenuation in IN100. If a sample is 
obtained with a single-phase material with equiaxed grains, 
then the attenuation a has been approximated in the Rayleigh 
limit (Papadakis (1968)) as

a = Sk*a3 (2.1)

where a is the mean grain radius, k is the wave-vector and S 
is a material constant. Thus, at a fixed frequency, the 
attenuation is proportional to the radius cubed and is clearly 
sensitive to grain size. The results of the work suggests that 
attenuation might be used as a process control monitor for 
bond quality. A rise in attenuation during bonding might 
indicate excess grain growth and in an indirect manner, 
inappropriate bonding parameters. A detailed knowledge of the 
part’s metallurgy and of the bonding process is required for 
this scheme to be of practical use.

Oxygen is an unavoidable contaminant in the joining 
process and an assessment of its presence constitutes an 
important parameter in the characterisation of titanium 
diffusion bonds. Metallurgical and ultrasonic investigations 
have shown that the oxygen introduced in the welding process 
has a dominant effect on the bulk elastic properties and 
strength of the diffusion bond region that joins the 2 
structural parts.



Addition to page 51
The terms "Acoustic Material Signature (AMS)" and "V(z)" are two 
terms used to describe the same physical process. Weglein (1985) 
makes the following distinction between the two terms: The
transducer output voltage versus lens-to-sample spacing z after 
video detection in a square law detector looks like Figure 5.6 j 
on page 175. The entire curve is often referred to as the V(z) 
curve. This contains three distinct regions, of which only the | 
central periodic portion contains the material dependant ! 
information. Weglein (1985) calls this central periodic region, 
the Acoustic Material Signature (AMS).



In a study by Weglein (1988), 200 MHz Rayleigh waves
were utilised to scan the surface of a metallographic sample 
of Ti-6A1-4V cut normal to the bond-plane. A gated toneburst 
excited acoustic microscope was used. At a frequency of 200 
MHz, the wavelength of Rayleigh waves in Titanium is 14.5 fim 
and hence this was also the approximate depth of penetration 
of the Rayleigh waves in the specimen. Acoustic scans were 
taken at 200 MHz and compared with optical micrographs of the 
same area and substantial image contrast variations in the 
bond area were achieved acoustically. The Acoustic Material 
Signature (AMS) method (Weglein (1985)) was then used to 
obtain quantitative determination of the average Rayleigh wave 
velocities in the 2 regions of the specimen: the bulk material 
and the bond. In its simplest form, the AMS records the 
variation of the detected transducer output magnitude as the 
transducer is gradually defocussed onto the specimen. The 
recorded output is obtained as a curve with a series of 
maximum and minimum points and the Rayleigh wave velocity can 
be related to the periodicity of these points. Measurements in 
the diffusion-bond region and in the bulk material indicated 
that a significant reduction in the Rayleigh wave velocity 
(about 11 %) had occurred in the region of the bond. The lower 
Rayleigh velocity suggested correspondingly reduced bulk 
moduli and consequently reduced strength in the bond region.

Taylor et al. (1989) have described an example of the non- 
contact inspection of diffusion bonds in titanium plates 2-3 
mm thick. A pulsed laser was used as an ultrasonic source and 
an electromagnetic acoustic transducer (EMAT) was used as a 
detector. The EMAT contained a central aperture through which 
the laser pulse some 2mm in diameter was directed. This was 
designed to simulate the conventional pulse echo 
configuration. The generation and detection of longitudinal 
ultrasonic waves was carried out by the evaporation of a 
coating of oil on the top surface of the titanium plates. The 
resultant return waveforms from the bond-plane were complex in 
nature due to various reasons, the most important one given
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being the mode conversion due to shear waves. A signal 
processing technique known as cepstral analysis was used to 
detect the periodicity within the waveforms and thus remove 
their effect from the information originating from the bond. 
An example of using the technique on an actual defect is 
provided.

A detailed study of the reflection coefficient CR of an 
ultrasonic wave impinging upon a diffusion bond boundary at 
which there is a gradual transition of material properties 
from one material to another has been carried out by Sinclair 
et al.(1989). The study was confined to the one-dimensional 
case of compression waves incident at 90° on the boundary. 
Both analytical and numerical solutions for the reflection 
coefficient were presented for various interfacial profiles 
and were seen in general to be strongly dependent on wave 
frequency. Measurements were then made with diffusion bonded 
samples of copper to nickel using broadband contact probes of 
central frequencies 2.25 MHz, 5 MHz, 9.9 MHz and 15 MHz. The 
samples were then subjected to a heat treatment for 48 hours 
at 1000° C in a nitrogen environment and after cooling, the 
ultrasonic examinations were repeated under similar 
conditions. Each specimen was then cut open on an axial-radial 
plane to expose a cross-section of the interfacial layer and 
after polishing, the samples were then placed in a scanning 
electron microscope with an X-ray spectrum analyzer to 
determine the concentration profile of copper and nickel 
across the interface region. Reflection coefficients as a 
function of frequency were then obtained theoretically for the 
material profile determined by X-ray spectrum analysis and 
compared with experimentally obtained data. The theoretical 
analysis indicated that there should have been a strong 
dependence of the magnitude of the reflection coefficient over 
the frequency range 1-16 MHz and although the experimental 
results for CR show it decreasing as the frequency goes up, 
the large degree of scatter made it difficult to confirm 
whether the theoretical results were valid.
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Various workers have considered the diffusion bond region 
to be quite complex containing discrete features. One such 
model that shall be referred to as the "microcrack model" 
provides analytical solutions for the reflection and 
transmission coefficients assuming that the bond plane 
contains a distribution of microcracks. The other model shall 
be referred to as the "distributed spring model" where the 
interface is represented by a distributed spring determined by 
the change in static compliance of the medium with respect to 
one with a perfect interface. The model provides a description 
of the contact topology and predicts the reflection and 
transmission coeffcients from a diffusion bond line.

A specific class of poor diffusion bonds is one that is 
permeated with small cracks. Reflection of elastic waves by 
one dimensional crack arrays has been analytically treated in 
the literature. Angel and Achenbach (1985) have dealt with the 
case of a periodic distribution of cracks and they obtained 
numerically rigorous reflection and transmission coefficients. 
Reflection and transmission by an array of spherical cavities 
was investigated by Achenbach and Kitahara (1986) . Nonperiodic 
crack distributions were considered by Sotiropoulos and 
Achenbach (1988) where an approximate method was developed to 
calculate the dynamic interaction effects between the cracks. 
General expressions for the reflection and transmission 
coefficients for incident longitudinal time harmonic waves 
have been derived (Sotiropoulos and Achenbach (1988)) and only 
the results shall be presented here.In this study, a 
homogeneous, isotropic, linearly elastic solid is considered 
which contains a plane with a large number of cracks. Figure
2.7 shows a cell of length 1, width w and height h that 
contains N cracks in the plane x3=0.
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Fig. 2.7 Cell containing distribution of cracks in plane
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A plane time-harmonic wave u1 is incident on the cracked 

plane and is expressed as:

u 1 = UQ p exp(iJcL p.x) p -  (0,0,1) (2.2)

For longitudinal waves:

«_ c = (X + 2 n) (2.3)/r =—  r* =L r  L
' “ ' L

The amplitude factor uQ and the angular frequency CO
characterise the incident plane wave while the Lame constants 
X, fi and the density p characterise the elastic solid.

For this incident plane wave, the reflection coeffcient
CR for the distribution of cracks has been given by
Sotiropoulos and Achenbach (1988) to have the form:

-i /  a  n 1 /CD =■ -Mmnv- ■ #
where :
u0 = the amplitude factor 
N= the number of cracks
N = N/l.w = the number of cracks per unit area
Vn = the crack opening volume for the nth crack and is given
by:

= Anu3 (*1#$2)dAt (2.5)

where:
An = the area of the nth crack
()>!, (j>2 are the local coordinates on the crack surface and 
An u3((J)1 , <J)2) is known as the "crack opening displacement".
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The transmission coefficient CT may then be calculated from:

CT = 1 - CR (2.6)

Similar expressions for shear waves and varying crack sizes, 
shape and crack spacings are also presented but they shall not 
be discussed here. The basis of the model is that in all 
cases, CR and CT are derived in terms of the dimensions of the 
cracks.

The "distributed spring model" (Baik and Thompson (1984)) 
shall now be discussed. When a tensile load a is applied to an 
elastic solid containing a planar collection of cracks or 
voids, the farfield displacement that would occur in the 
absence of the interface will be increased by local 
deformations at the interface. This can be seen from Figure
2.8 (a). When the load o is applied, the relative
displacements of 2 points far from and on opposite sides of 
the interface can be written as the sum of the displacements 
Ap which would have existed had the material been "perfect" 
plus the extra displacement due to the local deformations 
in the vicinity of the interface. If this interface contains 
cracks or pores, Ax>0 and for inclusions, Ax can be positive 
or negative depending on the inclusions' shape and their 
elastic modulus with respect to the half spaces.

This "extra extension" or displacement can be modelled as 
the response of 2 half-spaces connected by a "distributed 
spring".
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Fig.2.8 (a) Definition of extra displacement 
(b) Geometry of ultrasonic setup
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Fig 2.8 (c) Quasi-static model for the interface
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The interfacial stiffness K may be defined as

K = ^  (2.7)

and this may also be taken to be the stiffness of the 
distributed spring which, if used to join two half spaces of 
the original material, would reproduce the static 
displacement. (K can be evaluated from standard solutions for 

for a variety of interfacial conditions (Baik and Thompson 
(1984)). Figure 2.8 (b) illustrates the scattering of
ultrasound from the same interface.

Once again, a time harmonic plane wave is assumed to be 
converted into a transmitting and a reflected wave and if the 
wavelength X of the ultrasonic energy is sufficiently large 
with respect to the contact separation, the scattering 
properties of the interface could be considered to be related 
to the response to a static load as in Figure 2.8 (a). The
interface can then be modelled to be represented by the 
combination of spring and mass as shown in Figure 2.8 (c) and 
is known as the "quasi-static model" or the "distributed 
spring model" for an interface. In order to correctly 
reproduce the static deformation, the spring stiffness per 
unit area must be given by (2.7)

Baik and Thompson (1984) have shown that using these 
assumptions, a set of modified boundary conditions involving 
the interface stiffness K have been found to correctly predict 
the frequency dependence of reflection and transmission , and 
the coefficients are given as (2.8) and (2.9)
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jcj (Z/2k - m/2Z) (2.8)(l-/no)2/4ic) + jfo> (Z/2k + m/2Z)
and

(1 + /no)2/4K) (2.9)
(l-/na>2/4K) + jo) (Z/2k + m/2Z)

It must be stressed that for the quasi-static approximation to 
be valid, the resonance frequency of the spring-mass 
combination must obey the following relationship:

The stresses associated with the ultrasonic wave should also 
be sufficiently small so that the degree of contact at the 
interface does not change during the stress cycle.

2.3 ACOUSTIC MICROSCOPY
2.3.1 A review

Since the underlying research and development behind the 
acoustic microscope has been reviewed in a number of excellent 
papers (Quate et al.(1979), Ash (1980), Nikoonahad (1983), 
Wickramasinghe (1984), Atalar and Hoppe (1986)), only a 
concise account shall be presented here.

The basic idea of an acoustic microscope was first put 
forward by the Russian scientist S. Ya Sokolov who realised 
that acoustic waves in water at gigahertz frequencies had 
wavelengths comparable to that of visible light but due to the 
lack of technology in generating such high frequencies at that 
time, he demonstrated a system operating at 1 MHz (Sokolov 
(1949)). After Sokolov's initial idea, many forms of acoustic 
microscope imaging have been explored during the last 40 
years. A major advance however was the invention of the

(2.10)
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scanning acoustic microscope (SAM) operating in the reflection 
mode as illustrated in Figure 2.7 (Lemons and Quate (1974)).

In this configuration, the object is immersed in a liquid 
(usually water) and placed at the focal plane of the acoustic 
lens. A piezoelectric transducer bonded to one end of the lens 
buffer rod converts the transmitted RF pulses into acoustic 
pulses which are bought to a focus at the focal plane of the 
lens. These acoustic pulses are incident upon the object and 
the reflected pulses are collected by the lens and the 
transducer converts them back into electrical pulses, which 
after detection, provides a video signal for display purposes. 
The acoustic pulses reflected by the object are modulated both 
in phase and amplitude . The lens is scanned over the entire 
field of view in a raster manner and an image is built up 
point by point. The lens is mounted on a precision translation 
stage with 3 degrees of freedom X,Y and Z where X and Y 
provide horizontal movements for locating the lens on the 
required field of view to be imaged and the vertical Z 
movement is used to focus the lens. The electronics of the 
system are shown in block diagram form in Figure 2.8 
(Nikoonahad (1983))
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Fig.2.10 Typical electronic circuitry for the reflection SAM
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A CW signal generator acts as the source and frequencies 

initially used were in the 1 GHz region. The output is pulsed 
by a series of cascaded PIN switches. On the detection side, 
a time gate suppresses the echoes from the surface of the lens 
and other unwanted signals. The signal from the object is 
subsequently amplified by a high gain amplifier. The baseband 
pulses are then "square law" detected and then further 
amplified. The pulses are finally fed into a sample-and-hold 
or a boxcar integrator circuit at the output which is the last 
stage before the display.

Another form of acoustic microscopy is the scanning laser 
acoustic microscope (SLAM) (Kessler and Yuhas (1978)). In the 
SLAM, the body of the sample under examination is illuminated 
by an unfocussed beam of acoustic energy and any inhomogeneity 
in the path of the acoustic beam eg. a defect causes the 
scattering and interference of the acoustic radiation. The 
scattering and interference show themselves as ripples on the 
surface of the sample and is recorded with a rapidly scanned 
focused laser beam. A diagram of the SLAM is shown as Figure 
2 .11 .

One major advantage of the SLAM in addition to its real 
time imaging ability is the fact that the object can be viewed 
optically while the acoustic image is being obtained as shown 
in Figure 2.11. The SLAM is basically a near-field shadow 
imaging system with the definition controlled by the size of 
the laser beam at the reflecting surface.
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One of the problems associated with imaging arises due to 

the high impedance discontinuity at the interface between 
the coupling fluid and the object under test. This greatly 

reduces the fraction of acoustic energy transmitted into the 
solid. Another problem is that the defect to be imaged is 
usually very close to the surface of the solid and hence the 
defect pulse arrives very shortly after the interface pulse 
and hence in order to discriminate against this interface 
pulse, broadband transducers have to be used that are
capable of transmitting very short acoustic pulses. This 
further reduces the signal/noise ratio in the image.

One of the techniques of improving the signal/noise in 
such situations has been described ( Nikhoonahad et al. (1985)) 
which uses coded pulses for transmission followed by a matched 
filter for reception. The basic idea is shown in Figure 2.12.

An impulse is converted by a SAW delay line designed to 
expand to a long chirp pulse. At the receiver side, another 
SAW dispersive delay line this time compresses the long chirps 
reflected from different planes of the object to narrow pulses 
at the centre frequency of the SAW filters. The important 
concept here is that the noise, which is random in nature is 
not compressed. After time gating and amplification, the 
signal is converted into an image. Due to the wide input 
pulses used on transmission, it is possible to supply more 
energy per pulse using such a system as compared with the 
conventional SAM. The improvement in the signal/noise ratio 
can be shown to be the product of the pulse duration time T 
and the bandwidth B.

Most of the early studies conducted into materials 
characterisation and imaging used relatively narrowband 
microscopes at frequencies in the range of 0.75 - 2.0 GHz and 
in the reflection mode. These images were formed by displaying 
amplitude variations resulting from interference between 
narrowband pulses (with carrier frequencies ranging between
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0.5 - 4.0 GHz and bandwidths from 0.5% to 1.0%). Owing to the 
high velocity in the solid, the image pulse which comes from 
the plane of interest arrives very soon after the surface 
echo. To obtain time gated imaging from a subsurface plane, 
the length of the acoustic pulse in the specimen should be 
shorter than twice the depth of interest.

Using the narrowband pulse methods mentioned so far, the 
image pulse interferes with the surface pulse and the final 
contrast in the image is effectively an interference 
micrograph of both surface position and materials properties 
that include any phase or attenuation modulation imposed upon 
the signal during its transit through the material.

In order to avoid these complications, narrow RF pulses 
are used so that images are now formed by displaying the 
amplitude of broadband acoustic pulses (with centre 
frequencies of between 10 to 100 MHz and bandwidths ranging 
from 80% to 120%. This forms the basis of the mode-of- 
operation of the Pulsed Digital Reflection Acoustic Microscope 
(PDRAM) designed and used in the study of solid-state bonding 
in this thesis.

A block diagram of such a system with industrial 
applications is shown in Figure 2.13 (Gilmore et al.(1986)) 
The short pulses are around 2 to 4 wavelengths in duration and 
are easily time resolved by time gating. Using this type of 
system, the imaging accuracy is now independent of the small 
variations in the water gap (this is a major consideration in 
gated toneburst systems) and magnifications of 2 to 20 times 
instead of 1000 times as in the gated toneburst systems allow 
a much larger coverage or interrogation of the materials under 
test.
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Correction to page 67
Paragraph 1, line 6 should read: " (2) The image generated by the 
SAM is representative of the elastic properties of a material and 
can be related to stiffness, viscosity, adhesion, density, loss 
and topography of the sample. It must be stressed that it is not 
possible to directly distinguish or separate out one individual 
effect eg. viscosity from such an acoustic image."
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Compared to other techniques of microscopy the SAM 

provides a unique combination of the following three features:
(1) Acoustic microscopy has the ability to probe 

subsurface regions: optically opaque materials can be 
penetrated by ultrasound even at visible light wavelengths.

(2) The image generated by the SAM is representative of 
the elastic properties of a material and can be related to 
stiffness, viscosity, adhesion, density, loss and topography 
of the sample.

(3) The SAM is non-destructive for most samples due to 
its pulsed operation and high frequency.

2.3.2 Impulse vs. Gated toneburst excitation

A brief summary of the relative advantages and 
disadvantages of the various types of waveforms that are 
commonly used to excite ultrasonic transducers shall be 
provided in this section. Two of these excitation waveforms: 
the impulse and the gated toneburst shall then be compared and 
contrasted. Impulse excitation is used in the UCL PDRAM. Many 
of the other systems referred to in this thesis are of the 
type that utilise a gated toneburst signal of a specific 
frequency to excite the transducer.

Figure 2.14 (a), shows 3 pulse waveforms that are
commonly used to excite ultrasonic transducers: a rectangular 
(or "square wave") pulse (i), a half-cycle sine wave (ii) and 
a "spike" or impulse (iii) . (Matec (1990))

The spike (iii) consists of an abrupt voltage transition 
followed by an exponential decay and is of similar form to 
that exciting the transducer in the UCL PDRAM. All 3 waveforms 
shown in the figure have the same peak voltage and pulse 
width.



Correction to page 68
The figure shown below should replace Fig.2.14. on page 68. A 
correction has been made to the frequency spectrum resulting from 
the half sine excitation. This excitation pulse was generated 
using a signal processing package on a microcomputer and the 
resultant spectrum now has the correct nulls and zero crossings 
as shown below.
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Fig.2.14 (a) 3 typical transducer excitation pulses
(i) Square wave
(ii) Half sine wave
(iii) Spike or impulse

(b) Pulse spectra _________ __ _________



(a)
Rectangular

Half sine
Voltage
Spectral
Density Spike

(Arbitrary
Units) (b)

Frequency (MHz)
- 0.2

68

Fig.2.14 (a) 3 typical transducer excitation pulses
(i) Square wave
(ii) Half sine wave
(iii) Spike or impulse 
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Fig.2.15 Gated toneburst spectra
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The pulse width tw is commonly set such that tw = l/2fR 

where fR is the transducer resonant frequency (in Hz) . 
According to this relationship, a 0.5 jxsec pulse therefore 
corresponds to a 1 MHz transducer and the 1 MHz frequency 
spectra of each of the pulses in Figure 2.14 (a) has been
given as Figure 2.14 (b).

As shown in Figure 2.14 (a) , the rectangular pulse has 
a slightly higher 1 MHz component than does the half sine 
wave, and both have considerably more 1 MHz content than the 
spike or impulse waveform. The pulse spectra are independent 
of the pulse polarity ie. a negative voltage spike will have 
the same spectrum as a positive spike.

Figure 2.15 shows the spectra of two 1 MHz toneburst 
pulses: one is a 5 fls long gated toneburst pulse consisting of 
5 cycles, the other is a 2V2 cycle, 2.5 \is gated toneburst 
pulse. Note that the centre frequency for both spectra is at 
1 MHz in contrast to the spectra shown previously in Figure 
2.14(b) which have their peak values at zero frequency (ie. 
d.c.). For comparison, the rectangular pulse spectrum of 
Figure 2.14(b) is redrawn in Figure 2.15 ; note that the 5 
cycle gated toneburst has a 1 MHz component that is more than 
10 times larger. The relative advantages and disadvantages of 
impulse excited and gated toneburst excited systems are now 
summarised.

Impulse excited or broadband systems: less power is
obtained than the corresponding toneburst system and the 
receiver bandwidth is difficult to attain. The main advantage 
however, is that individual pulses can be separated out in 
time hence by gating on individual pulses, images 
representative of different wave "modes" eg. surface waves, 
may be easily obtained. Due to the separation of the pulses, 
individual planes that are very close together within a 
material may be imaged by selecting the relevant return echo. 
Instead of carrier frequencies, the "centre frequencies" of



the broadband (typically 10-100 MHz) transducers are 
considered, 30, 50 and 80 MHz being typical figures for the 
centre frequency of the transducers. Typical bandwidths are of 
the order of 80% to 120% (Gilmore et al.(1986). This ability 
to separate out echoes from planes within metallic plates 
coupled with the long focal length lenses possible (from 0.2" 
to 2.0" in water) gives the impulse excited system a clear 
advantage over gated toneburst systems for the 
characterisation of diffusion bonded metallic plates typically 
2-5mm thick.

Gated toneburst excited systems: since the signal/noise 
ratio is proportional to the integrated power in the transmit 
signal, each pulse has more power than the pulses in the 
corresponding impulse excited system. The receiver can also be 
tuned to accept certain frequencies, however, the images 
produced by toneburst systems tend to be complex and difficult 
to analyze due to interference effects. Typically, carrier 
frequencies of 0.5 GHz to 4 GHz are used with bandwidths of 
0.5% to 1%. Due to the overlapping of pulses, it is also not 
possible to distinguish between planes within the sample that 
are very close together. The toneburst systems are very useful 
for studying the properties of thin layers and imaging 
subsurface information in high velocity materials, however, 
due to their high carrier frequencies, the penetrating 
properties of these lenses are of the order of 1.5 Rayleigh 
wavelengths (Auld (1973)) ie. they have limited focal lengths 
and can therefore not be used for C-scanning diffusion bonded 
sheets of metallic alloy typically 2-5mm thick.

2.3.3 Acoustic lenses
The lens is the principal element in the scanning 

acoustic microscope. Since the technology required to 
fabricate lenses was not available, lenses that were 
commercially available had to be purchased. The basic design 
of the lens and the various associated requirements shall now 
be discussed.
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A typical acoustic microscope lens transducer is 

illustrated in Figure 2.16 (Lam (1984)). Since this thesis is 
concerned with the operation of a broadband acoustic 
microscope, it will be assumed that the transducer is excited 
by an impulse.

The transducer converts the applied electromagnetic pulse 
to an acoustic pulse which travels along the rod in the form 
of longitudinal waves. Typical materials for the transducer 
include lithium niobate and Zinc Oxide. These propagate to the 
far side of the rod where they encounter the lens. The 
acoustic waves are strongly refracted by the lens due to the 
small ratio between the acoustic velocity in the coupling 
fluid (eg. water 1500 m/s) and in the sapphire (11,100 m/s). 
Rays incident upon the lens are focused to a diffraction- 
limited spot to a small distance in front of the lens centre 
of curvature. In the receiver mode, the lens recollimates the 
reflected acoustic energy and converts it back into an 
electromagnetic signal.



72

ZnO __________________________________
TRANSDUCER-------

SA PPHIRE
blank

lens
CARBON— Ni 

LAYER
lens

work center of curvatureWATER

^  focal point

Fig 2.16 The Acoustic Microscope lens configuration
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The radius of this lens can be calculated by using Snell̂ s 

Law and is related to the paraxial focal length F0 by

fl=F0(l— p )  (2.11)
VL

where VF is the velocity in the fluid and VL is the 
corresponding value for the compressional wave in the buffer 
rod material (Gilmore et al.(1986)).

The geometric half angle of the lens in terms of lens 
diameter DL and paraxial focal length F0 has been given by 
Gilmore et al (1986) to be:

sin8=— ? V5?1 , (2.12)
D 2
—  +F02 2 °

The optimum length of the lens rod is chosen by 
considering the timing of the pulses reflected within the lens 
rod. This is done by studying both the time-of-flight and the 
mode (ie. shear or longitudinal) of the pulses and comparing 
them with theoretical arrival times and modes of return echoes 
from specimens that shall subsequently be imaged. The length 
of the lens rod is also related to the radius of the 
transducer bonded to the other end of the buffer rod. Due to 
its finite size, the transducer creates diffraction effects 
within the buffer rod .The radius of the active part of this 
transducer has to be chosen to illuminate the lens so as to 
provide equal power density and phase across the aperture.

Due to the large difference in acoustic velocity between 
the sapphire and the coupling fluid, there is generally a 
large difference in acoustic impedance Z (which is the product 
of density p and velocity V) and this in turn causes much of 
the sound energy to be reflected at the lens surface. This
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reflection loss can be reduced by using a quarter-wave 
matching layer at the lens.

Spherical lenses have good lateral resolution but no 
angular resolution. To overcome the limitations presented by 
the spherical lens a cylindrical lens that gives a line focus 
acoustic beam was developed by Kushibiki et al. (1981) . This is 
shown in Figure 2.17 (a).

A compromise between the spatial resolution of the 
spherical or point focus lens and the angular resolution of 
the line focus lens was developed (Davids and Bertoni 
(1986) (Davids et al. (1988)) by considering a spherical or 
point focus microscope lens fitted with a bow-tie transducer 
for measuring the direction dependance of Rayleigh wave 
velocity in anisotropic media. This transducer is shown as 
Figure 2.17 (b)
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Fig.2.17 2 types of sensors used in acoustic microscopy
(a) circular transducer with a cylindrical lens
(b) bow-tie transducer with a spherical lens
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The acoustic microscope can be used in various inspection 
modes depending upon the lens configuration with respect to 
the specimen. Surface images may be obtained by placing the 
specimen at focus, images of the interior or volume of the 
material are obtained by defocussing long focal length lenses 
into the specimen . Sub-surface acoustic images are obtained 
through the generation of Leaky Rayleigh waves by defocussing 
a lens with a particular half angle onto the specimen. The 
next section takes each of these modes in turn and 
concentrates on specifying the lateral resolution obtained in 
each of the cases.

2.3.4 Compression and shear wave imaging

The angular spectrum of a lens incident upon the surface 
of a steel specimen immersed in water is given by Figure 2.18 
(Gilmore et al. (1989). Two focal points are evident in this 
figure: the paraxial longitudinal focus F0L and the paraxial 
shear focus Fos. These two focal distances are given by:

Fql ~ ~
vŵ
~V~lr L (2.13)

Fqs ~
(1- — ) Vs

where r is the radius of curvature of the lens, Vw is the 
longitudinal velocity of water and VL and Vs are the 
longitudinal and shear velocities of the lens material 
respectively. In surface or near-surface imaging, the specimen 
is placed at the focus of the beam or a few wavelengths closer 
to the lens and the resultant image is a superposition of the 
longitudinal and shear components.
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For a reflection scanning acoustic microscope, assuming 

that a plane wave is incident on the lens, the resolution of 
the lens can be expressed by the Rayleigh 2 point criterion 
(Rayleigh (1879), Kino (1980)):

r = 0.43A, (2.14)
[l-(i£) .sin0]

L

where XF is the wavelength in the focusing medium, 0 is the 
geometrical half angle of the lens as given by (2.12), Vf and 
V1 are the compressional sound velocities in the focusing 
medium and the lens material respectively. Equation (2.14) 
shows that the resolution is inversely proportional to sin0. 
In practice, the greater the value of 0, the greater the 
degree of spherical aberration which is the principal type of 
aberration affecting these lenses (Attal et al.(1989)). The 
choice of 0 also depends upon whether Rayleigh waves are 
required to be generated or not. The maximum value of 0 thus 
depends on these two considerations.
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Fig 2.19 Summary of the equations and parameters for 
the lateral resolution of a focused beam in water 

or a high velocity specimen.



Although the acoustic microscope is usually employed for 
near-surface imaging, it can also be used for volume imaging. 
When a focused beam is introduced into a solid material with 
a longitudinal wave velocity V3 greater than that of water, 
the wavelength X2 increases in accordance with the velocity 
ratio V3/V2 and the distance Z to the focus decreases in 
accordance to the inverse velocity ratio V2/V3 where V2 is the 
longitudinal velocity in water. Therefore to a first 
approximation and neglecting aberration effects, the velocity 
ratios cancel and hence the minimum beam diameter in water 
also describes the minimum beam diameter in the solid. 
Although this parameter remains more or less constant, the 
depth of focus is shortened by the refraction produced at the 
water-solid interface. These ideas are shown in Figure 2.19 
which provides a summary of the equations and parameters for 
the lateral resolution of a focused beam in water or a high 
velocity substrate. (Gilmore et al.(1986))

Although imaging with longitudinal waves is easier to do 
since it corresponds to paraxial focussing, there are some 
advantages in using shear waves because of the reduction , by 
a factor of about two in the velocity of waves in solids. 
Various workers have tried to use this property of shear waves 
to increase resolution by imaging at high frequencies through 
special couplants (eg. liquid metals) that have reduced 
attenuation at higher frequencies (Jipson (1979), Attal 
(1989) )

Fraser et al.(1987) have used a 50 MHz lithium niobate 
shear wave transducer fabricated on a silicon-nitride 45° 
buffer wedge with a modified C-scan imaging system to form a 
high frequency shear wave NDT system for ceramics. Advantages 
of this method over the more commonly used longitudinal wave 
techniques have been stated as including efficient coupling of 
the sound into the sample, absence of a front surface echo and 
enhanced resolution due to the shorter wavelength of shear
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waves. More recently, a versatile acoustic microscope has been 
constructed which measures both amplitude and phase in the 1- 
200 MHz frequency range with selectable operation modes using 
longitudinal or shear waves or a combination of both types of 
waves. (Chou et al.(1989)).

2.3.5 Rayleigh wave imaging

The theory behind the generation of Rayleigh surface 
waves and their characteristics shall be detailed in Section
5.3 and shall not be covered here. It has been shown that when 
an acoustic lens transducer with a sufficiently large half 
angle is defocused onto the surface of a specimen, Rayleigh 
waves are generated due to the incidence of longitudinal waves 
at the Rayleigh critical angle (Wickramasinghe (1978), Parmon 
and Bertoni (1979). Figure 2.20 shows the 2 major rays that 
contribute to the voltage amplitude change at the transducer 
(Gilmore et al.(1986)). One ray travels axially down the 
buffer rod, through the lens and travels directly back up 
again after specular reflection from the surface of the 
specimen. This is variously called the "paraxial" ray or 
component or the "top-surface echo". The other ray is the one 
that interests us: in a broadband system, each ray proceeds 
from the piezoelectric element (1) to the lens (2) : those 
which are refracted at the Rayleigh critical angle (0R) 
proceed in a cone of rays to intersect the specimen surface
(3) , where they form an entry circle of diameter DR. They then 
mode-convert to surface waves shedding their energy
continuously and propagate across the specimen on a circle 
diameter to the far side (4) where they reconvert and proceed 
back to the piezoelectric element (5) and (6).
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Fig.2.20 A defocussed lens transducer showing 
generation of entry circle of surface waves.
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For a buffer rod of length L, a lens of radius K, focusing at 
an axial distance F, and defocussing at an axial distance Z, 
the time required for the ray on the lens axis to travel from 
the piezoelectric element to the sample surface and return has 
been given by Gilmore et al.(1986) to be:

t., = —  + 2 (2.15)1 Vx v2

where V1 and V2 are the velocity in the lens and coupling fluid 
respectively. The round trip travel time for the ray incident 
at the Rayleigh critical angle is

2l 2tf(l-cos0,) 2 (F-Z) -2iC(l-cos0r) 2Ztan0,,t_ = -£±+--------- £_+----------  +------ £ (2.16)
2 Vx Vi V2COS0R VR

where 0L, 0R and VR are the lens angle, the Rayleigh angle and 
the Rayleigh velocity respectively. The diameter DR of the 
entry circle on which the incident ray is converted to a 
Rayleigh wave is

Dr = 2Ztan0* (2.17)

0jg = sin-1( H ) (2.18)

The prediction of the separation of the direct paraxial 
component and the leaky Rayleigh wave has been given by 
Gilmore et al.(1986) to be

2̂
2iC(l-cos0L)  ̂ 2 (F-Z)-2JC(1-co s0l)

V1 + V^cosOjj
, 2ZtaneR _ 2 (F-Z) (2.19)

V* V2



In the course of this study a series of experimental 
measurements were taken from water/ceramic and
methanol/titanium systems. By measuring pulse separations at 
various values of defocus, it has been observed that the pulse 
separations obtained and those predicted theoretically by 
(2.19) were not in agreement. The investigation of this 
anomaly is currently being studied (Bond and Som (1991)).

Figure 2.21 provides a summary of the equations and 
parameters for the lateral resolution of a time resolved 
surface wave image (Gilmore et al.(1986)). The work in this 
thesis makes extensive use of this mode of imaging and Leaky 
Rayleigh wave images produced by this study are provided in 
Chapter 6. These images are analysed in Chapter 7.
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LENS
DR = 2 Z tan 0R

= 2 [F2.12] tan 0R
^R = Surface wave wavelength
VR = Surface wave velocity

= 0.32 ^R
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(FOR BROADBAND PULSES ONLY)

Fig 2.21 Summary of the equations and parameters for the
lateral resolution of a time resolved surface wave



Chapter 3.

THE PULSED DIGITAL REFLECTION ACOUSTIC MICROSCOPE
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3.1 DESIGN REQUIREMENTS AND FEATURES

The design features of the system can be divided into the 
hardware and software features. These features were selected 
after careful optimisation of all the inspection requirements 
that the system had to satisfy along with proper sensor 
selection . The system was initially designed for ceramics 
inspection and hence limited ceramics-related design

CLinformation shall also be included. For the purpose of this 
thesis, the two main requirements of the system can be stated 
as:

1) To provide a high resolution acoustic imaging system 
capable of imaging the bond-line between two diffusion bonded 
metallic alloy plates. This shall provide qualitative 
information about the presence of gross disbonds and features.

2) To be able to capture and store the entire ultrasonic 
waveform (also called the "RF" return echo) returning from 
both these gross features and the bond-plane itself in order 
to provide more quantitative measurements such as the 
reflection and transmission coefficients of the bond-line.

Order of magnitude estimates of critical flaw sizes in 
some metal and ceramic systems have been provided in the late 
1970s by various researchers including Thompson and Evans 
(1976) where figures of about 2mm for Titanium alloys and 20 
|im to 50 |im for Silicon Nitrides have been quoted. A single 
crack however, is only one of the many different types of 
discontinuities, others include voids, cavities, inclusons,A
interfaces and distribution of cracks. All these features 
therefore, need to be imaged with an acoustic system having 
resolutions of the order of 20 fim to 100 |im. It follows from 
these figures that a highly focused transducer having a 
minimum "spot size" at focus of around 20 Jim to 100 Jim would 
be required.
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The other important parameters of this focused transducer 

need to be considered now. Typical requirements for metallic 
alloys specify the detection of 100 jim voids about 2 - 10 mm 
below the surface and for ceramic systems, the detection of 
critical surface and subsurface cracks of the same order of 
magnitude typically 200 Jim below the surface of the ceramic 
sample. Apart from the minimum spot size at focus, this sets 

two other requirements on the types of transducer required for 
each inspection task.

First of all, the wavelength X of the acoustic radiation 
insonifying the feature must be of the order of the dimensions 
of the feature and this can be related back to the minimum 
spot size at focus. This wavelength specifies the best 
frequency to operate the transducer at.

Secondly, for the volumetric imaging of flaws deep inside 
a titanium block, a lens with a long focal length is required 
typically having a focal length in water of about 1" - 2". The 
ceramic inspection would concentrate more on the surface and 
near-surface and hence the requirement to be able to generate 
Leaky Rayleigh waves would be of somewhat greater importance.

Keeping in mind the dual requirement for a high frequency 
and a long focal length, the concept of acoustic attenuation 
a comes into play and places an upper limit of the frequency 
and focal length. The best frequency of operation has to take 
into account all these requirements. Attal and Quate (1976) 
have shown that the attenuation a in a liquid increases with 
the square of the frequency f. For many liquids, a/f2 is a 
function of frequency however, for water, a/f2 , is a 
constant over a wide range of frequency.

A compromise therefore had to be made when choosing the 
value for the centre frequency of the transducer. This was 
chosen to be 50 MHz for various reasons; first off all, the 
requirement for long focal lengths of the order of l"-2" in
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water set an upper limit of 50 - 80 MHz. The longest focal 
length lenses with minimum beam diameters or "spot sizes" of 
40 p.m to 200 fim are readily available at about 50 MHz. At 
higher frequencies, one gets an improvement in the spot size 
but not in focal length or penetration power into the plates. 
Three lenses were purchased all at 50 MHz centre frequency but 
with varying focal lengths in water of 0.23" (5.8 mm), 0.5" 
(12.7 mm) and 2" (50.8 mm). The 0.23" focal length lens was
specially purchased for Rayleigh wave generation on ceramics.

A typical 50 MHz acoustic lens type transducer optimised 
for ceramics inspection with a focal length of 5.8 mm has a 
minimum beam waist or "spot size" at focus of about 40 |im. For 
adequate scanning of a specimen at focus on a point-by-point 
basis, the circular footprints of the focus that interrogate 
the surface of the specimen must overlap sufficiently in order 
to give good coverage. The acoustic longitudinal wavelength in 
water at 50 MHz is about 30 |im. In order to design the 
specifications of a scanning rig that would provide accurate 
translation of the transducer the following factors need to be 
considered:

1) The minimum translation of the probe required from one 
point to another. For most high frequency immersion systems 
systems, minimum step sizes of the order of a sixth of a 
wavelength in water ie. about 5 |im is used. The scanning rig 
in this thesis uses a minimum step size of 1.25 p.m ie four 
times smaller than conventional systems.

2) The maximum scan extent. This depends mainly on the 
accuracy or mechanical "backlash" in the lead screws. 
Furthermore, the larger the scan area, the greater the 
possiblity of "bending effects" in the leadscrews.

A broadband 50 MHz centre frequency transducer would 
require an ultrasonic pulser and receiver with the ability to 
excite the transducer and receive the return RF echo with 
adequate bandwidth. When considering a pulser/receiver, the 
most important points to note are the mode of excitation and
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the receiver bandwidth.

Since very short pulses are desired that can be separated 
out in time, a pulser with impulse excitation is required. The 
width of this impulse can be defined in various ways eg. the 
rise time of the impulse measured from 10% to 90% of the 
falling edge of the impulse. Since the pulse width tw is 
related to the transducer resonant frequency fR according to 
tw = l/2fR, for 50 MHz excitation, a pulse width of 10 ns is 
required for 50 MHz alone. The highest design centre frequency 
considered in this thesis is 150 MHz and hence a pulse width 
of about 3 ns was required. The receiver would obviously have 
to be able to detect 10 MHz - 150 MHz signals.

A considerable challenge encountered during the design 
phase of the system was the gated peak detector card. An 
ultrasonic waveform has various parameters that can be used to 
build up an image. The number of zero crossings, the area 
under the RF envelope and similar parameters have been 
considered during the design phase of this study, however, the 
most rapid method of creating the image is by detection of the 
peak of the RF signal. The main requirements of this card can 
be summarised as follows:

1) The card had to be IBM-PC compatible and all functions 
had to be controllable from software.

2) The input signal within a gate which is itself a high 
frequency signal had to be digitised at a very fast pulse 
repetition frequency.

3) The digitisation of the input signal had to be 
increased from the conventional 16 level (4-bit) to a 64 level 
(6-bit) capability.

4) The minimum and maximum values of both gate delay and 
width had to be set according to possible requirements, the 
minimum values being of greater importance. The gate delay is 
set by the travel time in the specimen, the minimum gate width 
depends on the width of a pulse which is typically 20-25ns 
wide.
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There were 3 main software requirements in this study 
before any experiments could be performed. The first 
requirement was writing the software to drive the stepper 
motors in given amounts in order to locate the transducer over 
the specimen. Once this was done, the next step was to 
incorporate the gated peak detector board into the routine and 
write the acoustic imaging routine. Finally the software for 
capturing RF data from the digital oscilloscope had to be 
developed. In addition to these 3 requirements, other programs 
for image analysis and manipulation had to be developed 
eventually.

3.2 THE SYSTEM

The Pulsed Digital Reflection Acoustic Microscope (PDRAM) 
was designed around an IBM PC-AT which acts as both the system 
controller and a powerful signal processor. The block diagram 
for the system is shown as Figure 3.1 and a photograph of the 
system in the research laboratory is shown as Figure 3.2. The 
system functions in a pulse-echo configuration using a wide 
bandwidth pulse with a centre frequency in the range 25 MHz to 
100 MHz. The frequency of operation depends on the transducer 
selection and instrumentation settings. It is the transducer 
which is the main component that sets the pulse centre 

cy employed.

All but one of the major elements selected for use in the 
system are commercially available modules. The exception is 
the custom designed gated peak detector board which has been 
developed for this project in conjunction with Cossor 
Electronics Ltd. The various modules have been integrated into 
the system at UCL with specially written software.

The system can be used as an acoustic microscope and 
employs both compression and shear waves to give high 
resolution C-scans in conjunction with a scanning rig capable 
of a minimum scan step size of 1.25 Jim. Additional imaging
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techniques which employ leaky Rayleigh waves are also 
available. Digital data capture of the entire "RF" signal 
received at selected points in the image is made possible by 
an on-line digital oscilloscope. By combining the RF data 
capture and graphics functions, the system may also be used in 
the B-scan mode.
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Fig.3.1 Block diagram of the UCL PDRAM system
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Fig.3.2 Photograph of the UCL PDRAM in the laboratory
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3.2.1. System control

An IBM PC-AT acts as the main controller of the system. 
Brief specifications of this system controller are now 
provided.

Two 30 - - - MByte hard or fixed disks store the control, 
scanning and analysis programs along with any data collected 
such as images and RF waveforms. One 1.25 MByte 5.5" floppy 
disc drive provides a means of storing and backing up data. 
The on-board memory (RAM) of 512 kBytes permits large 
executable programs to be run such as a commercially available 
"image grabbing" or screen capture software; PIZZAZ 
(Application Techniques (1987)) and a mathematical analysis 
package; PC-MATLAB (The MathWorks Inc. (1987)) This amount of 
memory (RAM) has been found to be a limiting factor in running 
large programs and this is currently being increased. The 
maths co-processor chip used in this controller was the 80286 
with a clock frequency of 8 MHz.

Figure 3.3 (a) shows the layout of the IBM expansion bus. 
The IBM PC-AT controller has 8 expansion slots of which 3 are 
taken up by the PC system: slots 6,7 and 8 have the memory 
expansion card, the parallel/serial adapter card and the hard 
disk controller respectively. The rest of the expansion slots 
are used for cards performing various functions vital to the 
operation of the scanning and display modes of the PDRAM 
system.

The General Purpose Interface Bus (GPIB) also known as an 
IEEE-488 Bus resides in slot number 3. The IBM controller has 
the ability to control upto 16 separate devices via this card. 
In this project, 2 devices are controlled via the GPIB card: 
the motor drive controller and the digital oscilloscope as 
shown in Figure 3.3 (b).
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Fig.3.3 (a) Layout of the various cards on the IBM expansion
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Fig.3.3 (b) Communication with the motor-drive-controller 
unit and digital oscilloscope via the General Purpose

Interface Bus (GPIB)
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The system uses twoseparate graphics monitors and both are 

IBM products: the first is an Enhanced Graphics Adapter (EGA) 
monitor that has an on-screen pixel count of 640 by 350 
pixels. The EGA monitor is primarily used for text editing and 
program input and its card' resides in slot 1 of the IBM 
expansion bus. The 16 colour capability of this monitor is 
utilised in conjunction with 2 separate graphics presentation 
outputs. The first one is a Tektronix 4696 16 colour ink-jet 
printer that provides good quality colour images on paper or 
overhead transparencies. Colour images are transferred to the 
printer via an image grabbing software module called PIZZAZ 
(Application Techniques (1987)) . The second output capability 
is a POLAROID PALETTE (Polaroid (1987)) system that provides 
high quality colour output on 35mm POLAROID slides or film. 
This system captures the image by electronic transfer and 
builds up the image on the film by exposing the film to the 
stream of image data through various colour filters. The clear 
advantage that this system has over taking colour photographs 
using conventional tripod-mounted 35 mm camera, is that there 
are no abberrations or focussing problems in the final 
photograph due to curvature of the screen or operator error.

The second monitor is a Professional Graphics Adapter 
(PGA) monitor. The PGA monitor has a total on screen pixel 
count of 640 by 480 pixels and 256 colours may be 
simultaneously displayed from a total palette of 4096 colours. 
It can therefore represent data in 64 gray levels if required, 
however, the 64 possible levels output by the gated peak 
detector are displayed as 16 colours in order to maintain 16- 
colour compatibility with all graphics programs that are used 
with the EGA monitor. Slot numbers 4 and 5 contain the cards 
for the PGA graphics card. Although the PGA monitor has 
excellent colour display capability, its ability to display 16 
gray levels is constantly used and the final image is 
photographed using black and white print film used in 
conjunction with a tripod-mounted 35mm SLR camera. A
serial HP line plotter is also available for the rapid
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plotting of graphs via the serial/parallel card in slot 7.

3.2.2 The Scanning Rig

Designing the scanning rig required combining several 
design features. The system has been designed to be flexible 
so that future requirements may be easily accomodated by 
simply adding on features. Due to the high resolutions 
required, high accuracy stepper motors connected to lead 
screws were chosen over belt driven systems that have poor 
mechanical repeatability. It was decided that the scanning rig 
would have X and Y axes for the imaging and a Z axis for fine 
optimisation of the focal plane of the transducer. The minimum 
step size on all 3 axes was set to be 1.25 Jim by a commercial 
organisation who specialise in the fabrication of these 
scanning frames (Time and Precision Ltd (1987)). Choosing the 
finest step size and lead screw set an upper limit on the 
total scan extent. This limit comes about due to the fact that 
the longer the lead screw, the greater the possibility of 
'bending effects' and therefore inaccuracies in translation. 
The total scan extent was set at 8" (20.3 cm) for all 3 axes.

Successful acoustic imaging of flat and polished samples 
at high frequencies requires precise levelling of the sample 
with respect to the lens .Two separate levelling and allignment 
stages were employed: a tilt platform to ensure that the
sample/water tank assembly's horizontal planes were parallel 
to the X and Y translation stages of the scanning rig and the 
other, a gimbal mount acted as the holder for the transducer 
located on the Z axis ensuring that the centre of the lens is 
always normal to the surface of the sample. An isometric 
figure of the lens, water tank and allignment stages is 
provided in Figure 3.4.
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Fig.3.4 Isometric view of gimbal mount/lens 
and water tank/tilt platform
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A cut-away section of the water tank in Figure 3.4 

illustrates the focus of the lens insonifying a sample. The 
tilt platform provides two orthogonal angular adjustments 
allowing the water tank to be orientated to an arbitrary plane 
and these angular adjustments are illustrated in Figure 3.4. 
as the elliptical arrows. The angular range provided by the 
40-pitch adjustment screws A and A' is -3.5° to +14° about the 
long axis with 42 arc-minute/turn sensitivity, and -5° to +16° 
about the short axis with 28 arc-minute/turn sensitivity.

The gimbal mount acted as the holder for the transducer 
located on the Z axis . It is commonly used as gimbal 
mirror/beamsplitter mounts in precision laser-optics and 
provides high resolution angular orientation with co-planar, 
orthogonal gimbal adjustments (Newport Corp. (1990)). The 
mount features 80-pitch adjustment screws B and B' , with 
integral rolling ball tips. The elliptical arrows at the focus 
of the ultrasonic beam indicate the angular adjustments 
possible by the screws B and B' . Non-abraisive Delrin dowl 
pads and a nylon cushioned setscrew holds the transducer 
gently but securely. The adjustment range is 8.5° with an 
adjustment sensitivity of 6 arc-secy/turn.

Two water tank/sample holders were designed. The first 
one is the tank that has been used in all the experimental 
work in this thesis as shown in Figure 3.4, and a second 
cylindrical water tank was fixed onto a rotary table operating 
once again with a stepper-motor/lead-screw arrangement. This 
rotary table provides translation in the <|) direction with a 
minimum angular translation of 0.8° and in conjunction with 
specially written graphics software can be used to image 
cylindrical or spherical objects about a particular axis and 
images may thus be output in a "polar" format.
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3.2.3 Ultrasonics

The broadband ultrasonic transmitter/receiver used in the 
PDRAM was a commercially available model: the Panametrics
5601T. The major specifications of this unit are provided in 
Panametrics (1985). The bandwidth of the receiver ranges from 
1-150 MHz hence transducers with centre frequencies close to 
150 MHz can be employed with the system. The front panel of 
the pulser/receiver features operator controls with discrete 
calibrated settings and allows the user continuous adjustment 

hWe receiver input attenuation from 0 to 69 dB in 1 dB
steps. The pulser section generates short (3ns), large 
amplitude electric pulses of controlled energy which are then 
applied to the transducer that converts this energy into short 
ultrasonic pulses. These pulses travel through the specimen 
and upon reflection are received by the same transducer in the 
pulse-echo mode. The voltage produced by the transducer 
representing the received echos is then amplified by the 
receiver section with a voltage gain of 46 dB +, 2 dB. This 
information is then available as an RF output (A-scan) to the 
digital oscilloscope monitor where it may be digitized for 
subsequent signal processing, or, it may be fed into the gated 
peak detector board for imaging purposes.

In addition to all the facilities provided by the 
Panametrics Pulser/Receiver 5601T, a preamplifier and damping 
unit (Krautkramer (1990)) provides not only an additional 
maximum of 2 6dB of power, but also pulse damping and energy 
controls that shape a pulse.

The central ultrasonic component in the system is the 
acoustic lens. This has been covered in some detail in Section 
2.3.3. and shall therefore not be dealt with further in this 
section.
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The high frequency analogue to digital conversion for the 
RF data is achieved by using a Nicolet 4094B Digital 
Oscilloscope in conjunction with a Nicolet 4175 digitizer 
plug-in unit. Detailed technical specifications for this unit 
are provided in Nicolet (1987) . This unit has a maximum 
sampling rate of 500 MHz in its repetitive sampling mode and 
50 MHz in its transient capture mode. It provides 8 bit 
resolution in the vertical plane and a maximum of 16 kBytes in 
the horizontal plane. This time axis is equivalent to a sweep 
length of 15,872 points and provides a total 'on-screen' delay 
of 31.744 ms at 2ns per point sampling rate. Post-trigger and 
pre-trigger can be used to extend the time range which can be 
viewed. The minimum transfer time for one entire 16 Kbyte RF 
waveform is of the order of 1.6 seconds. In addition to the 
option for data transfer into the hard disk of the PC, data 
can also be sent directly onto an on-board floppy disk that 
can record upto 20, 16Kbyte waveform records.

If all data which is to be used is first sent to the
PC and software employed to gate and quantise the signal
level, the imaging process can be very time consuming. 
Although in such a process there is considerable flexibility
in the terms of the range of pre-processing which can be
employed, a faster hardware alternative is required for 
standard imaging purposes and a customised gated peak detector 
card was therefore designed.

3.2.5 The gated peak detector

The Gated Peak Detector Board (GP100) is an ultrasonic,' 
high speed, single shot gated peak detector on a PC-AT 
compatible board with an analogue bandwidth of 0.5 MHz to 100 
MHz. It can be used in critical flaw detection applications 
which require broadband, high frequency performance to achieve 
resolution. The card has been designed in conjunction with
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Cossor Electronics Ltd and full technical specifications of 
this card are provided as Appendix. A. It has been designed to 
fit in a full size 8 or 16 bit expansion slot on the mother 
board of an IBM-PC AT or compatible microcomputer and resides 
in slot 2 of the IBM expansion bus of the PDRAM.

The board digitizes the peak amplitude of the highest 
ultrasonic signal within the selected gate. It accepts a 
maximum level of + 1 Volt for full scale operation and has a 
6 bit digitizer (ie. 0 -1 Volt is digitized into 64 levels 
each approximately 15.6 mV) . Accurate digitization is 
performed across a range of from 5% to 95% of the signal. This 
digital data is then available to the computer for processing. 
An analogue output is also provided corresponding to the peak 
amplitude within the gate. The board is capable of detecting 
the peak amplitude of signals up to a frequency of 100 MHz.

The position and width of the gate are controlled by the
computer. The gate delay can be triggered from the pulse
repetition frequency (P.R.F) pulse or by a selected interface 
echo so that samples with curvature may also be scanned. This 
gate delay can be varied from 100 ns to 3.2 ms in 25 ns steps 
and the width of the gate can be varied from 25 ns to 25.6
fisec, also in increments of 25 ns. A monitor signal is
provided for display on an oscilloscope. This shows the 
waveforms of the RF signal input and gate position on 
alternate PRF updates. This allows the gate position to be set 
accurately on the feature to be detected.

3.3 SOFTWARE AND IMAGING
3.3.1. The acoustic imaging routine.

A table providing a brief summary of all software 
relevant to the experimental and theoretical work on 
diffusion-bond inspection is provided in Appendix B. This 
section is concerned only with the acoustic imaging routine. 
The acoustic imaging program SCAN100 has been written in the
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FORTRAN language using the MICROSOFT FORTRAN COMPILER 
Version.4.1 for the MS-DOS Operating system. Writing the 
program involved integrating software for the gated peak 
detector card, the motor drive controller and a graphics 
package: The IBM Graphics Development Toolkit Version 1.2.
Software written in the C language for the gated peak detector 
card have been detailed in Appendix A. and SCAN100 provides a 
FORTRAN link with these C routines. Basic menu creating tasks 
have been provided by special assembler routines that for 
example move the cursor about the screen (CURSOR), draw a 
box with a heading (BOX) and write a string at a specified 
location (WRITS). A flowchart providing an overview of the 
program is given as Figure 3.5 and a detailed listing of the 
program itself is provided in Som (1991) .

The program assumes that the user has already identified 
the RF return echo and has noted the width and delay of the 
gate. Two files are immediately created: one that will hold 
the image data file with the extension *.DAT, and another that 
holds all the information about the scan with the extension 
*.INF. The user is asked to input certain parameters relevant 
to the scan such as user name,sample description, transducer 
frequency, transducer type, pulser/receiver damping factor, 
energy level and attenuation. These are all values that are 
not important for the program to function, but are stored for 
reference only. The gated peak detector delay, width , the 
scanning rig incremental step size and the number of averages 
required are all used by the program. All this information is 
placed on the graphics monitor on the right hand side of the 
screen. From the step size, a scale is also generated that 
appears below the acoustic image that is then generated.

A loop in the main program calculates the coordinates 
of the 4 vertices of a square which forms the basis of the 
pixel size used in the scan. The gated peak detector card is 
activated and the peak within the gate acquired. The gate 
board outputs a number of peak values and provides an average
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value depending upon the number of averages (upto 9999 
averages) required by the user. This average value is then 
passed onto the graphics subroutine GRAPHIKS that computes a 
"colour look-up table" for values 0 to 63 and outputs a 
square filled with a particular colour at the calculated 
coordinates. The subroutine DRIVE is then called that sends a 
discrete number of pulses of electric current to a stepper 
motor specified by the step size input by the user. Assuming 
that a step size of 50 |im is selected by the user, the 
transducer is therefore translated from left to right by 50 
|im in the x direction and the loop starts again selecting new 
pixel coordinates, capturing peak data and filling up the 
pixels with a certain colour 100 times ie. a total scan extent 
of 5 mm from left to right.

After the 100th point, the transducer is not allowed to 
return from right to left 100 times with a y-axis allowance of 
one step size. Although this would greatly speed up the time 
taken for one scan, preliminary scans on a line-like defect 
such as a 200 p.m wide slot in titanium indicated that this 
introduces an oscillatory pattern on what should be a 
straight-line image. This is due to a certain amount of 
mechanical backlash in the leadscrew/travelling stage 
assembly. If the transducer is allowed to scan-back to its 
original x position and start a new line, this artifact in the 
image dissapears.
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Fig.3.5 Flowchart for acoustic imaging routine SCAN100
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3.3.2. Image manipulation and analysis

The UCL PDRAM has a powerful capability when generating 
acoustic images of adhesive-bonded or brazed interfaces within 
a material. The image data can be displayed in a histogram 
format to enable quality control specialists to develop an 
accept/reject criterion for joined surfaces. The example that 
shall be provided here centres around the inspection of the 
brazed joint between a tungsten carbide pad and a metal 
substrate of a component responsible for controlling the flow 
of fuel into an aircraft engine. The common failure site in 
this component had previously been observed to be the top 
interface between the tungsten carbide (WC) pad and the 
Silver/Copper/Silver (Ag/Cu/Ag) braze layer and hence a 
compression wave C-scan at this particular plane was required 
along with quantitative information that could finally lead to 
an accept/reject criterion. This was done by providing a 
histographic output of the image pixel-level data along with 
the image itself. This histogram was then used to formulate a 
numerical value for the "percentage of the entire sample that 
is disbonded".

The detailed diagram of the components geometry is given 
in Figure 3.6 (a) . Through a knowledge of the approximate
layer thicknesses provided in Figure 3.6 (a), the theoretical 
round-trip arrival times can be predicted and an illustration 
of the layers involved along with the predicted arrival times 
are also provided in this figure.

A Panametrics V390 50 MHz transducer with a 0.5" (12.7
mm) focal length in water was defocused onto the top surface 
of the Tungsten Carbide pad and the RF waveform representing 
the return signal from the various interfaces within the 
component was captured and is shown as Figure 3.6 (b) . The
signal marked (2) is the return echo from the tungsten 
carbide/braze interface and this was then maximised by
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adjusting the defocusing of the transducer. A 10mm by 10mm 
scan was then carried out by applying the gate on signal (2) 
and the resultant colour image obtained and output on the 
Tektronix 4696 Colour Ink Jet Printer is shown as Figure 3.6 
(c) . On the right of this image, a table of "gated peak 
detector output" versus "frequency of occurrence" is provided.

A decision has to be taken as to which levels shall be 
chosen to indicate an unacceptable level of disbonding. After 
several scans of typical components and correlation with their 
subsequent destructive examinations, levels '13','14' and '15' 
were selected as representing unacceptable levels of 
disbonding.
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Each image consists of 10201 values, not all of which 
belong to the sample. The background black colour is level 'O' 
and this is subtracted from the total number of points in the 
image (ie. 10201) to be left with the number of pixels that 
belong to the sample alone. The percentage-disbond of the 
entire component is then calculated from:

a .. . . £  {levels 13,14,15) /3 n% disbond = **  — ;---- tttt  x *00(10201-IeveIO)

and this gives a value of about 4.2 % for the particular 
component in Figure 3.6(c). The quality control inspector can 
then decide whether to "pass" or to "fail" this component 
according to this quantitative figure.

3.3.3. Imaging techniques

The system has been designed so that at any point over 
the sample, the full digitised RF (time-domain) waveform is 
either available for signal processing or the data can be fed 
into a gated peak detector for imaging. The system can be used 
in the following 4 main imaging modes 1 to 4. The lens / 
sample configuration for modes 2 - 4  have been discussed in 
Sections 2.3.4 and 2.3.5.

1) The first mode is a conventional B-scan, along a 
selected line. The transducer is scanned in a straight line of 
predetermined length that also determines the step size and 
captures 100 full RF waveforms. B-scans are useful for 
monitoring the change in time-of-flight of the different 
pulses in the RF waveform.

2) The second mode is as a conventional acoustic 
microscope or C-scan system to give a surface image obtained 
with compression waves focused on or near the surface.
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3) The third mode involves the use of "leaky Rayleigh 

waves" for surface imaging. In this mode, a wide aperture 
transducer is employed and it is defocused by moving it closer 
to the sample, to such an extent that the generation of 
Rayleigh waves takes place on the sample. Various forms of 
images are then possible by applying the system gate to the 
Rayleigh wave components.

4) The fourth mode involves the use of longer focal 
length transducers for sub-surface or volumetric imaging, the 
result being a C-scan in the plane selected by the gate 
setting.

In this section, examples of imaging modes 1,2,and 4 
shall be provided. Examples of imaging mode 3 (surface wave 
imaging) shall be provided in Chapter 6 where use has been 
made of this mode to acquire quantitative measurements of 
reflection and transmission coefficients across a titanium- 
titanium diffusion bond.

The example that is presented here for Mode 1 (B-scan) 
demonstrates the ease with which complex interactions may be 
visualised and was prompted by the need to understand the 
complex interactions between the acoustic waves originating 
from a defocused transducer with a spherical lens as it was 
passed over the edge of a glass slide. Figure 3.7 (a)
illustrates the experimental configuration. The 50 MHz 
tranducer of 0.23" (5.8 mm) focal length was sufficiently
defocused to generate Rayleigh waves on the glass plate. At 
every point, the entire RF waveform was captured and stored on 
a floppy disk. The transducer was taken off the glass edge in 
20 p.m increments and 100 waveforms were captured ie. a total 
line scan 2mm in length.
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2mm total travel at 20 urn per step (100 steps) 

Fig.3.7 (a) B-scan configuration
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R E F L E C T E D  R A Y L E I G H  C O M P O N E N T S  

Fig.3.7 (b) RF waveforms displayed as "waterfall plot"

Fig.3.7(c) RF waveforms as in (b) displayed in B-scan format
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Each RF waveform (the top surface compression wave and 
Rayleigh wave being of primary interest) was then passed 
through a colour look-up table that allocated different gray 
levels for the different amplitudes in the RF waveforms and 
plotted each RF waveform as a line of varying colours (as if 
the waveform was being viewed "from above"). A full image of 
all 100 waveforms arranged in the order in which they were 
captured is shown as Figure 3.7 (b) where they are displayed 
as a "waterfall plot" and in Figure 3.7 (c) where they are
displayed as a B-scan on the colour monitor.

Two examples of surface or Mode 2 imaging shall now be 
presented. The first example is a "top surface" acoustic image 
of a British v2 penny coin at the focus of a 0.23" 50 MHz 
focused transducer and is shown in Figure 3.8. It was obtained 
by time gating the direct surface reflection (compression 
waves) . The image is for a 10 mm square region and is 200 
pixel square with the step size at 50 |im. The spot size at 
focus in water of the transducer used was 40 |im. The high 
degree of detail obtained using this technique can be seen 
when considering the surface damage to the coin.
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Fig.3.8 Top surface acoustic image of a British ^ penny
coin
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The next example of Mode 2 imaging combines acoustic 
microscopy with a bio-medical application. The treatment of 
osteoporesis and associated problems with brittle bones has 
become an increasingly important world-wide health issue. A 
study of the manner in which microgravity induced osteopenia 
is manifested in mouse long bones is currently being performed 
by using tail-suspended mice as a ground based animal model 
for microgravity exposure (Simske et al.(1991)). Tail- 
suspension osteopenia has been shown to cause reduced bone 
mass, strength and stiffness.

Bone samples were mounted in epoxy as polished 
microsections. Sets of pairs of samples were used in this 
study. The samples consisted of mounted sections of fractured 
mice femora. The "treatment" set consisted of fractured femora 
of mice subjects that had been suspended by their tails to 
simulate microgravity. The "control" set consisted of 
fractured femora without suspension or "treatment". Both sets 
of samples were scanned using the UCL PDRAM at focus of the 40 
Jim "spot size", 50 MHz acoustic lens transducer. Typical 
images generated by the system on sets of samples are shown as 
Figures 3.9 (a) and (b).
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Date of scan : 8/ 1/1991 
Time of scan : 11: 4:39:47 
Image is stored in ruibcl.DRT 
Operator/User name rflmit Sam 
Sample description :S2-N1-LF 
Transducer frequency :50.0 
Transducer•Type :U3330 ' 
Pulser/RX. damping factor : .00
Pulser/RX. energy leuel : 3 
Pulser/RX. attenuation : 12 dB
Gated PK.Det. control : 12346 
Gated PK.Det. delay : 660
Step size * .040000 mm

Fig.3.9 (a) Sample Number S2-N1-LF (CONTROL)

Date of scan : 8/ 1/1991 
Time of scan : 10:47:37:20 
Image is stored in ruibtl.DRT 
Operator/User name : Omit Som 
Sample description :S1-C2-LF 
Transducer frequency :50.0 
Transducer Type : U3330 
Pulser/RX. damping factor : .00 
Pulser/RX. energy leuel : 3 
Pulser/RX. attenuation : 12 dB
Gated Pk.Det. control : 12346 
Gated PK.Det. delay : 660 *
Step size * .04000e mm

Fig.3.9 (b) Sample Number S1-C2-LF (TREATMENT)
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Both images are 4mm x 4mm acoustic scans carried out by 
scanning the transducer at 40 Jim steps. Figure 3.9 (a) is the 
"control specimen" whilst Figure 3.9 (b) is a femur that has 
undergone the "treatment". Clear variations in bone cross- 
section are seen in these images. The control sample has 
smooth bone walls with a constant thickness whereas bone 
growth that appear to be "finger-like" protrusions extending 
towards the centre of the femora are clearly visible in the 
treatment sample. The differences seen in the acoustic images 
are currently being related to variations in mechanical and 
chemical properties and is the subject of another study (Som 
et al. (1991)) .

The final mode (4) is concerned with volumetric imaging 
and extensive use of this mode has been made in this thesis 
for C-scanning the bond region between two diffusion bonded 
plates. A 50 MHz 0.5" focal length transducer was defocussed 
onto the bondline region between two Aluminium-Lithium alloy 
plates diffusion bonded together, each 3 mm thick. A high 
resolution scan of a void in the bondline was carried out by 
time gating on the compression wave component reflected from 
the bondline zone. The resultant image obtained is given as 
Figure 3.10. The area of the image is a 500 Jim square region 
and the image is 100 pixel square with a 5 Jim step size. The 
void, outlined in white has dimensions of about 300 Jim by 180 
Jim and the existence of this void was confirmed after 
destructive examination.
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Fig 3.10 Acoustic image of void in the bond-line of a pair of 
diffusion bonded Aluminium-Lithium alloy sheets each 3 mm

thick



Correction to page 119
T is the "transit time" between the top surface of the cylinder
and the creeping wave component in Equation 3.2. This is
represented by T in Figure 3.11. Para.3, line 4 should read: 
"When Figures 3.12 (a) and (c) are compared, it is observed that 
there is a small loss in the high frequency component of the
creeping wave, which is known to be dispersive."
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3.3.4. Time-domain techniques

An example of the use of the system for time-domain 
studies is now reported. A 50 MHz 0.5" focal length transducer 
was used to image a 0.5mm diameter cylindrical hole drilled 
1.5 mm below and parallel to the free surface of a titanium 
block. The time domain or RF signal was recorded at the 
position shown in Figure 3.11 (a) . and is given as Figure 3.11
(b) . The first arrival pulse of Figure 3.11 (b) corresponds to 
the free surface reflection. The next arrival is the 
compression wave reflected by the top of the hole and the 
third arrival is termed the "creeping wave". The transit time 
shown on Figure 3.11 (b) was measured and is 236.0 + 5 ns. The 
diameter of the hole was then calculated using the Satellite 
Pulse Observation Technique (SPOT) (Gruber et al. (1985)) which 
makes use of the equation:

where c is the compression wave velocity, d is the diameter 
and v the creeping wave velocity which is taken to be 0.87c 
for titaniumt This velocity for the creeping wave was measured 
experimentally (Gruber et al.(1985)) and determined with a 
numerical model by Zhang and Bond (1989) . The transit time is 
found to correspond to a cylinder diameter of 513.0 +. 10 Jim. 
The diameter was then measured optically using a travelling 
microscope and this gave a value of 530 |im.

Each of the three pulses was then captured using a 
software gate and their corresponding frequency were obtained 
using a Fast Fourier Transform (FFT). The resulting spectra 
are given as Figure 3.12 (a), (b) and (c). When Figures 3.12
(a) and (c) are compared, it is observed that there is a loss 
in the high frequency component of the creeping wave, which is 
known to be dispersive.
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Addition to page 121
3.4 SUMMARY

A Pulsed Digital Reflection Acoustic Microscope (PDRAM) has 
been described that has been designed around specific design 
requirements and features. These requirements include the use of 
long focal length lenses (0.2" to 2" in water) for good 
penetration into a metallic alloy along with adequate axial 
resolution at a depth of say 2mm below the surface of about 100 
|im. An IBM PC-AT acts as both the system controller and a 
powerful signal processor for the system. The system functions 
in a pulse-echo configuration using a wide bandwidth pulse with 
a centre frequency in the range 25 MHz to 100 MHz. The frequency 
of operation depends on the transducer selection and 
instrumentation settings. A custom designed 6-bit gated peak 
detector board has been developed for this project in conjunction 
with Cossor Electronics Ltd. The various modules have been 
integrated into the system at UCL with specially written software 
and the imaging routine is described through the use of a 
flowchart. Both compression and shear waves are used to give high 
resolution C-scans in conjunction with a scanning rig capable of 
a minimum scan step size of 1.25 |im. Additional imaging 
techniques which employ leaky Rayleigh waves are also available. 
Digital data capture of the entire "RF" signal received at 
selected points in the image is made possible by an on-line 
digital oscilloscope. By combining the RF data capture and 
graphics functions, the system may also be used in the B-scan 
mode.



Chapter 4.

SYSTEM CALIBRATION AND EVALUATION
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4.1 INTRODUCTION

In order to characterise an acoustic microscope in a 
quantitative manner, it is necessary to understand the 
limitations on image quality and the various factors that can 
be used in the calibration of different instruments. Some of 
these limitations and factors have been described elsewhere 
(Wickramasinghe (1984), Burton (1987)). The central component 
in most acoustic microscopes is a combination of an acoustic 
lens and an ultrasonic transducer. A combination of factors 
may cause their performance to deviate from the ideal design 
in the case of focused transducers. These problems become more 
acute as higher frequency transducers (above 25 MHz) are 
considered. As a consequence it is necessary to establish 
methods for the characterisation of such transducers. The 
basic specifications given for a transducer/lens are: lens
diameter (D) , lens radius of curvature (r) , lens focal length 
(z), velocity of compression waves in the buffer rod (V) and 
the central frequency of'operation.

Only very limited and semi quantitative specifications 
are given on the expected imaging quality of the 
transducer/lens combination, such as spot size at focus. In 
transducer characterisation, the spot diameter at focus is 
usually measured using a ball, a needle or a cone reflector 
(Panametrics (1987), Hotchkiss et al (1987), Kenny et al. 
(1987), De Vadder and Lhemery (1989))

The image quality criterion usually given ie. the 
resolution limit is not sufficiently defined. Even when its 
calculation is based on proper impulse response calculations, 
this resolution limit can be ambiguous. Several definitions 
exist based on an individuals' ability to discriminate between 
features and only the final limit is given, instead of the 
performance at all spatial frequencies of interest.

In optics , quantitative methods for the characterisation
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of lenses and other optical components are well established. 
These methods provide data to express the contribution of the 
tested item to the degradation of the image with respect to 
the object. The parameter which is used to characterise 
optical systems, components and materials over the entire 
spatial frequency range of interest is the modulation transfer 
function (MTF) . A typical MTF is shown in Figure 4.1. This 
shows the gradual degradation of contrast with increased 
spatial frequency.

Various aspects of the application of the equivalent 
principles to ultrasonics have been considered by several 
authors (Atalar (1979), Somekh et al.(1985), Somekh (1987), 
Lemons and Quate (1979), Liang et al.(1985), Sachse (1987), 
Weglein and Wilson (1977), Nikoonahad and Ash (1985), Block et 
al.(1989), Heygster et al.(1990)). None of these studies 
provides complete transducer characterisation or have unified 
the different aspects of the analysis to give an overall 
characterisation procedure based on the modern approach to 
characterisation known in optics.

In this chapter, the methods of characterisation of 
transducers for use in the UCL Pulsed Digital Reflection 
Acoustic Microscope (PDRAM) operating in the frequency range 
of 20 - 100 MHz are considered. The modern optical engineering 
concept of the MTF, applied in optics is used to characterise 
high frequency ultrasonic transducers of the type used in such 
acoustic microscopes. The additional complications encountered 
in ultrasonic imaging have been taken into account and an 
overall characterisation procedure developed.
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Fig.4.1 A typical optical 
modulation transfer function (MTF)
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4.2 ULTRASONIC AND OPTICAL MTF
4.2.1 Basics of optical MTF characterisation

The theory and practice of the MTF characteriser are 
given in classical optics books (Born and Wolf (1980), Smith 
(1966)) and hence only the basic relevant ideas are recalled 
here. The MTF is the expression of the degradation of the 
modulation, (or contrast) , of the image with respect to the 
object, caused by the presence of the tested item in the 
imaging system. It is a function of spatial frequency. The old 
way of evaluating the MTF was by directly measuring the 
contrast of the image obtained by a set of masks of different 
spatial frequencies (Weglein and Wilson (1977), Smith (1966)) . 
The modern approach is based on the Fourier Transform of the 
Line Spread Function (LSF) (the image of an infinitely narrow 
line of light). A slit of finite width is used as a source and 
its image is obtained by scanning the image plane with a 
similar slit or with a knife edge. The width of the slit or 
the sharpness of the knife edge have to be deconvoluted from 
the scan output to obtain the LSF. If a knife edge is used, 
the LSF is obtained after differentiation. The method of 
evaluating the permissible width of the slit or the sharpness 
of the knife edge is given by Kuttner (1968). The nature and 
degree of aberrations of the tested optical item (lens) is 
established by comparing the experimental MTF with the MTF 
expected from an ideal optical lens. The theoretical MTF is 
derived from the intensity distribution of the diffraction 
limited focused beam (Born and Wolf (1980), Smith (1966))

4.2.2 Assumptions

It should be noted that the ultrasonic phenomena are much 
more complicated than the optical equivalent. Some 
simplifications in the treatment have been made to reduce the 
complexity of the analysis:

(i) The scanning step size is assumed to be small enough
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so that no modulation degradation is caused.

(ii) Absorption of the immersion medium is not 
considered.

(iii) The treatment was performed for surface reflection 
imaging, but it is also directly applicable to volume 
reflection imaging. Appropriate translation of the 'F' number, 
considering the immersion depth and medium is required to 
achieve this.

4.2.3 Differences between ultrasonic and optical MTF
There are a number of relevant differences between 

ultrasonics and optics as far as MTF determination is 
concerned whether ultrasonic waves or light waves are 
considered.

(i) Source coherence
The light source can be coherent, incoherent, or any 

combination of the two. The ultrasonic source is inherently 
coherent unless special steps are taken to avoid this.

(ii) Detection methods
Light velocity is too high to be time resolved (for most 

conventional application). Therefore, in conventional optics, 
images can only be detected through their intensity. The image 
resolution is therefore dictated only by the degree of 
coherence of the source.

In ultrasonics, at the frequencies under discussion, the 
signal can be fully recorded. Subsequently any parameter in 
the recorded signal can be measured and the variation of this 
desired feature can be used for imaging. Conventionally the 
signal can be peak detected, power detected or sampled with a 
very narrow gate and thus amplitude detected which is usually 
possible for low frequency transducers. The quality of the 
transducer together with the particular way in which the image 
is formed will all influence the final image quality. Any 
transducer characterisation has to be carried out with due 
consideration to the final way in which it is to operate.
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(iii) System structure
The source, detector and lenses in ultrasonic microscope 

transducers of the type considered are combined into one item. 
The convenience of separating out the source or choosing its 
wavelengths was therefore absent. In a pulsed system a broad 
band of frequencies is available. Only when tone-burst 
excitation is employed can single frequency output be 
obtained.

(iv) Depth and Material property induced modulation
In ultrasonics the variation in wave path (eg. depth- 

induced modulation) is detectable as well as the modulation 
caused by material variation (acoustic impedance induced 
modulation). As a consequence, another dimension is added to 
the imaging characterisation of the transducer. In optics only 
intensity modulation is detected and imaged. For many 
purposes, only depth or only material modulation is of 
interest, but still the transducer has to be characterised for 
each one of these effects and a two-dimensional MTF has to be 
evaluated

(v) Surface slope
Another important parameter is the slope factor which is 

the effect that the surface features have on the time and 
frequency characteristics of the signal and the image (Haines 
and Langston (1980)). If the characterisation is performed 
with a flat and smooth reflector parallel to the transducer, 
this parameter is eliminated and the problem is then 
simplified.

4.2.4 Ultrasonic impulse response for evaluating ideal MTF

In a focused beam system the amplitude distribution for 
ultrasonic compression waves follows the same rules as the 
optical case. When more than one frequency component is 
present in the wave, each will separately satisfy the 
following relationships as in optics.
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The ultrasonic amplitude distribution is:

Jinc(X) = Ji (2tcX) / 7tX (4.1)
with X = R r/X.z 

where Jl is a first order Bessel function of the first kind, 
R is the radius of the lens, r is the radial distance from the 
axis, X is the wavelength and z is the focal length.

However, as pointed out earlier, the impulse response can 
have several forms which depend on the method of detection. 
Three forms of impulse response are shown in Figure 4.2. The 
method of detection employed can change the MTF drastically as 
seen in Figure 4.2 (d).

The 3 types of impulse response referred to in Figure 4.2 
are as follows:

(i) the impulse response is expressed by (4.1) when a 
very narrow gate compared to the signal cycle is used.

(ii) the impulse response is expressed by the square of 
(4.1) when the power of the signal is to be detected.

(iii) the impulse response is reasonably expressed by the 
absolute value of (4.1) when peak detection is sought.

The description given above is valid for a sample with a 
flat surface profile and modulated acoustic impedance. The 
next step in the analysis is to extend this consideration to 
the definition of the impulse response function for a sample 
having constant impedance and varying surface profile. In this 
case, the beam intersection with the surface will be out of 
focus.
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Various approximations are given in the literature (Cavanagh 
and Cook (1981), Gilmore at al.(1986), Steel (1983)) for 
modelling the out of focus ultrasonic beam.

Using one of the approximate relationships and assuming 
that the distribution profile of the transverse impulse is 
maintained, the entire ideal impulse response in the vicinity 
of the focus can be evaluated. This assumption can only be 
valid in regions very close to the focus or for high F 
numbers. Away from the focus, the curvature of the wavefront 
becomes too large for those approximate relationships to 
remain valid.

4.3 CONSIDERATIONS FOR EXPERIMENTAL DETERMINATION OF MTF AND 
ITS VERIFICATION
4.3.1 Factors affecting system MTF measurements

If the MTF is to be determined experimentally, a range of 
factors require consideration.

(i) The reflector: different factors were considered in 
order to select the most suitable reflector. The first 
consideration is the ability to measure the single frequency 
MTF. The single frequency source enables the clean and clear 
evaluation of the deviation from the ideal behaviour and the 
causes. In optics the source can easily be frequency filtered. 
In ultrasonics the corresponding operation using hardware 
filtering for broadband ultrasonic transducers is not 
available. A software filter is thus employed with pulsed 
signals. The reflector has to be flat for reliable results, to 
such a degree that for the frequencies considered, there are 
no height modulation features to alter the frequency 
distribution (Haines and Langston (1980))

The second consideration which applies to a point or line 
reflector is its physical size. The reflector has to be narrow 
enough so that the Fourier Transform, when used for 
deconvolution from the measured scan profile will be broad
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enough to cover the frequency range of interest (Kuttner 
(1968))

The reflector has to be such that a straight forward 
deconvolution is possible, so as to eliminate the need for 
additional assumptions which introduce approximations (Haines 
and Langston (1980))

The reflectors considered first were accurately machined 
steps and knife-edge blades together with a range of 
commercially available needles. The needles were first 
employed, following the traditional methods used for measuring 
the beam diameter (Panametrics (1987)) . The limitations of the 
needles were their surface curvature and irregular surface 
finish which precluded reliable filtering and deconvolution. 
Another limitation is that the reflecting diameter of the 
smallest available needle is about 40 }im and its Fourier 
Transform decreases almost as fast as the Fourier Transform of 
the measured Line Spread Function (LSF), causing very 
unreliable deconvolution in the case of.high frequency small 
beam diameter and short focal length transducers (Kuttner 
(1968))

The needle profile as recorded from a photograph is given 
in Figure 4.3 (a). An acoustic scan representing the cross
section of the beam obtained when the needle was scanned 
through the focal plane of a 50 MHz transducer under test in 
this study is shown as Figure 4.3 (b).

The limitations of the machined steps used were mainly 
caused by a slight rounding found at the top of the step and 
also the roughness of the machined vertical surface. To remove 
these undesirable additional features, deconvolutions are 
required and filtering was consequently found to become 
unreliable.
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10 microns

Fig.4.3 Needle used in calibration 
(a) outline taken from photograph of the tip

□
same

i  ■  ■
■■■

250 microns

Fig.4.3 (b) Ultrasonic image showing acoustic response of
PDRAM with tip of needle set at focus of a 50 MHz focused

transducer.
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The raw MTF extracted from the best machined step which 

has not been subjected to either filtering or deconvolution is 
shown in Figure 4.4(a) where it is compared with the ideal 
incoherent MTF. For reference purposes, the transducer 
spectrum measured in the pulse-echo mode is given in Figure 
4.4(b).

The best standard reflector found for MTF determination 
was the edge of a broken glass plate, scanned from the 
unbevelled side. The glass plate can be considered to be 
smooth at the ultrasonic wavelengths employed and it forms a 
sharp edge with a 90° corner when viewed using an optical 
microscope at 400X magnification. Filtering using software is 
reliable and no deconvolution is needed for data obtained with 
this reflector. The experimental procedure described later in 
Section 4.4 was performed with this reflector.

(ii) Separating system effects from pure transducer 
effects: MTF characterisations can be performed on entire
systems or on the separate components. When evaluating a 
component on its own, care must be taken to free the 
evaluation procedure from general system effects. This is not 
always possible and also not always justified because it is 
advisable to evaluate the MTF of the transducer in the system 
in which it is to be used. The following is a list of some of 
the effects which are caused by the system and not the 
transducer:

(1) The dynamic range of the transducer is much higher 
than the 6 or 8 bit dynamic range commonly used for digitisers 
in ultrasonic systems.
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Correction to page 135
Replace paragraph 2 with the following paragraph:

(3) For optimum performance, transducers needs to be 
correctly matched in terms of their electrical impedance to the 
transmitter / receiver operating in conjunction with them. 
Changing the damping changes the drive waveform, this in turn 
changes the overall multifrequency MTF. Each transducer will 
therefore exhibit different MTF characteristics with different 
driver damping factors.
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(2) The voltage level at which the digitiser outputs the 
first level above zero will be referred to as "level 1". Level 
1 can vary significantly with different digitisers and is 
commonly set to be just above the noise level. The zero level 
for the transducer is the average voltage value of the noise.

(3) Every transducer needs to be correctly matched in 
terms of its impedance to the transmitter / receiver operating 
in conjunction with it. Each transducer will therefore exhibit 
different characteristics with different driver damping 
factors. The very pronounced influence of the matching can be 
seen by comparing the spectra of Figure 4.5 (b) (no damping) 
with that in Figure 4.5 (a) which shows optimal damping. Both 
spectra were obtained using the same equipment.

(4) Using a setting of low receiver input attenuation, 
the receiver response shows saturation and this must be taken 
into account.

(iii) Signal capturing noise.
The signal capturing system is usually noisy, so 

averaging is advisable whenever possible.
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4.3.2 Practical experimental procedure to determine MTF 
distribution at the exact focus using a horizontal line scan.

Measurements were made using a 50 MHz transducer of 5.84 
mm (0.23") focal length in water. The system was optimally 
damped. The reflector used for improved characterisation was 
of the plate glass edge type. The experimental configuration 
is shown in Figure 4.6 (a) . Only one line scan across the edge 
was required for all practical purposes in MTF determination. 
Two such line scans were taken, one at 15 dB (shown) and the 
other at 0 dB receiver input attenuation (not shown). The use 
of two scans enables the system dynamic range to be extended 
and a profile which combines this data was obtained and is 
shown as Figure 4.6 (b). In these scans the step size in each 
case was 2.5 |im per step and the peak values obtained were 
averaged 100 times at each point.

For the amplitude digitisation the level 1 value was set 
just above noise level. It was found that by using a D.C. 
biasing voltage mixed with the input RF waveform, the minimum 
sensitivity could be changed to pull down the value of level 
1, thus bringing this level to the true zero voltage using 
software methods. In order to extract from the data a chosen 
frequency from a broad-band pulse (in this case 52.5 MHz) by 
filtration, full RF waveforms digitised by the digital 
oscilloscope at a 2ns per point sampling rate were taken at 
representative points along the scan as shown in Figure 4.6
(c) .
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Figure 4.6 Pulse-echo measurements with a 50 MHz transducer 
on a glass plate (a) Measurement configuration 

(b) Transducer output as scanned across edge of test block, 
(c) RF return echoes of reflected pulses measured at various 

positions on block as edge is crossed using 15 dB
attenuation setting
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4.3.3 Characterisation of planes different from the focal 
plane

The LSF was measured as described earlier at only the 
focal plane. The correct way to fully characterise the 
transducer should be to measure the data for the LSF at 
different levels above and beyond the focal plane. It was 
assumed that the LSF profile prevails at every level and peak 
measurements along the beam axis only can be used to 
approximate the entire profile through appropriate scaling to 
simplify the experiment. The scaling factor f may be 
represented by:

where Pf is the peak amplitude at the focus, Ph is the peak 
amplitude at plane h. The various LSF profiles are obtained by 
use of (4.3) and (4.4)

where d is the distance along the scan.

The characterisation of the acoustic beam produced by the 
lens at planes other than at the focal plane was performed by 
capturing RF waveforms at a series of points along the beam 
axis. In these measurements a pulse was reflected from the 
glass plate and measurements made at a series of heights in 
increments of 20 |im, up to 300 |im, both above and below the 
focus, as shown in Figure 4.7 (a). The peak values in each RF 
signal were detected using a software gated peak detector, and 
the peak value against distance data recorded. This data was 
also filtered to extract the 52.5 MHz component in the same 
way as in the case of the focal plane scan. The variation of 
the factor f with the vertical position is shown in Figure 4.7

f = P^ / Ph* (4.2)

LSFf = F (d)
LSFh = F(d x f)

(4.3)
(4.4)

(b) .
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Correction to page 141
Addition to paragraph 1: Software techniques that mimic digital 
filters may also be developed.
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Two improvements are recommended for better 

characterisation of the acoustic field:
(i) the impulse response at planes other than at the 

focal plane should be evaluated directly by carrying out full 
scans at each plane.

(ii) The use of hardware filtering rather than software 
filtering is faster and probably more accurate and should 
therefore be developed.*^

4 . 4 COMPARTS ION OF THEORETICAL APPROXIMATIONS AND EXPERIMENTAL 
RESULTS

4.4.1 Theoretical approximations for comparision with 
experiment

The theoretical line spread function (LSF) in the focal 
plane for coherent and incoherent imaging is given in the 
literature (Born and Wolf (1980), Gilmore et al.(1986), Kino 
(1987) ) . No such calculation is available for the peak 
detected LSF which is actually used in ultrasonic imaging. To 
complete the ultrasonic MTF prediction, calculations of a 
crude numerical nature were performed for the peak detected 
LSF and used to estimate the MTF of an ideal transducer. The 
main limitations that were imposed were those set by the 
software and memory (RAM) of the microcomputer used. As a 
result , only a basic X,Y matrix of 22 by 22 values could be 
used in the calculations. The results of this simulation are 
shown as Figure 4.8. The 3-D amplitude distribution for one 
quadrant of the ultrasonic beam is shown as Figure 4.8 (a).
The various forms of simulated line spread function using 
peak, intensity and amplitude are shown as Figure 4.8 (b) . The 
corresponding MTFs for peak, intensity and amplitude are shown 
as Figure 4.8 (c). No attempt has been made to calculate the 
behaviour away from the focus.



Fig.4.8 Transducer response, spherically focussed 
(a) Calculated 3-D amplitude distribution for one quadrant
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4.4.2 Experimental results
(i) MTF at focus

The scan shown in Figure 4.6(b) was filtered using the 
waveforms taken along the scan. From this data, after the 
process of differentiation, a noisy LSF was obtained and is 
shown in Figure 4.9 (a). This data was smoothed only to show 
the possibility of beam sizing and is seen in Figure 4.9 (b) . 
It should be noted that the experimental beam sizing using 
glass edges is considerably easier to perform than that which 
involves the scanning of a needle as this requires the 
accurate location of the needle.

The MTF for this 50 MHz transducer was evaluated using 
both the smoothed and unsmoothed profiles and is given as 
Figure 4.10. The two operations were found to give exactly the 
same result. This plot when compared with the crude 
theoretical peak detected MTF from Figure 4.8(c), shows a good 
resemblance. The cut-off frequency obtained matches the 
theoretically predicted cut-off frequency for incoherent 
radiation. It is seen that the experimental drop at low 
spatial frequencies is smaller than theoretically expected.

(ii) MTF away from the focus
Using all the assumptions given above, the experimental 

MTF was again filtered to extract the 52.5 MHz component. 
Combining the data obtained from vertical and horizontal 
scans, the 2-D MTF was evaluated and is given in Fig.4.11.
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Fig.4.9 Experimental LSF
(a) Line Spread Function for 52.5 MHz
(b) Smoothed LSF, obtained from (a)
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Fig.4.10 Experimental Modulation Transfer Function at focus 
for the transducer, filtered for 52.5 MHz



Fig.4.11 Full 3-D experimental MTF
(a) 3-D MTF for various heights around the focus

-300

0

+300
spatial frequency cycles/0.64m m

(b) Contour plot for 3-D MTF for various heights around
focus
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The user of this lens can therefore infer from this plot 
the expected degree of image degradation under the pulse-echo 
experimental conditions and instrument settings that are 
reported, when imaging impedance modulated objects, height 
modulated objects, or both.

The method given also provides data for the 3-D impulse 
response of high resolution transducers. The data can be used 
for 3-D image processing (Reinholdsten and Khuri-Yakub (1988))

The actual imaging capability and practical resolution 
limit of the lens was evaluated by scanning a 400 lines/inch 
electron microscope copper support grid with a line width of 
15 |im. The grid was specified to have 45 |lm square holes 
separated from each other by 15 |im. (Agar Scientific (1991) ) . 
A 1mm x 1mm square scan at 10 |im step size was carried out 
with the grid at focus and this technique has been used by 
Lemons and Quate (1974). The image shown as Fig 4.12 shows 
that 45 p,m is at the limit of detection of this particular 
lens.
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Date af scan :13/ 5/1991 
Time of scan : IB:18: 9:15 
Image is stored in :gr45b.Dfi' 
Operator/User name :ftnit Sam 
Sample description :ET1 Grid < 
Transducer frequency :50 HH* 
Transducer Type :U3330 Panam 
Pulser/RX. damping factor : 
Pulser/RX. energy leuel : 3 
Pulser/RX. attenuation : 21
Gated Pk.Det. control : 1229 
Gated Pk.Det. delay : 888
Step s u e  » .010000 mm

1.00000mi

Fig.4.12 Acoustic image of electron microscope copper 
support grid. Grid has 400 lines/inch , line width of 15 |im

and 45 Jim square holes.
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4.3 SUMMARY

A review of the possibility and the potential benefits of 
characterising ultrasonic transducers using the modern optical 
MTF concept has been presented.

The additional complexity of ultrasonic imaging has been 
identified and the methods required to treat these problems 
have been provided, leading to a 2-D MTF characteriser rather 
than the 1-D function used in optics. A practical procedure 
for the evaluation of transducer impulse response, MTF and 
beam sizing has been developed.

The procedure has been applied for the characterisation 
of a Panametrics Inc. V3330, 50 MHz Special Applications
transducer for the entire focal zone of interest.

A crude approximation for the theoretical MTF of an ideal 
transducer with the same parameters as that considered 
experimentally has been presented and compared with the 
experimental results. An acoustic scan has been carried out on 
a resolution test grid that confirms the practical limit of 
resolution.

The characterisation obtained can be used to improve the 
images or to find out the best system transducer settings as 
seen for example in the next two points.

(i) It has been shown that peak detection is expected to 
yield a lower resolution image than power detection.

(ii) the need for proper matching of a transducer to the 
pulser-receiver has been demonstrated by two sets of MTF data, 
one in which zero damping had been used and another in which 
the transducer was better matched to the pulser- 
receiver. For a properly matched transducer-driving system, 
the MTF characterisation shows better results than the 
theoretically expected ones, indicating that some apodization 
exits under these conditions.



Chapter 5.

THEORETICAL TREATMENT



Correction to page 151
Paragraph 2 , line 1 should read: "In order to carry out a
theoretical study, it is first important to identify the 
parameter that can be measured that will identify the presence 
of weak, bonds. "
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5.1 INTRODUCTION

This chapter is concerned with the theory behind this study 
into solid-state bonds.

In order to carry out a theoretical study, it is first 
important to identify the parameter that may be varied in 
order to identify the presence of weak bonds. The reflection 
and transmission coefficients are the parameters that one can 
measure using ultrasound and these coefficients are directly 
related to impedance. Measuring a change in reflection 
coefficient is analogous to measuring an impedance variation. 
Using an electrical circuit analogy, defects located anywhere 
throughout the bond-line thickness would act as acoustical 
termination sites and thus change the impedance value. A study 
of the change in these coefficients with impedance variation 
was therefore chosen to be the approach to the problem.

The compression wave or C-scanning of solid-state bonded 
components is in common use in industry today. The modelling 
of compression wave interaction with diffusion bond-lines 
using the simplistic model of plane-wave interaction with a 
perfect interface is first discussed. This model provides the 
reflection and transmission coefficients CR and Cx in the 
compression wave mode as a function of the impedance contrast 
between the two media.

An outline of the theory behind Rayleigh waves is 
provided. A Finite Difference (FD) Model has been previously 
developed within the Ultrasonics Group at UCL that considers 
the normal incidence of Rayleigh waves on welded quarter 
spaces once again with a perfect interface. This configuration 
has been studied theoretically by many workers primarily in 
the geophysical world when considering the propagation of 
pulsed Rayleigh waves across locked faults and this work shall 
be reviewed.
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In order to carry out the qualitative optical 

classification of diffusion bonds, metallographic sections 
that provide the bond-line normal to the free surface are 
obtained and these specimens provide a route to obtaining the 
reflection and transmission coefficients, CR and Cx in the 
"leaky Rayleigh wave" scanning mode. These coefficients are 
obtained in this mode using the V(x) and V(z) technique and 
the theory behind these techniques shall be outlined.

5.2 COMPRESSION WAVES 
5.2.1. Background

This study has seen the development of an acoustic 
imaging system that can image the bond-plane between two 
diffusion bonded plates. However, the image itself does not
provide any information about the bond apart from whether or
not there are any gross disbonds in a particular area. The 
transducer used in the PDRAM is a focused type. Modelling a C- 
scan configuration using focused transducers must consider the 
effect of focused beams on the two requirements of this study; 
the first being imaging and the second, that of quantitative 
data capture. As far as imaging is concerned the effects of
spot size, focal length, depth of field and degree of
abberation all have an effect on the image quality and some of 
these effects have been discussed in Chapter 4. The complex 
nature of the focus of the transducer and its relationship to 
the signal returning from the diffusion bond-line has been 
simplified by making the assumption that plane waves 
(compression only) are normally incident upon the bond-line. 
In addition to this assumption, no special treatment for the 
focusing of the transducer has been made since all C-scan 
reflection and transmission coefficient measurements have been 
ensured to be relative measurements.
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PLANAR FOCUSED

Fig.5.1 Compression wave inspection: focused versus planar
transducers.



Correction to page 154
Addition to paragraph 3: "A plane wave is defined as one for
which the particle displacement and pressure are uniform over any 
plane surface perpendicular to the direction of propagation. For 
such a plane wave, normally incident on the boundary between two 
half-spaces, the reflected and transmitted displacement 
amplitudes are given by:

CR = (Z1 - Z2)/(Zi + Z2) (5.1)
CT = (2Z1)/(Z1 + Z2) (5.2)

where Z and Z are the acoustic impedances for the two media as 
shown in Figure 5.2 and the plane wave is assumed to be incident 
in medium 1 ie. travelling from Z1 to Z2.
Paragraph 5, line 1 should read: "When the values for
displacement CR and CT are plotted versus the impedance contrast 
Z1/Z2, the curves shown in Figure.5.3 are obtained.
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One example of this technique has been provided by Margetan et 
al (1990) and is detailed in Chapters 6 and 7.

The underlying theory behind compression waves is given 
in many excellent textbooks such as Ewing et al.(1957) and 
shall therefore not be covered in great detail here.

For a plane wave normally incident on the boundary between 
two half-spaces the reflection and transmitted amplitudes are 
given by

Zt-Z2 (5<1)
* zl+z2

and

2 Z,CT= i- (5.2)

where Zx and Z2 are the acoustic impedances for the two media 
as shown in Figure 5.2.

If Z1 > Z2 the incident and reflected particle velocities 
are in phase whilst the incident and reflected acoustic 
pressures are out of phase. If Z1 < Z2 the incident and 
reflected pressures are in phase whilst the incident and 
reflected velocities are out of phase. The transmitted 
particle velocity and acoustic pressure are always in phase 
with their incident counterparts. For the case where Z2 is 
infinite ie. a rigid wall, there exists a doubling of pressure 
at the rigid boundary.

When the values for amplitude CR and Cx are plotted 
versus the impedance contrast Zx/Z2 , the curves shown in 
Figure 5.3 are obtained. This response is for plane wave 
incidence on a perfect interface and it depends only on the 
impedance contrast between the two media. The curves have been 
plotted for the range Z1/Z2 from 0 to 12.



A
m

pl
itu

de
155

z,*r,c .

INCIDENT

REFLECTED

TRANSMITTED

Fig.5.2 Plane wave incidence at a perfect interface 

2 

1.5 

1

0.5 

0

-0.5 

-1
0 2 4 6 8 10 12

Impedance contrast [Z1/Z2]

Fig.5.3 Amplitude CR and CT curves for plane wave at normal 
incidence on a perfect interface plotted versus impedance

contrast

Plane wave R and T.coefficients vs. Z1/Z2 (linear scale)

TRANSMISSION Ct

REFLECTION

Reflection and Transmission

coefficients for plane wave

incidence on a perfect 

interface.



156

5.3 LEAKY RAYLEIGH WAVES
5.3.1 Background

The fundamental aspects of elastic wave scattering and 
propagation in general and surface waves in particular have 
been presented by many authors (Graf (1975), Auld (1973), 
Ewing et al. (1957)) and hence only a brief treat ment of the 
background has been provided.

The study of Rayleigh waves is confined to perfectly 
elastic, homogeneous and isotropic media. We may also simplify 
our consideration of the propagation of elastic waves by 
reducing our coordinates into two spatial dimensions and time. 
The system of cartesian coordinates that may then be employed 
is shown as Figure 5.4. For such a system, the stress-strain 
relationship is governed by Hooke's Law:

T  - CiS (5.3)

where T is the stress column vector

T = yy (5.4)
xyj

and S is the strain vector

S  = yy

xyj

fiu 
fix 
fiv 
fi y  

fi u fiv 
fi y  fix

(5.5)

where u and v are the displacements in the x and y directions 
respectively. C is the elastic stiffness tensor.
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Fig 5.4 System of Cartesian coordinates employed, showing 
the incidence of a compressional wave on a free surface
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For an isotropic medium, there are only two independent 
elastic constants. These are often taken to be Lame constants 
X and |l. Thus the stiffness tensor reduces to:

c =
X+2\i X 0 

X X+2\i 0 
0 O n

(5.6)

and hence:

^  < i ' 7 >

Newton's law leads to the derivation of the translational 
equation of motion for a vibrating medium (Auld (1973)) as:

v . r . | 2 p where U - (5.8)

in the absence of body forces. Using this and the 
relationships in (5.7), the general equation of motion in an 
elastic solid can be written as:

ftu:
b t ‘

ft v2 
ftt7

= a= (g 2-p2) gZy +pz
bx2 ” ”

u
bxby b y 7

(5.9)

= a2 ft v 7
by*

+ (a 2- p 2) u +p: V
bxby ft x 2

where a and p are the compressional and shear velocities for 
the solid respectively, derived from the Lame constants:
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o= X+2 |i 
P

P=< Ji 
P

(5.10)

p being the material density.
In order to define the nature of the propagating waves, 

it is convenient to use the concept of potential functions in 
order to reduce (5.9) to wave equations. The scalar potential 
(p and the vector potential *¥ are defined such that their 
derivatives yield the wave displacements:

u = 8jE_±!fc
6x 6y

(5.11)

by bx

Insertion of the above equation into (5.9) results in two wave 
equations, one for compressional waves and one for shear waves 
as shown below:

V2<n
fit2 P *

(5.12)

The plane wave solutions to the problem of elastic wave 
incidence on a boundary have been well documented by several 
authors (Kolsky (1963), Ewing et al.(1957)). We now consider 
the phenomenon of mode-conversion at an interface.
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It is well known that when either of the two types of 

elastic waves impinges on a solid/solid or a solid/liquid 
boundary, both reflection and refraction take place. The 
directions of the transmitted and reflected waves being 
governed by Snell's law. In contrast to optics, however, since 
ultrasonic energy can exist in several modes within the same 
medium, the phenomenon of mode conversion must be considered. 
This is demonstrated in the simplest case of a plane 
compressional wave incident on a free surface.

With reference to Figure 5.4, consider a train of plane 
waves propagating in the PO direction, incident along a free 
surface along the plane y=0. If the problem is confined to one 
where all the displacements lie in the xy plane, the relevant 
boundary conditions on the plane y=0 are:

T* y = T yy~ 0 (5>13)

Using these boundary conditions together with equations (5.7) 
and (5.9) , it can be seen that both potentials <p and must be 
used. To solve the wave equations (5.12), solutions of the 
form:

q>=/(y) e i k l c t ~ x )

(5.14)
l|f=gr(y) © iklct-x)

are used. Substituting for <p in (5.12) we obtain:

o y2 a 2 (5.15)

Integrating this equation gives:

f ( y )  =A1e x p ( ik J - l . y )  +A2e x p ( - 2k4 - ^ - r - l .y )
a 2

(5.16)
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and from this, the solution to (5.12) can be written in the 
form:

q>=Axexp [ i k { c t - y ^c- -■ -x ) ] +A2exp [ i k ( c t + y  2~1 -x) ] (5.17)

\}r=B1exp [ ik (c t -y -^ -^ f^ -  -x ) ] +B2exp [ i k { c t + y - & - ^ -  - x ) ] (5.18)pz pz

the coefficients Alf A2, Bx and B2 are determined using the 
boundary conditions for either a compressional or shear wave 
incidence (Ewing et al.(1957)). These coefficients indicate 
that with the exception of normal incidence, acoustic mode- 
conversion is a necessary condition for equilibrium at a 
stress-free boundary. For the purpose of this research, we are 
interested in mode-conversion at a solid/liquid interface and 
this shall now be considered.

The existence of elastic perturbations propagating near 
the surface of a homogeneous elastic half-space was first 
shown by Lord Rayleigh (1885). These surface or Rayleigh waves 
have the property that their energy decreases rapidly with 
depth, hence they are confined to a few wavelengths' distance 
from the free surface. Once again, solutions are sought to the 
wave equations (5.12) corresponding to a plane harmonic wave 
propagating in the positive x direction.

These will have the same form as in equations (5.14). 
Substituting for (p and in (5.12), the two equations for 
functions f(y) and g(y) which describe the decay along y are 
obtained:
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Hpp-+{°i-l)K*fly)=0
o y 2 a2

(5.19)

82f y  t(-£i-l)y2g(y)=0 
oy p2

The general solutions of (5.19) are of the form exp(-qy) and 
exp (-sy), where

<7Z= (1— !̂ ) K 2 
a 2

(5.20)

S 2= ( 1 - - £ ) K 2
P

Thus:

tp=Ae~Qye iKlct~x)
(5.21)

l|r=Se sye iK[ct-x)

The solutions corresponding to a surface wave with an 
exponentially decaying motion in y are given by the condition 
c<P<a, which can be shown to be a valid assumption for most 
elastic solids. The coefficients A and B are determined using 
the boundary conditions which require that at the free surface 
(y=0 plane) the stresses Tyy and Txy be zero. Manipulation of 
the resulting equations linking A, B and the wave number K 
leads to the characteristic or Rayleigh equation (Viktorov 
(1967)):

(JL)2-8(JL)4+8(3-2i£> (J.)J-16(1— 5l)=0 <5-22>
C C p2 c p2

Solving the Rayleigh equation under the assumption that c<p<a
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will result in one real root which is given by the approximate 
expression:

where a is the Poisson ratio (0<ck0.5). Thus the Rayleigh wave 
velocity VR is uniquely determined by the compressional and 
shear wave velocities a and p. Furthermore, a Rayleigh wave is 
not dispersive. Other physical properties of Rayleigh waves 
are that the oscillatory motion of the particle is elliptic - 
it is a combination of shear and compression motion with a 
phase difference of n/2 between the two. The amplitude of this 
oscillation decreases rapidly such that at a depth of 
approximately 1.6 X from the surface, the particles are at 
rest.

Of great relevance to the understanding of the 
experimental techniques investigated in this work, is the 
study of the situation where the Rayleigh wave is perturbed by 
a semi-infinite ideal fluid loading the half space. As the 
Rayleigh wave propagates along such a solid-liquid interface, 
power is radiated from the solid surface into the fluid and 
the Rayleigh wave is attenuated due to the resulting power 
loss. Nearly all the energy is transformed into compressional 
wave energy in the liquid within typically a few Rayleigh 
wavelengths. The compressional waves form a well defined beam 
(Deighton et al.(1981)) which has an angle of inclination to 
the interface given by

Vr _ 0 .87 +1.120 
p 1+0 (5.23)

(5.24)

where is the compressional velocity in the fluid and VR is 
the surface wave velocity along the interface.
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To treat the problem rigorously, the expressions for the 
potentials <p and for wave motion in the solid must satisfy 
the wave equations (5.12) as before, while in the liquid only 
the scalar potential <pL exists which must satisfy:

^•P l*kl 9 l = 0 (5,25)

where KL = (O/oCl, is the compressional wave number in the 
liquid. <pL will therefore correspond to a wave in the liquid, 
that matches phase with the compressional and shear 
inhomogeneous waves (evanescent along y) on the interface as 
they propagate along x. Along the plane y=0, the three waves 
corresponding to <pL, (p and 'F must satisfy the boundary 
conditions which require continuity of normal stresses and 
zero tangential stress (ie. Txy = 0).

Mathematical manipulation of the wave equation subject to 
the given boundary conditions yields a new characteristic 
equation in terms of the wave number k of the surface wave 
(Viktorov (1967)):

4 k 2as- (k 2+ s z) 2= *-L- .— —  (5.26)
P s]K2-k2

where ks is the shear wave number for the solid, pL and p 
are the densities and

q=Jk2-k 2c (5.27)
s=Jk2-k 2

8

with kc being the compressional wave number in the solid. For 
the condition < VR, which is true for almost all metal- 
liquid systems, (5.26) has a complex root K.
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This could be written as

K=KR+iv (5.28)

where KR is real and is approximately equal to the Rayleigh 
wave number. The presence of the imaginary part v causes the 
wave to attenuate as it propagates along the x direction by 
continuous radiation into the liquid. The attenuation depends 
only on the constants for the two materials and is independent 
of frequency. Dransfeld and Salzmann (1970) give an 
approximate expression for the attenuation coefficient as:

The conversion process is completely reciprocal in that if a 
compressional wave front is incident on the solid-fluid 
interface at the Rayleigh angle 0R , surface waves are excited 
with high efficiency. Deighton et al.(1981) have presented an 
intuitive approach to the calculation of conversion efficiency 
for compression-to-leaky Rayleigh waves. This inverse process 
has been the subject of detailed theoretical treatment by 
various workers. Bertoni and Tamir (1973) introduced a new 
theory to explain the phenomena observed when a bounded 
(finite width) compressional beam impinges from the liquid 
onto a solid surface at the Rayleigh angle. The incident 
bounded beam is treated as a superposition of infinite plane 
waves. The reflected wave is then written in the form of a 
Fourier integral with a complex reflection coefficient. The 
singular points of the wave number in the complex plane were 
subsequently investigated by Bertoni and Tamir (1973) who 
showed that the reflected beam consists of separate 
contributions from the geometric (specular) reflection and the 
leaky Rayleigh wave. Breazeale at al.(1977) extended this work 
by correcting the approximations used to account for 
observation points located in the liquid half-space. The

(5.29)
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Bertoni and Tamir theory explains some of the physical effects 
observed for incidence at or near the Rayleigh angle. These 
include:

1) A shift in the position of the reflected beam from 
that predicted from geometrical optics,

2) Presence of a null in the intensity distribution of 
the reflected beam,

3) The occurrence of a "minimum” or a "frequency of least 
reflection" in the frequency distribution of the reflected 
beam.

Norris (1983) employed the same theoretical approach to 
explain the phenomenon of backscattering of a beam of 
ultrasound from a solid-fluid interface in the direction of 
incidence.

The critical angle effects (Becker and Richardson 
(1970)) and the existence of leaky Rayleigh waves at an 
interface are of direct relevance to the experimental 
procedure of characterising a diffusion bond using an acoustic 
microscope. Figure 5.5 shows a defocused acoustic microscope 
lens showing the existance of leaky Rayleigh waves. (Ilett et 
al. (1984) . This is discussed in greater detail in the V(x) and 
V(z) section (Section 5.4)
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Fig 5.5 A defocused acoustic transducer lens showing the 
existence of Leaky Rayleigh waves.
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5.3.2 Rayleigh wave interaction with welded ouarter-spaces

When characterising any kind of an interface, inspection 
configurations that are most sensitive to a change in 
properties of the interface must be considered. Guided 
acoustic waves along interfaces are especially sensitive to 
specific properties associated with the quality of a bond 
since their energy is effectively confined to the region of 
interest (Nagy et al.(1991)). For most specimen geometries 
however (eg. the diffusion bonded two-plate structure) the 
generation and detection of such guided waves along the 
interface are difficult. In this study, metallographic samples 
are available that are mounted so as to provide the bond-line 
normal to the free surface .

The generation of an entry circle of Rayleigh waves by a 
defocused acoustic lens type transducer have been discussed in 
the previous section. Rayleigh waves are composed of two types 
of waves shear and longitudinal and hence if Rayleigh waves 
could be generated on the diffusion bond-line, the inspection 
process is optimised due to their combination. Shear waves 
have been shown to have greater sensitivity to the quality of 
a bond. This has especially been shown to be true in the 
inspection of tightly closed cracks. In this study, Rayleigh 
waves are generated on these metallographic samples and their 
interaction with the bond-line have been used to produce both 
acoustic images and generate reflection and transmission 
coefficient data. Similar plates of titanium material on 
either side of the bond-line are considered. The plates under 
study have been diffusion bonded together by the introduction 
of an interlayer of copper. Electron Probe Micro Analysis 
(Appendix F) of the metallographic samples have revealed a 
region some 600 [im to 1 mm wide centered about the bond-line 
that consists of a certain amount of undiffused copper. The 
percentage by weight profile of the copper is shown in 
Appendix F. As a multiple of the Rayleigh wavelengths involved 
(about 60 |lm at 50 MHz) the region can be considered to be
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about 10 wavelengths wide. The profile shows that no more than 
10% of the parent titanium material consists of copper. The 
metallographic sample can be modelled as a system of welded 
quarter spaces: one quarter space consisting of the parent 
titanium and the other consisting of titanium with a certain 
amount of diffused copper. The interaction of Rayleigh waves 
on welded quarter spaces shall now be discussed.

The case of Rayleigh wave interaction on welded quarter 
spaces is more complex than for the case of a plane wave as 
there are now various mode-converted components in addition to 
transmitted and reflected Rayleigh waves.

The energy balance in the system can be considered as

E tot ~ E trans*Eref+E mc (5.30)

where ET0T is the total energy in the system, ETRANS is the 
transmitted energy, E^p the reflected energy and EMC is the 
amount of energy mode converted into other types of wave 
modes.

Several studies have sought to investigate Rayleigh waves 
on welded quarter spaces. The complexity of the mode 
conversion has been shown by Ottaviani (1971) who used a 
numerical model, but did not provide quantitative data for 
reflection and transmission coefficients. Experimental results 
for the Copper-Plexiglass system were presented in this study, 
but only in terms of phase and not amplitudes or energies.

The exact energy partition depends on the contrast 
between the two media relative to the elastic properties in 
the first quadrant. An approximate relationship for the 
reflection coefficient for the system was given by Roberts and 
Perl (1973) , but their data is not easily analysed.

The system can be considered in terms of limiting cases.
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When the two media are identical, Z1/Z2 = 1 the reflection 
coefficient CR is 0 and all the energy is transmitted ie. Cx 
is 1. (See Figure 5.3). When the second quadrant is air, the 
system is then a quarter space. This has been separately 
considered in Chapter 7.

Of direct relevance to our experimental measurements is 
the general case of finite impedance contrast between the two 
quadrants. Some data for numerical and experimental values 
have been published mainly by the geophysical community due to 
the relevance of this work to the propagation of surface waves 
in earthquake-like events across locked faults (McGarr and 
Alsop (1967), Alsop et al.(1974), Munasinghe (1973), Bond 
(1978)). McGarr and Alsop (1967) for example performed an 
experiment in which they glued two pieces of polystyrene and 
plexiglass together to form a half-space. Since the half space 
has no characteristic dimension, the reflection and 
transmission coefficients were independant of frequency. They 
then measured the vertical displacements of the normally 
incident, reflected and transmitted Rayleigh waves to obtain 
the reflection and transmission coefficients. Table.5.1 
provides a summary of Rayleigh wave reflection and 
transmission coefficient values obtained across welded quarter 
spaces by these various workers.

Bond and Aristodemou (1988) developed a Finite Difference 
(FD) model to study the geophysical interaction of Rayleigh 
waves with vertical faults modelled as a system of welded 
quarter spaces. The model was run for various combinations of 
geological impedance values. The impedance contrast ZjZ2 was 
varied from 0.4 to just over 3 . This data is presented in 
Table 5.2.

The important point to note about the values presented 
in Tables 5.1 and 5.2 is the physical parameter being 
measured. The method used by all workers cited in these tables 
for calculating reflection and transmission coefficient data
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is to measure the ratios of the amplitudes of the reflected 
and transmitted pulses. The reflection coefficients shown are 
all valid since they have been measured on the same side of 
the same material and are all less than 1 as expected. In both 
tables, a few values of transmission coefficients are seen to 
have values greater than 1. The reason for this is that since 
the quantity quoted is the ratio of the displacements in the 
2 media, no correction has been made for changes in the 
elastic moduli between the two media. Correction factors for 
the conversion of these amplitude values to energy are 
difficult and has therefore not been carried out. Alsop et al. 
(1974) do provide values for the transmitted energy as a 
percentage; for perspex to polystyrene (97.1%) and for 
polystyrene to perspex (96.5%) are the values quoted. These 
are not tabulated as it is amplitude and not energy that is 
measured experimentally in this thesis and hence comparisons 
between them cannot be made.
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Polvstvrene to perspex (Z]L/Z2 = 1.338)

Source
Experimental

Reflected Transmitted

0.091 
0.13+0.02 
0.0 8 + 0.0 3

0.85 +. 0.05
0.83
0.796
0.81+0.02
0.90+0.03

McGarr and Alsop (1967) 
Numerical
McGarr and Alsop (1967) 
Alsop et al.(1974) 
Munasinghe(1973)
Bond(1978)

Perspex to polystyrene (Z1/Z2 = 0.7469)

Experimental
Reflected Transmitted

0.079
0.07+0.03

1.17+0.04
1.16
1.216
1.12+0.03

McGarr and Alsop (1967) 
Numerical
McGarr and Alsop(1967) 
Alsop et al.(1974)
Bond (1978)

Table 5.1. Summary of Rayleigh wave reflection and 
transmission coefficients obtained across welded quarter 
spaces by various workers.

Medium 1 Medium 2 Z1/Z2 Reflected Transmitted

Volcanic
Brecchia

Phyrrhotite 0.43 - 0.34 0.58

Shale Rhyolite 0.94 -0.09 0.94
Dolomite Peridotite 1.12 0.04 1.17
Dolomite Gabbro 1.11 0.06 0.77
Vol Brecc Shale 1.44 0.27 1.36
Shale Tuff 3.17 0.63 1.83
Sandstone Kaolin 1.16 0.57 1.13
Dolomite Phyrrototite 0.93 -0.017 1.15
Dolomite Vol Brecchia 2.15 0.39 1.54

Table 5.2. Summary of reflection and transmission coefficients 
obtained across welded quarter spaces by Bond and Aristodemou

(1988)
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In order to interpret the contrast in images obtained by 
acoustic microscopy, it is necessary to understand how the 
contrast varies as the degree of defocus is changed. Referring 
to Figure 5.5 ,if translation in the X and Y axes (ie. the 
imaging axes) is turned off and the transducer is translated 
in the z direction towards and away from the sample specimen, 
a plot of the output voltage from the transducer as a function 
of z is known as the V(z) curve (Atalar (1978)).

The following convention is commonly used when referring 
to this effect: z is the distance between the focal plane and 
the surface of the specimen and when the specimen is moved 
towards the lens, z is taken as negative. The major features 
of this curve are a peak signal corresponding to the focus and 
a series of oscillations in V(z) as the specimen is moved 
closer to the lens.

A typical experimental V(z) curve is shown in Figure 5.6 
at 730 MHz (Ilett et al.(1984). A sample of Al-20% Si plain- 
bearing alloy which had failed in fatigue was used for these 
measurements. Two V(z) measurements were made: one far away 
from a crack over a uniform surface and the other with the 
lens directly over a crack on this sample. The oscillations 
are seen to have a regular spacing which has been shown to be 
related to the Rayleigh wave angle by

o.s xF (5-31)
(1-COS0*)

where is the wavelength in the coupling fluid. The Rayleigh
angle 0R is the angle of incidence of plane waves in the fluid 
for maximum excitation of Rayleigh waves in the surface of the 
solid, and has been given previously by (5.24).

All of the V(z) work carried out to date has been
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performed using gated toneburst excited systems at very high 
frequencies. The principal reason for this is that the V(z) 
method is essentially an interference effect between two 
principal components of the acoustic energy incident upon the 
specimen. The use of impulse excited or broadband systems 
enable individual pulses to be separated out in time and this 
interference therefore does not occur.

Bertoni (1984) has shown how simple ray theory may be 
applied to the interpretation of the periodic variation in the 
amplitude of V(z) as the specimen is moved towards the lens 
from the focus. Two principal rays are responsible for the 
output response of the transducer. These two principal rays, 
the paraxial ray and the leaky Rayleigh wave ray interfere at 
the transducer and the relative phase between them is a 
function of the different acoustical path lengths travelled so 
that the periodicity of the final V(z) response is dependent 
upon the Rayleigh wave velocity.
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Fig.5.6 A typical V(z) curve for an AlSi bearing alloy.
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5.4.1 Application of V(x) to model evaluation

The variations in the output voltage V(x/z) when the 
transducer is translated in the z or x direction over 
discontinuities present in an otherwise uniform surface have 
been modelled by various workers. A simple approach to this 
problem has previously been taken for a cylindrical lens lens 
directly over a crack (Ilett et al.(1984)) Calculations for 
the three-dimensional case of a spherical lens with a crack 
passing through its axis have been made by Cox and Addison 
(1984) by using a semi-numerical technique.

Somekh et al.(1985) have considered the general case when 
the lens is at an arbitrary position relative to the crack and 
once again they have considered the two-dimensional case of a 
cylindrical lens or line-focus lens. This work provides the 
following theoretical expression for V(x,z) for a cylindrical 
or line focus lens:

where kx', kx are the x components of the incident and 
scattered plane waves. L(kx'), L(kx) are the pupil functions of 
the lens for the incident and scattered plane waves and the 
crack is taken to be at the origin. A 2-dimensional scattering 
function in k space has been derived and is expressed in the 
form

Lx(k̂ ) L2 (kx) S(kx, k^) . (5.32)
exp [i (k^ ~kx) x] dk^dk^
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S{kx,kx)
i4ak

+ 2a (CT-CK-1) (CT*CX-1) JCp (5.33)(k l - k p ) (kx2-kp)

where kp is the Rayleigh pole in the complex kx plane, a 
describes the strength of the coupling of Rayleigh waves to 
the fluid and Rq is the reflectance function minus the 
Rayleigh pole.

Equation.5.32 enables the transducer output signal to be 
calculated as a function of the defocus for any displacement 
of the lens relative to the crack. There are two sets of 
parameters to be determined for such a calculation: the 
parameters L that characterise the lens (the pupil functions) 
and the transmission and reflection coefficients of the crack 
to be used in S.

In a recent general study on the resolution limit of an 
acoustic microscope, Briggs (1990) has made the observation 
that CR and CT can be taken from totally independent 
calculations including those associated with cracks of finite 
depth (with associated creeping waves and diffraction), crack 
closure and those having different orientations.

Angel and Achenbach (1984) have derived formulations for 
CR and Cx for Rayleigh waves incident upon a surface breaking 
crack. Plots of CR and CT versus the angle of incidence for 
various values of frequency and versus frequency for various 
values of the angle of incidence have been provided in their 
study. Their results used a value of Poisson's ratio, c = 0.3 
which is applicable for our study of titanium. They observed 
a critical angle of incidence (which is dependent on material 
properties) and beyond which no mechanical energy is radiated 
into the solid by body waves. Plots for CR and CT versus
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frequency for 4 different angles of incidence % taken from 
this study (0°, 45°, 75°, 89.5°) are shown as Figure 5.7 (a) to 
(d) .

Somekh et al.(1985) have used the values for CR and CT
obtained at normal incidence from data taken from the plots
shown in Figure 5.7 (a) to (d) and have produced the V(x)
curve for this material with a = 0.3. This is given as Figure 
5.8. The plot was obtained by a FORTRAN program that solved 
(5.32) for various input values of material properties and 
defocus. It must be stressed that the predicted V(x) curves
for various crack depths is for a line focus lens at normal
incidence to the crack.
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Fig.5.7 Plots of CR and CT vs. frequency for angle of 
incidence: (a) and (b) 0° & 45° (c) and (d) 75° & 89.5°
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Fig.5.8 V(x) curve calculated for CR and CT values plotted 
in Fig.5.7 (a) with %=0°. Solid curve represents crack 

depth d = 0.lXRf broken curve d = 0.5A,R 
and dotted curve d = X R

Z defocus ■* -12.7 wavelengths

0.45

R-0.0, T-1.0
0.4

K
>

0.35

0.3 R-0.4. exp(i.0.6), T*0.0

0.25

862 4 100-4-10 •X ■6
X scitn in wavelengths

Fig.5.9 Titanium V(x) curve for the two limiting cases
(1) No defect : CR = 0.0, Cx = 1.0
(2) deep crack: CR = 0.4 exp(i0.6), CT = 0.0
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This program was subsequently obtained in this study 
(Briggs (1989)) and for material properties corresponding to 
titanium the program was run for the limiting cases, using the 
following reflection and transmission coefficients for a crack 
that is assumed to be very deep compared with a wavelength. 
The limiting values for a deep crack have been given by 
Achenbach et al.(1980) to be

CT - 0 (5.34)
CR - 0 .4exp (i . 0.6)

The resulting plot is shown in Fig.5.9 and we are primarily 
interested in the region around X=0 which is where the crack 
is located.

As part of the routine quality control process, samples 
of diffusion bonded titanium-titanium plate are prepared as 
micrographic samples. These samples are polished and etched 
and are examined under an optical microscope as part of the 
process development and verification procedure. These samples 
provide the bond-line in section and normal to the free 
surface. One method of characterising such bond-lines 
optically is to look at the degree of grain growth across the 
bond-line: a bond-line with good or complete grain growth
would be classified as "acceptable" and the occurrence of 
incomplete grain growth would give rise to a suspicion of 
"unacceptable" bond quality. In addition to studying grain 
growth, the.etching process reveals the existence of second 
and mixed phases and through a knowledge of their effects on 
the bond strength, the specimens may be classified 
accordingly.

The advantage of using these micrographic samples for 
this study is best understood by referring to the leaky 
Rayleigh wave configuration in Figure 5.10. The mode of data 
capture is also illustrated. The lens is translated in the x 
direction across the bond-line and the resultant image-data
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obtained is termed the Rayleigh wave "broadband" V(x) reading 
across the bond-line.

Evaluation of the FD model for the diffusion bonded 
titanium case depends on the acquisition of the reflection and 
transmission coefficients CR and CT respectively of the 
Rayleigh component from the bondline. The technique used here 
is similar to that used by Weaver et al.(1989) and this 
technique is described in detail in Appendix D.
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Fig.5.10 Acquisition of broadband V(x) curve from titanium
diffusion bonded sample.
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The V(x) images and subsequent images need to be carried 
out at a certain standoff or lens defocus from the surface of 
the specimen. Appendix C. describes one example where the 
PDRAM which is a broadband system is used to perform a V(z) 
measurement, an essentially single frequency gated toneburst 
technique.Two results are obtained through this procedure, 
firstly, the technique provides a method of obtaining an 
accurate value of the Rayleigh wave velocity and secondly, the 
optimum "standoff" or degree of defocus for the lens required 
to commence Rayleigh wave scanning for the maximum or 
preferential excitation of a particular spectral line is 
obtained.

For the characterisation of diffusion bonds 
therefore, two independent estimates for the bond-line 
transmission coefficient Cx are available; one from the C-scan 
measurement discussed in Section 5.2 and the other from the 
Leaky Rayleigh wave V(x) measurement outlined in Section
5.4.1. These independent experimental measurements shall now 
be presented in Chapter 6 and analysed in Chapter 7.

5.5 SUMMARY
The variation of CR and Cx with impedance contrast ratio 

Z1/Z2 has been discussed when considering plane (pure 
compression) wave incidence on a perfect interface. A brief 
outline of the theory behind Rayleigh waves is then presented. 
Both experimental and theoretical CR and Cx variation with 
impedance contrast values by workers primarily in the 
geophysical field on Rayleigh wave interaction with welded 
quarter spaces have been provided. This includes data from a 
Finite Difference (FD) Model developed within the Ultrasonics 
Group at UCL. The key assumption made with reference to 
diffusion bonded titanium is the small impedance contrast 
across the bond-line and two independent techniques 
(compression waves and leaky Rayleigh waves) are proposed for
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acquiring CR and CT from a diffusion bonded sample. The 
technique used to acquire CR and CT in the leaky Rayleigh wave 
mode is the V(x) and V(z) technique and this is reviewed. It 
is then proposed that the FD model be evaluated by comparing 
its data and experimental CR and CT data obtained from 
diffusion bonded titanium using the two independent 
techniques.



Chapter 6

EXPERIMENTAL MEASUREMENTS
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6.1 COMPRESSION WAVE MEASUREMENTS
6.1.1. C-scan measurement configuration

A plate of activated diffusion bonded titanium that 
contained 3 broad regions of varying bonding conditions was 
obtained for C-scan imaging. A schematic of this plate is 
shown in Appendix I. along with an X-ray radiograph of the 
plate. Flat bottom holes (FBH) approximately 400 p.m in 
diameter were created from the surface of the plate down to 
depths equivalent to the centre of the bond-line. The holes 
were useful as reference markers for real features of interest 
on the bondline (eg. voids created by inert gas entrapment) 
and also as means of optimising the attenuation levels of the 
image. The holes also represented small regions of complete 
"disbond" and therefore after C-scanning, comparisons could be 
made between the relative levels of their intensities with the 
intensities of the features of interest.

In addition to the flat bottomed holes, a section of 
plate was also milled to reduce it to the thickness of the 
single plate material. This simulated the worst-case condition 
of a complete disbond and was also used for optimising the 
pulser/receiver attenuation levels and studying signal/noise 
(S/N) ratios from the two-plate structure. Figure 6.1 (a)
shows the conventional C-scan configuration. The gated peak 
detector accepts a maximum input signal level of IV. In a 
perfect, idealised system with no noise, the first level would 
be set to register at a voltage amplitude of just above the dc 
level, say 15.6 mV. This is well below the actual noise level 
from the diffusion bond-line which has been observed to be 
about 60 mV peak voltage amplitude. Extensive S:N studies on 
the gated peak detector card led to the first level being set 
in hardware at 64 mV. When expressing this value relative to 
the IV maximum input (level 63) , the limit of detection of the 
GP100 on the decibel scale is calculated as -23.8 dB.
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A focused transducer, the Panametrics V390 with a 0.5" 

focal length in water was focused onto the backwall of the 
single plate region. The receiver attenuation was set at 0 dB 
and no amplification was provided. After optimisation of the 
defocus for a maximum back wall echo, the transducer was 
translated laterally from the single plate onto the two plate 
structure as indicated by the arrow in Figure 6.1 (a) . At this 
degree of defocus, the transducer focus is assumed to be on 
the bond region between the two plates. A plot of the 
normalised amplitude as the transducer moves onto the two 
plate structure is shown as Figure 6.1 (b) . A flat response is 
observed from the diffusion bond region that is below the 
detectable limit of the gated peak detector board. Relative to 
the backwall echo, the bond-line response was observed to be 
some 24.4 dB below the maximum value of IV. Clearly some form 
of amplification was required.

Figure 6.1 (c) shows a similar plot when the 26 dB
preamplifier was used to amplify the RF signal. Any form of 
amplification also amplifies noise and hence some receiver 
attenuation had to be applied. The receiver attenuation chosen 
was 15 dB ie. a total amplification of 11 dB was applied. The 
response from the bond-line is now clearly seen in Figure 6.1 
(c) with variations ranging , on average, from 6 dB to 12 dB 
below maximum level.
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Fig 6.1 S:N ratio measurements made in the C-scan 
configuration using a focused transducer on diffusion bonded 

titanium (a) Scan configuration
(b) with 0 dB receiver attenuation, 0 dB amplification 

(c) with 15 dB receiver attenuation, 26 dB amplification
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Fig 6.2 Image of flaw on bond-line
(a) The C-scan imaging configuration 

(b) Plan view of diffusion bond
(c) RF signal from flaw showing position of gate
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6.1.2 C-scan measurements on diffusion bonded titanium
Using the configuration given as Figure 6.2(a), 

compression wave measurements were made using the commercial 
50 MHz broadband transducer with a 0.5" focal length in water. 
(See Appendix.G.) . The gate was set to isolate the compression 
wave component reflected from the bond-line zone. An example 
of the position of the gate relative to the signal is provided 
in Figure 6.2 (c) where the signal from a flaw illustrated in 
Figure 6.2 (b) on the bond-line has been shown.

The C-scan of the entire plate was.carried out by using 
f 40 mm by 40 mm scans each using a step increment of 

400 |im. The eta^images were subsequently joined up to form a 
composite image of the plate and this composite acoustic image 
is shown as Figure 6.3 (a).

Figure 6.3 (a) shows the regions of the plate from which 
3 distinct regions of acceptable, borderline and unacceptable 
bond-line were identified and classified by optical 
examination of mounted sections removed from representative 
areas. The unacceptable region in Figure 6.3 (a) is seen to be 
significantly brighter than the rest of the plate in the 
acoustic image of the plate. By way of system calibration, the 
variability of front surface echo was measured on a section of 
plate glass, and this gave a ± 1 level variability and also 
defined the error bands for compression wave measurements.
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Fig 6.3 (a) Composite acoustic image (C-scan) of the
entire titanium plate

>1
1

Date of aeon :17^18/1MB 
Tioa of aeon s 18x23: 8x47 
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Gated Pk.Det. control x 18HB 
Gated Pfc.Ddt. delay x 878 
8tep else - .80880 ■

Fig 6.3 (b) High resolution acoustic image of line-like
feature about 3 mm in length on bond-line 

of plate in 6.3 (a)
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In the course of C-scanning the plate, a line-like 
feature was identified on the bond-line in the nominally 
"good" sector of the plate and a high resolution image of this 
feature from the plate imaged in Figure 6.3 (a) is shown as 
Figure 6.3 (b).

In addition to compression wave images of the type given 
as Figure 6.3 (a) and (b), line scan data for both the sample 
surface and bond-line were recorded. Figure 6.4 (a) shows the 
variability of the bond-line in various regions of the plate 
sample imaged as shown in Figure 6.3 (a).

The optimised backwall echo from the single plate 
thickness serves as a reference signal and this idea is 
detailed in Chapter 7. The mean backwall response is shown as 
trace (1) in Figure 6.4 (a). Also shown in Figure 6.4 (a) are 
the response from an acceptable bond-line region which is 
given as trace (2) and that from an unacceptable region which 
is given as trace (3). Figure 6.4 (b) shows the measurement 
configuration used for these readings.

It is seen from Figure 6.4 that there is a clear 
differentiation between the response for acceptable and 
unacceptable bond regions and once again; the data for one 
point will not adequately characterise the bond-line 
condition. The statistics for the variability in the 
compression wave data have been calculated and they are given 
as Table 6.1

Acceptable Unacceptable
Mean
Median
Standard deviation

4. 64 
4
1.64

12.74
12
5.58

Table.6.1 Statistics of the response obtained from 
different regions in titanium-titanium diffusion 
bonds when using compression wave measurements.
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Fig 6.4 (a) bondline responses from various regions of 
diffusion bonded titanium plate using compression waves
(b) system measurement configuration.
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6.2 LEAKY RAYLEIGH WAVE MEASUREMENTS
6.2.1 Leaky Rayleigh wave measurement configuration

The generation of Rayleigh waves for imaging purposes has 
been discussion in Section.2.3.5. This condition is met 
whenever a wide aperture transducer is defocused and rays that 
exceed the Rayleigh critical angle for the fluid/solid 
combination are present.

As part of another study involving high grade ceramics 
for aerospace applications, a custom built special 
applications transducer was purchased that had the required 
lens half - angle for the generation of a cone of incident 
longitudinal waves at the Rayleigh critical angle in a range 
of high velocity materials such as silicon nitride. This was 
the Panametrics V3330 50MHz transducer with focal length (F) 
of 5.842 mm and lens diameter (DL) of 6.35 mm. The half angle 
0. of a lens has been given by Gilmore et al. (1986) to be:n

Sin(0H) = 0.5 Dl / [(0.5 DL)2 + (F)2] 14 (6.1)

and inserting the values for DL and F in (6.1) gives a value 
of 28.5° for the half-angle of the V3330 lens. The Rayleigh 
critical angle for various materials may be calculated by 
using (5.24). A table of 0R values for various materials is 
presented in Table.6.2 using water as the immersion medium 
with VF equal to 1490 m/s.

Any water/solid combination that resulted in a critical 
angle exceeding 28.5° would not be able to be Rayleigh wave 
inspected using the V3330. Table.6.2. indicates that the V3330 
would not be able to generate leaky Rayleigh waves on 
aluminium, titanium or steel.
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Material VR (m/s) Rayleigh critical angle (0R)
Silicon Nitride 5417 16°
Plate Glass 3140 28.3°
Aluminium 2845 31.5°
Titanium 2790 32.3°
Steel 2640 34.3°
Table.6.2. Rayleigh critical angle (0R) for various 

water/solid combinations

Customised high frequency/ high resolution transducers 
such as the V3330 are very expensive and hence a technique had 
to be found that would still utilise the V3330 by somehow 
getting around the problem of the V3330's inadequate half 
angle for Rayleigh wave inspection of titanium. Upon studying 
(5.32), it was noted that the only other parameter that could 
be varied was the coupling fluid and therefore the velocity VF 
in this fluid. Choosing the relevant coupling fluid involved 
preparing a list of liquids usable at room temperature and of 
a non-hazardous nature that had longitudinal velocities less 
than that of water.

From an imaging and resolution point of view however, 
apart from the acoustic velocity VL, another important 
parameter to be considered is the absorption coefficient 
(a/f2) . A "coefficient of merit" M can be assigned to certain 
liquids to indicate the improvement in resolution that could 
be obtained relative to water at 30°C. This factor has been 
defined by the following equation (Attal and Quate (1976), 
Lemons and Quate (1979)).

m =  [vwacer. (a/f2)14. ^ ]  / [vllqold. (a/f2) % uld] (6.2)

The higher the value of M, the better the liquid will be for 
optimum resolution. The liquid chosen for this study was 
methyl alcohol and its properties are tabulated in Table.6.3. 
along with those of water at 30°C
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Liquid Temp Vel density impedance (a/f2) M
Water 30 1.509 1.00 1.509 19.1 1.00
Methyl
alcohol 30 1.088 0.796 0.866 30.2 1.10

Table.6.3 The acoustic properties of water and 
methyl alcohol.

If the relevant values; VF = 1088 m/s and VR= 2790 m/s for 
methyl alcohol and titanium respectively are inserted into 
(5.24) , the resulting Rayleigh critical angle is obtained as 
22.9°C. Thus, through the use of a suitable fluid, the V3330's 
28.5° half-angle was now large enough to generate leaky 
Rayleigh waves in Titanium samples under immersion conditions.

6.2.2. Acoustic and Optical images of diffusion bonded 
titanium.

Two metallographic samples of activated diffusion bonded 
titanium (ADB-Ti) were obtained. An optical micrographic 
examination and classification technique was used to classify 
them as an "acceptable” and "unacceptable" bond and were 
numbered M5 and M6 respectively. In both cases, 2 plates of 
titanium, each 2 mm thick, were diffusion bonded together 
using an activation layer.

A study was conducted to compare acoustic and optical 
images of the same representative areas of the samples M5 and 
M6. Prior to imaging the samples optically and acoustically, 
Electron Probe Micro Analysis (EPMA) was carried out on the 
samples to ascertain the material variation or profile across 
the bondline for each of the samples. Results of the EMPA 
analysis are provided in Appendix F . In order to locate the 
electron beam on the sample accurately, four microhardness 
indents (50 gm loads) were made 50 |im apart some 200 |lm above 
and below the centre line of the diffusion weld.
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Only one set of indentations on one side of the bondline 
show up in the optical micrographs of these specimens at 200 
X magnification shown as Figure 6.5 (a) and (b). The optical 
micrographs were taken using Nomarski Differential 
Interference Contrast (DIC) which displays small changes in 
surface flatness. As these specimens have been polished using 
a fine alumina dispersion in a weak acid etching solution (5% 
oxalic acid) they have a relief polish which shows the 
microstructure of the material in DIC.

After adequate levelling of the specimens, the V3330 
transducer was focused onto the top surface of the titanium 
material. Upon defocussing the transducer in small increments 
onto the titanium, the Rayleigh wave signal was noticed to be 
separating away from the paraxial component and the 
defocussing was optimised at 700 p.m. At 700 Jim defocussing, 
the two signals recorded by the digital oscilloscope are shown 
as Figure 6.6.

Acoustic scans were conducted on samples M5 and M6 on the 
same representative areas as for the optical micrographs. The 
magnification has been taken as the ratio of the physical size 
of the final image on the graphics monitor to the translation 
of the transducer. In order to maintain a similar 
magnification factor of 200X, a 500 |im square region of M5 and 
M6 had to be carried out. These acoustic images are given as 
Figures 6.7. (a) and (b) . Analysis of these sets of images are 
provided in Chapter 7.
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Fig 6.5 (a) Nomarski Differential Interference Contrast 
optical micrographs of diffusion bonded titanium samples 

(200 X) Sample M5 (acceptable)
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Fig 6.5 (b) Nomarski Differential Interference Contrast 
optical micrographs of diffusion bonded titanium samples 

(200 X) Sample M6 (unacceptable)
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Date of scan :29/ 4/1991 
Time of scan : 23:35:26:34 
Image is stored in :n5.DRT 
Operator/User name :
Sample description :
Transducer frequency : 
Transducer Type :
Pulser/RX. damping factor : .00 
Pulser/RX. energy leuel : 0 
Pulser/RX. attenuation : .0 dB
Gated PK.Det. control : 12294 
Gated Pk.Det. delay : 705
Step size = .005000 mm

Fig 6.7 Acoustic image of the same area 
as Fig 6.5 (a)

(a) M5 (acceptable) 200X magnification
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Date of scan :28/ 4/1881 
Time of mean : 28:48: 8:34 
Image ia stored in :sfi.DRT 
Operator/User nose :
Sunple description :
Transducer frequency : 
Transducer Type :
Pulser/RX. damping factor : .88 
Pulaer/RX. energy leuel : 8 
PUlser/RX. attenuation : .0 dB
Gated Pfc.Det. control :
Gated PK.Det. delay : 786
Step size ■ .080000 mm

Fig 6.7 Acoustic image of the same area 
as Fig 6.5 (b)

(b) M6 (unacceptable) 200X magnification
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6.2.3 Leaky Rayleigh wave measurements on diffusion bonded 
Titanium.

Both samples M5 and M6 were less than 20 mm in length and 
hence 4, 5mm by 5 mm acoustic scans each at 50 Jim per step 
were planned to adequately cover the width (4mm) and length 
(20 mm) of each of the samples. The specimens were placed in 
a small flat bottomed glass beaker of 200 ml capacity 
containing methyl alcohol (methanol).

The electronic gate was set to a suitable delay and width 
to span the Rayleigh wave pulse shown in Figure 6.6. 5mm by 
5mm scans at 50 Jim per step increment were taken along the 
length of each of the samples. Each image was passed through 
an image processing routine that takes the original image data 
set (that has very small variations in signal level) and 
"stretches" the image set out about that small variation to 
cover all 16 levels of colour supported by the computer 
graphics monitor. The scans were then joined up , one after 
another to form a composite image of the complete sample and 
the resultant images of M5 and M6 are shown in Figure 6.8. (a) 
and (b) . The graduations on the image mark out the 5mm 
boundaries for each scan. These images are discussed in 
Chapter 7.
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(a) (b)

Fig 6.8 Leaky Rayleigh wave images of diffusion bonded 
titanium (a) acceptable bond (b) unacceptable bond
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In addition to the Rayleigh wave images line scans were 

made across and along the bond-line to give V(x) and V(y) data 
respectively at certain locations on the specimen. The data 
for the V(x) case is shown as Figure 6.9.(a) and (b) for the 
acceptable and unacceptable case. The abscissa in Figure 6.9 
(a) and (b) represents distance across the bond-line (in mm) 
with the bond-line located roughly midway along the scan. The 
ordinate represents the output of the gated peak detector that 
has a total range of between 0 and 63.

In order to study V(y) data, the pixels belonging to the 
original leaky Rayleigh wave image along the bond-line were 
obtained and Figure 6.10 illustrates V(y) data for the tViree. 
cases: acceptable, unacceptable and a reference signal taken 
from parent material.



Correction to page 207
Caption to Figure 6.10 should read:
Fig.6.10 Leaky Rayleigh wave V(y) plots for diffusion bonded 

titanium (1) reference level from parent material (2) acceptable
bond (3) unacceptable bond
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The statistics of the V(y) data shown in Figure 6.10 are 
given in Table. 6.4. Two simple parameters which can be used to 
distinguish between the two classes of bond are the mean and 
standard deviation for the V(x) and V(y) curves.

Acceptable Unacceptable
Mean 34.43 31.75
Median 35 32
Standard Deviation 1.24 3.10

Table.6.4 Statistics for the response obtained from 
different regions in titanium-titanium diffusion bonds when 

using leaky Rayleigh wave measurements.



Chapter 7.

ANALYSIS AND DISCUSSION OF RESULTS
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7.1 INTRODUCTION

This chapter collects all the data acquired in the 
experimental section (Chapter 6) and analyses them. Images 
obtained in the two scanning modes are first analysed.

Leaky Rayleigh wave scanning of the metallographic 
sections of diffusion bonded titanium has been considered 
theoretically as Rayleigh wave interaction on welded quarter 
spaces. The results of a finite difference model that predicts 
the Rayleigh wave reflection and transmission coefficients 
shall be compared with the simplistic case of plane wave 
interaction on a perfect interface. This model provides CR and 
CT versus the impedance ratio between two materials on either 
side of the bond-line.

Experimental data obtained from diffusion bonded 
titanium samples in this study using two independent 
techniques: compression and leaky Rayleigh waves, are then
expressed as more quantitative reflection and transmission 
coefficients. Some assumptions are made about the impedance 
ratio at the bond region of these samples. The resulting 
experimental coefficients are finally compared with theory as 
predicted by the FD model.

7.1.1 ANALYSIS OF IMAGES

Compression wave images have been provided in Figure 6.3. 
Optical images and representative Leaky Rayleigh wave images 
of the same areas have been provided in Figures 6.5 and 6.7 
respectively. Finally Leaky Rayleigh wave images of the entire 
metallographic samples have been provided in Figure 6.8.

The first set of images that need to be analysed are the 
Leaky Rayleigh wave images. Figures 6.8 (a) and (b) clearly
show the major differences between M5 and M6, in particular, 
the bond-line appears as a very faint feature between the
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titanium plates in the acceptable case and as a thick heavy- 
set line in the unacceptable case. Regular striations and some 
dark 'patches' well away from the bond-line are also visible 
in both images.

At a frequency of 50 MHz, the Rayleigh wavelength .̂R is 
5 6 fim. This is also the approximate depth of penetration of 
Rayleigh waves in the specimen. The dark patches that appear 
well away from the bond-line were first considered to be a 
condition of the surface eg. as a result of the etchant 
(Keller's etch: a mixture of : 95 ml H20, 1ml HF, 1.5 ml 
concentrated HCL and 2.5 ml concentrated HN03) . Keeping in 
mind the 56 |im or so penetration of Rayleigh waves into the 
material, about 200 |im (or 4^R) was polished off the top 
surface of both samples and re-etched. The samples were then 
re-scanned under similar conditions revealing no change in the 
images, thus ruling out a surface-condition effect.

In order to understand these images therefore, one must 
be aware of the two possible sources of gross material 
property changes: the first being the occurence of the second 
phase of titanium and secondly the diffusion of the copper 
interlayer.

Weglein (1988) has studied titanium diffusion bonds using 
an acoustic microscope at 200 MHz. The imaging configuration 
is similar to the Leaky Rayleigh wave configuration in this 
work. Oxygen is an unavoidable contaminant in the joining 
process and its presence results in the brittle a phase. One 
of the major reasons for using copper as an interlayer is, in 
fact to draw the oxygen away from the bond-line. Measurements 
taken using the V(z) technique in the bond region and 
elsewhere in the bulk region indicated a significant reduction 
in the Rayleigh velocity of about 11% in the bond region. This 
was then shown to be related to a corresponding reduction in 
the bulk modulus in the bond region as compared to the bulk 
region of about 21% thereby showing the degree to which oxygen
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contamination compromises the integrity of the diffusion bond.

Satish et al (1988) have studied the particular problem 
of imaging the grain structure of copper using acoustic 
microscopy. Copper has a very high anisotopy factor of 3.2 and 
therefore should show very good contrast. One factor mentioned 
in this work to be important in obtaining good contrast is the 
power in the re-radiated wave. They have shown that the power 
in the re-radiated wave for copper is less than half the power 
in the re-radiated wave for aluminium. This would account for 
the copper-rich areas on and near the bond-line being very 
dark in Fig.6.7(b).

The effective resolution of the leaky Rayleigh wave 
images may also be analysed. The acoustic lens in this mode is 
used in the "out-of- focus" condition and displaced towards 
the specimen. In this defocussed condition, Smith et al (1983) 
have shown that the acoustic lens generates a circular surface 
wave front on the specimen and that this surface wave front 
propagates to a diffraction limited "surface wave focus".

The two parameters describing the resolution of the time 
resolved surface wave imaging system are the diameter of the 
entry circle (DR) and the "spot size" of the surface wave 
focal zone at the centre of the circle (dsc) (Gilmore et al 
(1986)). This is shown in Figure 2.21. There are various 
criteria for dsc .The range of angles over which the Rayleigh 
waves reflect, transmit or mode-convert in order to contribute 
to the final signal in the image through the bondline has been 
shown to be about 60°. Their study for a 360° spherical lens 
system provides 2 values for dsc. For a 60° system:

dsc = 0. 64 XR (7.1)
For a 360° system:

dsc = 0.32 (7.2)
Hence taking the formulation for the 360° case, with VR in 
titanium equal to 27 90 m/s and a nominal frequency of 50 MHz, 
XR then has a value of 56 Jim, from which dsc is calculated to
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be 18 |im. At the more realistic centre frequency of 32 MHz, 
is 87 |im giving a value of 2 9 |im for dsc. Hence the Rayleigh 
surface wave images should have resolutions of the order of 
18-29 Jim. Note that both these figure are substantially better 
than the 40 p.m spot size at focus. Figure 4.12. shows a C-scan 
at focus of an electron microscope copper support grid with 45 
|im holes. The demonstration of this theoretical improvement in 
resolution was attempted by scanning the same grid under 
immersion in methanol in the leaky Rayleigh wave mode. Due to 
the grid pattern, however, the travel path of the Rayleigh 
waves were interrupted and hence Rayleigh waves could not be 
supported.

Apart from providing a method of obtaining reflection and 
transmission measurements, the major application of the 
Rayleigh wave scans is in providing acoustic scans that may be 
compared with optical micrographs. The same sample may be used 
for two related inspection methods with no special preparation 
or modification. There is, however, one other interesting 
offshoot from the scans: they provide information related to 
features interrogated by the focused transducer in the 
conventional C-scan configuration in the axial plane. This is 
independent of the plate thickness. The scan therefore 
provides information that could be used to optimise the 
acoustic lens for use in the C-scan configuration. The design 
of an aspheric lens (Gilmore et al. (1986)) or optimisation of 
the depth of field of the lens may thus be undertaken for a 
particular material combination and thickness.

A more accurate and detailed interpretation of these 
images would require more detailed knowledge of the material 
property of the parent titanium plate and diffusion bonding 
process than that available at this time.
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7.1.2. ANALYSIS OF DATA AND MODEL EVALUATION

Accurate determination of the reflection (CR) and 
transmission coefficients (CT) from the bond-line require 
precise knowledge of the transducers characteristics eg. the 
properties of the piezoelectric backing, matching layers and 
the couplant. The transducer used is a commercial one and 
hence its electro-mechanical conversion factors etc. are not 
known. The best way around the problem is to take a back-wall- 
echo measurement from a specimen of one-plate thickness. This 
provides a reference signal which can be used to deconvolve 
out the effects of the transducer when the same transducer is 
used with the two-plate structure. Margetan et al (1990) have 
used this concept in their study of diffusion bonds.

For all three sets of data in Fig.6.4 (a) it is assumed 
that there is the same incident wave field. The effective 
incident field I, can be estimated from the data in the single 
plate thickness or "step region" given that;

I = CR + CT
If the data for the step region is taken to be that for 

a perfect titanium-water interface with coefficients CR = 0.8 
and CT = 0.2, the effective incident field is then
proportional to the back-wall echo corrected for its 
transmission loss. The bond-line reflection coefficient is 
then calculated using the voltage measured for the signal 
reflected by the bond-line divided by the voltage for the 
effective incident field. The coefficients for the data shown 
in Fig.6.4 (a), are given as Table.7.1.



Correction to page 215
replace page 215 with the following:

Acceptable
Unacceptable

Reflection 
Coefficient 

-0.04 to -0.08 (-0.06) 
-0.09 to -0.23 (-0.16)

Transmission 
Coefficient 

0.92 to 0.96 (0.94) 
0.77 - 0.91 (0.84)

Table.7.1 Reflection and transmission coefficient 
data for titanium-titanium diffusion bonds obtained from 
compression wave data. (Average values given in brackets)
Using the V(x) data of the type given in Figure 6.9 and a 

method proposed by Weaver et al (1989) detailed in Appendix D, 
the transmission and reflection coefficients for the leaky 
Rayleigh wave response of the bond-line can also be determined. 
The resulting coefficients are given in Table 7.2. These 
coefficients have been calculated for the standard deviation 
range about the mean for each region rather than for single spot 
values.

jIt must be stressed that both measurement techniques using 
the acoustic microscope provide absolute values of CR and CT ie. 
no phase information is provided. Both Compression waves in the 
C-scan measurements and Rayleigh waves in the LRW measurements I 
are made with acoustic energy incident from the titanium plate 
having a lower impedance than the bond region that has been shown 
by Electron Probe Micro Analysis (EPMA) to have a larger 
impedance. The reflection coefficients in both Tables 7.1 and 7.2 
have therefore been given negative signs to indicate a change in 
phase upon reflection at the higher impedance region.

Table.7.2 Reflection and transmission coefficient data for 
titanium-titanium diffusion bonds obtained from leaky 
Rayleigh wave data. (Average values given in brackets)

Acceptable
Unacceptable

Reflection 
Coefficient 

-0.12 to -0.17 (-0.145) 
-0.13 to -0.28 (-0.205)

Transmission 
Coefficient 

0.83 - 0.88 (0.855) 
0.72 - 0.87 (0.795)



215
Reflection Transmission
Coefficient 
0.04 - 0.08 
0.09 - 0.23

Coefficient
Acceptable
Unacceptable

0.96 - 0.92 
0.77 - 0.91

Table.7.1 Reflection and transmission coefficient 
data for titanium-titanium diffusion bonds obtained from

compression wave data.

Using the V(x) data of the type given in Figure 6.9 and 
a method proposed by Weaver et al (1989) detailed in Appendix 
D, the transmission and reflection coefficients for the leaky 
Rayleigh wave response of the bond-line can also be 
determined. The resulting coefficients are given in Table 7.2. 
These coefficients have been calculated for the standard 
deviation range about the mean for each region rather than for 
single spot values.

Table.7.2 Reflection and transmission coefficient data for 
titanium-titanium diffusion bonds obtained from leaky

Rayleigh wave data.

In all the data shown in Figures 6.9 and 6.10 it is seen 
that for an unacceptable bond condition there is a clearly 
measured difference in signal level compared with that for an 
acceptable bond. Similar reflection and transmission 
coefficients are obtained using the two different techniques 
according to Tables 7.1 and 7.2. A slight difference exists 
between the reflection and transmission coefficients for the 
compression wave case in that they seem to be being slightly 
lower and higher respectively than their counterparts in the 
Rayleigh wave case.

Reflection Transmission

Acceptable
Unacceptable

Coefficient 
0.12 - 0.17 
0.13 - 0.28

Coefficient 
0.83 - 0.88 
0.72 - 0.87
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Although the reason for this difference cannot be readily 

explained , it is useful to recall the principal coefficient 
being measured in each configuration. The compression wave 
data is obtained by reflection from the bond-line and it is 
the reflection coefficient that is first calculated, whereas 
the Rayleigh wave data is a transmission measurement: when the 
interface is at the centre of the Rayleigh wave annulus, it is 
the "transmission" of Rayleigh waves across the interface that 
causes the principal variation or "dip" in the V(x) curve that 
leads to the transmission coefficient being measured. The 
reflection coefficient is then calculated from (7.3).

One important observation that can be made from these 
measurements is that the variability in the bond region is 
also highly statistical and any single point measurement will 
not be adequate to characterise a bond. In the experimental 
V(y) data given in Figure 6.10 which is measured along the 
bond line, the statistical nature of the variability in bond 
line and its response to ultrasound is clearly seen.

In both acceptable and unacceptable bond-line regions, 
there are areas where the reflection coefficients are the same 
and this is reflected in the overlap in values recorded in 
Tables.7.1 and 7.2. A further important observation is that in 
general, the acoustic response from an unacceptable diffusion 
bond-line has shown a greater degree of spread (ie. more 
"noisy") than an acceptable one.

The material property profile across the bond-line was 
studied by subjecting the two representative titanium samples 
to Electron Probe Micro Analysis and this is detailed in 
Appendix F. Electron Probe Micro Analysis (EPMA) reveals the 
percentage of a certain element in the parent titanium 
material. The assumption is made that the profile of this 
parameter across a bond-line follows the impedance profile of 
this material. Taking the worst (unacceptable) case in Figure 
F2, the impedance of the bond region (which is identified



Correction to page 217
Page 217 should read:
. . .from the plot for copper) is observed not to vary by more than 
10 % of the surrounding parent titanium plate. The ratio Z1/Z2 
for our diffusion bonded titanium samples M5 and M6 is therefore 
taken to be about 0.9. For this value of impedance contrast mode 
conversion losses are considered to be small enough to be 
neglected ie. in (5.30), EMC = 0.

The FD model may thus be evaluated experimentally by 
comparing it with the experimental reflection and transmission 
coefficients provided in Tables 7.1 and 7.2.
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from the plot for copper) is observed not to vary by more than 
10 % of the surrounding parent titanium plate. The ratio Z1/Z1 
for our diffusion bonded titanium samples M5 and M6 is 
therefore taken to be about 1.1. For this value of impedance 
contrast mode conversion losses are considered to be small 
enough to be neglected ie. in (5.30), EMC = 0.

The FD model may thus be evaluated experimentally by 
comparing it with the experimental reflection and transmission 
coefficients provided in Tables 7.1 and 7.2.
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Correction to page 218
The corrected version of Figure 7.1 is given below:

R and T.coefficients (DISPLACEMENT AMPLITUDE) vs. Z1/Z2 (linear scale)

TRANSMISSION

REFLECTION
Acceptable'0.5

"Unacceptab

FD model by Bond: and Aristodemou (1988) *

C-scan experimental (this work) o

Leaky Rayleigh Wave experimental (this work) x
-0.5

3.52.50.5

Impedance contrast [Z1/Z2]
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TRANSMISSION

0.5

FD model by Bondi and Aristodemou (1988) *

C-scan experimental (this work) o

Leaky Rayleigh Wave experimental (this work) x
-0.5

0 0.5 2 2.51 1.5 3 3.5

Impedance contrast [Z1/Z2]

Fig.7.1 Comparison between plane wave model, FD model by Bond 
and Aristodemou (1988) and experimental measurements (this

work)



Correction to page 219
Para.l, line 5 should read:
"On this graph, the average values for experimentally obtained 
CR and CT for the "acceptable" diffusion bonded titanium sample 
given in Tables 7.1 and 7.2 are plotted for an impedance ratio 
Z jZ2 of 0.9."
The following paragraph should be inserted between paragraphs 2 
and 3 on page 219.
One observation that can be made from Figure 7.1 is that the C- 
scan reflection and transmission coefficients are in good 
agreement with the plane wave model described by the equations 
(5.1) and (5.2). Using the acceptable sample as a standard, the 
average values of CR and CT for the unacceptable sample were 
first located on the ordinate and, at their intersection with the 
plane wave model, were extrapolated down to the abscissa 
(impedance contrast). A lower value of Z1/Z2 = 0.74 is observed 
for this unacceptable sample indicating a higher value of Z2. 
This has been confirmed by EPMA studies detailed in Appendix F.
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Figure 7.1 shows the plane wave Cr and CT for a perfect 

interface along with the Rayleigh wave CR and CT results of the 
FD model (Bond and Aristodemou (1988)). This FD model provides 
CR and CT data for the case of Rayleigh wave normal incidence 
on the interface between two welded quarter spaces. On this 
graph, the average values for experimentally obtained CR and 
CT for acceptable diffusion bonded titanium obtained from 
Tables 7.1 and 7.2 are plotted for an impedance ratio of 1.1.

Figure 7.1 shows that for very low contrast values, the 
FD model and the plane wave case show good agreement. As the 
value of Z jZ2 increases, the coefficients, in particular the 
transmission coefficients being to deviate away from the plane 
wave case.

The major factor for this deviation is considered to be 
the actual composition of the Rayleigh wave : both shear and 
longitudinal components exist in a Rayleigh wave and this is 
not the case for the plane wave case.

Another important reason for this deviation from the 
plane wave case at high values of Z JZ2 is now discussed 
considering the limiting case. In the extreme case when the 
impedance contrast ratio Zl/Z2 becomes very large, the first 
quadrant can be considered to be a quarter space or a 90° 
corner. This case has been considered by Blake and Bond 
(1990). Using a mixed finite element-finite difference scheme, 
they studied the interaction of a Ricker pulse of Rayleigh 
waves with a 90° corner. This corresponds to a very deep crack 
or a total delamination. They have presented their results as 
a series of numerical visualisations given in Figure 7.2.

The incident Rayleigh wave gives rise to reflected (Rr) 
and transmitted (Rt) Rayleigh waves with compression (C) and 
shear (S) waves radiating from the apex of the wedge. As time 
goes by, the diverging body wave pulses diminish in amplitude
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as they must do if they are to conserve the energy in the 
system. The scattered Rayleigh waves, on the other hand, 
maintain their amplitude and eventually settle down to a 
quiescent waveform.

The compression wave amplitude is distributed in a broad 
cone around the wedge bisector and reduces in amplitude 
towards the surface. The surface grazing part of the 
compression wavefield cannot satisfy the stress-free surface 
boundary conditions and consequently a "head-wave" (Vs) is 
generated. The diverging shear wave pulse has far more 
structure than the compression wavefield. There are two main 
lobes of shear waves roughly symmetric either side of the 
wedge bisector. The interference of the head waves with the 
spherical shear waves gives the appearance of vortices within 
the shear wavefield. Spectral or wavenumber Rayleigh wave 
scattering coefficients have been obtained by Fourier analysis 
of the scattered waveforms. For mild steel (Poissons ratio of 
0.29), Blake and Bond (1990) provide a reflection coefficient 
of 35.0% +1.0% and transmission coefficient of 68.0% + 1.0%.

As Z2/Z2 becomes large in Figure 7.1, the welded quarter 
space approaches the 90° corner situation shown in Figure 7.2. 
This is seen to be a strong scatterer and the situation is 
clearly far more complex than just a straightforward 
transmission and reflection of energy. The plane wave 
incidence case does not take this into account, however, these 
effects cannot be ignored.
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Rr

Vs

Vs

Fig 7.2 Numerical visualisation of a Ricker pulse of 
Rayleigh waves scattering from a 90° corner
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7.2 DISCUSSION OF RESULTS

The results in Tables 7.1 and 7.2 may be compared with 
work by other workers who have also taken average value 
readings of reflection coefficient. Palmer et al.(1988) have 
obtained experimental reflection and transmission coefficients 
at 10 MHz from a series of copper-copper diffusion bonded 
samples. The samples all had an initial surface roughness of 
0.12 Jim and the parameters varied were bonding times and 
temperature. Figure 7.2 is a plot of bond strength (defined as 
ultimate tensile strength) versus reflection coefficient.
The bond strength was observed to decrease monotonically with 
increasing reflection coefficient for a given surface 
roughness prior to bonding.
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Fig.7.3 Plot of bond strength vs. reflection coefficient for 
samples bonded under various time and temperature conditions.
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It is interesting to note that Palmer et al. (1988) record 

a large degree of scatter in their results in the reflection 
coefficient range 0.06 to 0.20. This compares well with 
reflection coefficients measured in the compression wave 
configuration provided as Table 7.1.

Previous experimental studies on diffusion bonding in 
titanium by other workers have considered the change in the 
Rayleigh wave velocity in the bond-line as compared with the 
bulk titanium parent material (Weglein (1988)). Although 
accurate Rayleigh wave velocity measurements using the V(z) 
technique are possible (See Appendix.C), relating velocity 
measurements obtained at 50 MHz using a defocused spherical 
lens on titanium to a similar velocity measurement in the C- 
scan configuration would have been difficult. First of all, a 
more accurate method of velocity measurement would have to be 
developed in C-scan. This technique would then have to take
into account the focused nature of the transducer.
Additionally, if Rayleigh waves are required to be generated 
on the interface in C-scan configuration, the Rayleigh 
wavelength ,̂R would have to be of the order of the distance
from the top surface to the bond-line ie. 2mm, hence a very
much lower frequency of about 2 MHz would be required. Thus, 
for various plate thicknesses, various transducers would have 
to be designed and customised. This study has therefore 
concentrated on the measurement of the change in reflection 
coefficient rather than velocity. The FD model and 
experimental data may now be analysed.
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An important consideration in analysing the differences

between the FD model and experimental data is the angular
dependence of reflection and transmisson coefficients.
The finite difference model by Bond and Aristodemou (1988) 
assumes normal incidence of Rayleigh waves on the interface. 
Although the measurement technique also makes this assumption, 
this is not the case for a defocused spherical lens over the 
interface and therefore the angular dependence of the 
reflection and transmission coefficient needs to be discussed.

When a large aperture spherical lens is sufficiently 
defocused onto a specimen, the cone of Rayleigh waves incident 
upon the material create a circular "footprint" that is 
commonly termed the Rayleigh wave "entry circle" (Gilmore et 
al.(1986), Yamanaka (1983) ,Weaver et al.(1989)). Rayleigh
waves are incident upon the surface of the specimen in a 360° 
circle. The important point as far as the measurement
technique is concerned is the effective range of angles that
contribute to the final signal detected in the V(x) plots in 
this study.

Angel and Achenbach (1984) havederived formulations for 
the reflection and transmission coefficients for Rayleigh waves 
incident upon a surface breaking crack and plots for two cases 
have been provided: coefficients for (1) versus angle of
incidence for various values of frequency and (2) versus
frequency for various values of angles of incidence (See
Section 5.4). Their study used a value of Poissons ratio, c 
=0.3 which is applicable for this study of titanium diffusion 
bonds. The observation made in this study was that a critical 
angle of incidence exists (which is dependent on material 
properties) and beyond which no mechanical energy is radiated 
into the solid by body waves.

Chen and Alsop (1979) have carried out numerical
calculations of reflection and transmission coefficients of 
obliquely incident Rayleigh waves at a vertical discontinuity



Correction to page 226
Paragraph 1, line 13 should read: " {Z1/Z2 = 0.9) is plexiglass to 
polystyrene {ZjZ2 - 0 .7469). Over a 35° angular range, the 
reflection coefficient drops from 0.08 to 0.07 (a drop of some 
12.7%). The transmission coefficient, however, drops from 1.2 to 
1.0 (a drop of 17%)".
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between two welded quarter spaces. They used the 
polystyrene/plexiglass system used experimentally by McGarr 
and Alsop (1967). The transmission and reflection coefficients 
at normal incidence compare well with McGarr and Alsop (1967). 
Figures 7.4 and 7.5 summarises the results of this work (Chen 
and Alsop (1979). In Figure 7.4, the reflected energy is 
plotted as a function of incident energy. The reflected 
energy is seen to be less than 1% for angles of reflection 
which are less than 40°. Figure 7.5 provides the transmission 
(CT) and reflection (CR) coefficient for the surface amplitude 
as a function of incident angle. Of the two cases provided, 
the one closest to that of the titanium samples under study 
(Z1/Z2 = 0.9) is polystyrene to plexiglass (Zx/Z2 = 1.338) . ’Over 
a 35° angular range, the reflection coefficient drops from
0.08 to 0.07 (a drop of some 12.5%) . The transmission 
coefficient, however, drops from 0.8 to 0.54 (a drop of 25%) .

In the Rayleigh wave imaging mode, Gilmore et al (1986) 
and Yamanaka (1983) have shown that using a spherical lens of 
the type used in this study, the effective range of angles for 
which the Rayleigh waves contribute to the final Rayleigh wave 
signal is a quadrant of angles approximately ±  30° in extent. 
This compares well with the angular range considered by Chen 
and Alsop (1979) .

When interpreting the V(x) curves, one should therefore 
keep in mind the small range of angles contributing to the 
final response. Correction factors therefore need to be made 
to the Rayleigh wave results to account for this angular 
dependence. An experimental study of the angular dependence 
could be carried out using a cylindrical lens with a line 
focus. The transducer should have a centre frequency of 50 
MHz. When this lens is defocused onto titanium, a plane of 
Rayleigh waves are incident upon the bondline. The 
metallographic sample may be centrally mounted on the axis of 
a rotating table and V(x) scans may then be taken for various 
angles of incidence.
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The Rayleigh wave configuration would appear to provide 

good relative measurements of the quality of a bond. The use 
of this technique for absolute measurements is not 
recommended.
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Chapter 8.

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
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8.1 CONCLUSIONS

A broadband acoustic microscope operating at a nominal 
centre frequency of 50 MHz has been developed around 
requirements specific to the characterisation of a wide range 
of advanced materials. The system can perform acoustic imaging 
in various modes and has RF data capture capability for signal 
processing. Calibration of the system has been conducted 
through the characterisation of commercially available 
ultrasonic lenses using the concept of modulation transfer 
function from optics. The system has been applied to the 
particular problem of diffusion bonding in titanium alloys 
using interlayers.

Through the use of lenses with suitable focal lengths, 
features on the bond-line between two sheets of 2mm thick 
titanium plates have been imaged. Reflection and transmission 
coefficients of regions of a titanium plate with three regions 
of different process conditions have been measured.

Metallographic sections that provide the bond-line normal 
to the free surface have been imaged using Leaky Rayleigh 
waves. These samples are used for optical classification of 
bond quality. Comparisons between acoustic and optical images 
have been made and the acoustic images have been shown to be 
able to distinguish between acceptable and unacceptable 
diffusion bonds which have previously been classified by 
optical examination. In addition to the images, experimental 
reflection and transmission coefficients have been measured in 
the leaky Rayleigh wave configuration.

The change in ultrasonic reflection and transmission 
coefficient with variation in the impedance contrast between 
two similar materials diffusion bonded together with an 
interlayer has been studied. The results of a finite 
difference formulation studying Rayleigh wave interaction with 
welded quarter spaces has been compared with a plane wave



Correction to page 231
Paragraph 3, line 11 should read:
"The ultrasonic response from an acceptable and unacceptable 

diffusion bond has been shown to be highly statistical in nature. 
Due to the limited number of graded samples available in this 
study, the measurement technique has not provided a deterministic 
method of characterising diffusion bonds; however, the means of 
the ultrasonic responses obtained from an acceptable and an 
unacceptable diffusion bond have been shown to be different."
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model and for values of ZjZz very close to or equal to 1, the 
two models have been shown to be in good agreement. 
Experimental data obtained in the leaky Rayleigh wave and C- 
scan mode have been compared and have been observed to have 
similar values. The principal reasons for the deviation of the 
FD model from the plane wave case at large values of impedance 
contrast have been considered by studying the complex 
scattering at the limiting case, that of a 90° corner.

The experimental results in this study have been compared 
with data obtained from the FD model. Reasons for the 
difference in measurements have been given, the two major 
differences being given as the basic composition of the 
Rayleigh wave and the angular dependance of reflection and 
transmission coefficient. Possible extensions to the FD model 
(Bond and Aristodemou (1988) ) have been suggested. These 
include modelling the effect of partial bonding. Any future 
comparisons between extensions of the FD model and Rayleigh 
wave measurements taken with a spherical lens will have to 
take into account the angular dependence of reflection and 
transmission coefficients. Repeating the Rayleigh wave 
measurements with a line-focus lens instead of a spherical one 
has been suggested.

A substantial amount of work remains before the 
industrially amenable C-scan technique can directly be related 
to bond strength. Solutions w ’lL li  emerge from , the 
metallurgical and measurements community and they each have an 
important role to play: metallurgists who prepare the
diffusion bonds require an understanding of the bonding 
process and the microstructures resulting from them before 
they can contribute to solutions. The ultrasonics measurements 
community must take note of the fact that these 
microstructures can be quite complex and shall significantly 
influence any signals being measured. The difference in 
ultrasonic response between an acceptable and an unacceptable 
diffusion bond is shown to be highly statistical in nature.
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No single point measurements will adequately characterise a 
bond and any practical measurements of ultrasonic bond-line 
responses will therefore be required to include statistical 
consideration of the data.

It is believed that the use of high frequency ultrasound 
through an acoustic microscope such as that developed in this 
study shall prove to be a leading Non Destructive Evaluation 
technique in answering these questions.

8.2 RECOMMENDATIONS FOR FURTHER WORK

Recommendations for further work may be summarised as follows:
1. The development of a new finite difference model 

that simulates partial bonding.
2. A feasibility study of using data obtained through the 

measurement technique to provide parameters for input 
to the "spring model" (Baik and Thompson (1984)).

3. Empirical correlation of CR and Cx with bond strength, 
both for titanium and dluminium Lithium. Measurements 
taken both with spherical and line-focus lenses.

The plane wave model cannot deal with a partial bond 
situation since it is a model for a perfect interface. This 
model can be modified to simulate partial bonding. Baik and 
Thompson (1984) and Palmer et al.(1988). have shown that the 
acoustic response of imperfect interfaces may be described by 
a quasi-static spring model. The spring stiffness is a 
function of the contact geometry and therefore affects the 
reflection coefficient of a compressional wave incident upon 
the interface.

Punjani and Bond (1986) have numerically modelled the 
two-dimensional diffraction of a plane wave by partially 
closed cracks. Results for both compressional and shear- 
vertical (SV) incident waves have been presented for an 
arbitrary normalised spring constant. A new partial bonding FD
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model can be developed that shall provide the reflection and 
transmission coefficients for various values of spring 
constant. Experimentally obtained reflection and transmission 
coefficients similar to those obtained in this study could 
then be correlated with the FD model to obtain figures of 
"degree of partial bonding" for each sample and this in turn 
can be related to bond strength via the "spring model".

In addition to the numerical modelling work just outlined 
the high frequency acoustic microscope can be used to provide 
data vital to the low frequency approximation, distributed 
spring model. The main drawback of the model is that it does 
not directly provide information on bond strength. To obtain 
such information, the samples have to be destructively tested 
and the fracture surfaces studied to establish the initial 
contact geometry. This study has shown that through the use of 
high frequency focused transducers, line scans of acoustic 
response from the bond-line similar to Figure 6.4 may be 
obtained. The complex signals need to be accordingly 
processed, however, these responses may contain information 
about asperities or contact geometries. Assuming proper 
processing is carried out, this would then be a non - 
destructive method of acquiring data for input into the spring 
model previously only obtained by destructive testing.

Correlation of reflection and transmission coefficients 
with bond strength was not carried out in this project due to 
lack of adequately prepared samples. Preparing "graded 
quality" diffusion bonds is not a straightforward task. Work 
is currently in hand to utilise the measurement technique on 
aluminium Lithium alloys. A set of press bonded CLluminium 
Lithium samples are currently being manufactured that will 
each provide the C-scans, the Rayleigh wave scans and also act 
as samples to be used in conjunction with a special jig being 
produced for destructive testing as to date, no standards 
appear to exist for the destructive testing of solid-state 
bonds.
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Preliminary Leaky Rayleigh wave scans on the (Xluminium- 

lithium samples provided indicate the following points:
(a) Unlike titanium, the images appears to show very 

little material "structure" in the parent material.
(b) The bond-line appears as a very thin but easily 

detectable line showing good contrast as compared against the 
parent material.

(c) In general, the parent material shows a return signal 
of larger amplitude than parent titanium.

All these factors indicate that aluminium- lithium would 
be a good candidate for the measurement technique. In addition 
to press bonded CLluminium lithium, various other types of 
diffusion bonded (Xluminium Lithium bonds exist such as those 
produced by the detonation of an explosive charge. A leaky 
Rayleigh wave scan of a typical sample with the bond-line 
normal to the free surface is shown as Fig 8.1. The sinusoidal 
pattern produced by the shock wave of the line charge shows up 
as a sinusoidal variation in material properties along the 
bond-line.

A quantitative evaluation of the angular dependence of 
Rayleigh wave reflection and transmission coefficients may be 
studied using a line focus lens and compared with those 
obtained by a spherical lens.
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Fig.8.1 Leaky Rayleigh wave scan of explosively diffusion 
bonded Aluminium-Lithium alloy.
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APPENDIX A.

THE GP100 GATED PEAK DETECTOR BOARD

The Gated Peak Detector Board (GP100) has been designed 
in conjunction with Cossor Electronics Ltd. A block diagram of 
the card layout is shown as Figure A1. (Cossor Electronics 
Ltd. (1989))

The GP100 is an ultrasonic, high speed, single-shot gated 
peak detector on a PC-AT compatible board. It can be used in 
critical flaw detection applications which require broadband, 
high-frequency performance to achieve high resolution.

The board digitises the peak amplitude of the highest
ultrasonic signal within the selected gate. The digital data 
is then available to the computer for processing. An analogue 
output is also provided corresponding to the peak amplitude 
within the gate.

The position and width of the gate are controlled by the 
computer. The gate delay can be triggered from the pulse 
repetition frequency (p.r.f) pulse or by a selected interface 
echo. A monitor signal is provided for display on an
oscilloscope. This shows the waveforms of the r.f. signal
input and the gate position on alternate p.r.f. updates. This 
allows the gate position to be set accurately on the feature 
to be detected.
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The GP100 port locations are configured for 250 (hex) . If 

this location conflict with an existing device, it can be 
changed by resetting the board's appropriate jumpers.

The GP100 is designed to fit in a full size 8 or 16 bit 
expansion slot on the computer's mother board. Once the board 
is firmly in place in the expansion slot, the input and output 
connections to the BNC connectors at the back of the board are 
attached. Figure A2 describes these connectors and their 
locations.

Monitor Output
R1S3 R59

Peak Output
Prf Output
Analogue Input

Fig. A2. GP100 BNC connector description
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SKI (Monitor Output)
RF monitor signal alternating with the gate monitor signal. 
Facilitates setting up the board using an oscilloscope.
SK2 (Peak Output)
Analogue output in range 0 - IV at 50 ohms, corresponding to 
converted digital data.
SK3 (PRF Output)
A 200 ns positive pulse, TTL output loaded by 50 ohms. 
Frequency is software selectable.
SK4 (Analogue Input)
RF signal input in the range of +/- 1.0 volts peak-to-peak (50
Q) .

Setup Potentiometers
(1) R59: Peak (analogue) signal, dc offset adjust.
(2) R60: Echo Trigger, level adjust.
(3) R61: Peak Detector maximum signal, gain adjust.
(4) R104: Monitor Output, dc offset adjust.
(5) R123: Peak Detector minimum signal, level adjust.

BOARD SETUP PROCEDURE 
A. Preliminary
1) Set up the configuration shown in Figure A3.
2) Run the program GPTEST and set PRF to 10 kHz.
3) Trigger the oscilloscope on the PRF signal and allow 1 

minute for the board to settle.
4) Adjust pulser/receiver to give a clear echo on the 

screen.

B. Monitor output zero level adjustment.
1) Terminate the pulser/receiver output with a 50 O  load.
2) Display the monitor signal on the oscilloscope.
3) Set trigger on the GP100 to tx trigger.
4) Adjust R104 (see Figure. A2) to set the monitor output

signal zero level during the gate period to zero.
5) Disconnect the monitor signal on the oscilloscope.
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P/RSKI SKE SK3 SK4
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Fig A3. GP100 Setup configuration 1

OSCILLOSCOPE

CHI CHE TRIG 
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TRANSDUCER
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SKI SKE SK3 SK4

SK5 GP100

O t 6
ANAL PRF P/R
0/P I/P
PULSER/RECEIVER

Fig A4. GP100 Setup configuration 2
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C. Peak detector adjustment
1) Terminate the pulser/receiver output with a 50 ohm load.
2) Connect the peak (analogue) output to the oscilloscope.
3) Adjust R123 so that the peak value reading displayed 

just changes from 0 mV to 15.6 mV (0 to 1), then turn 
back R123 back so that the reading reads 0 mV.

4) Ensure that the peak (analogue) signal, which now as a 
value of zero volts, is adjusted to have zero DC offset.

5) Adjust R59 to set the DC offset level.
6) Display the monitor signal and the peak (analogue) 

signal on the oscilloscope.
7) Set the zero for each signal to be the same on the 

oscilloscope.
8. Set up the configuration shown in Figure A4.
9. Adjust the pulser/receiver to give an input signal peak

of slightly more than 0.795 V, but less than 0.810 V.
(NB do not use monitor output to check this).

10. Adjust R61 to give a reading for the peak value of
0.7956 V (33 hex). Note that, due to noise, the peak
value may be 0.780V (32 hex) or 0.8112 V (34 hex).

11. Set the gate threshold level to be 31.2 mV (2 hex) less 
than the peak value.

12. Adjust R59 so that the peak (analogue) output is the 
same as the gate threshold level.

CALIBRATION CHECK
In order to ensure that the performance of the GP100 is 

maintained, periodic calibration checks should be made. If a 
recalibration of the board is required then the BOARD SETUP 
PROCEDURE should be followed. A suitable calibration check 
involves measuring the peak of known signals of amplitudes of 
say 0.2 V and 0.8 V. An oscilloscope of adequate bandwidth is 
required for a calibration check.

GP100 BOARD SOFTWARE DRIVERS
A set of board driver functions have been written in the 

C language for linking into various high level languages. The
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functions assumed the Large Memory Model in all application 
programs. During the creation of an application program eg. 
the scanning routine (SCAN100.EXE) , the compiled program 
SCANIOO.FOR had to be linked in with the driver object module 
GP.OBJ and the C library CL.LIB. The drivers written in C for 
the GP100 board were:

GPINIT Initialisation
GPINT Interrupt service
GPIN Input
GPOUT Output
GPRESET - Reset
GPDIS Disable
GPSTAT Status

GPINIT - INITIALISATION PROCEDURE
This is the initialisation procedure for the board. It 

should be called before any attempt is made to read or write 
to the board. It requires the selection of an interrupt line 
and board I/O address.
Input : INTEGER - selected interrupt line

10 = IRQ 10, 11 = IRQ 11, 12 =1RQ 12, 15 = IRQ 15 
INTEGER - I/O address switch 
base address (hex) SI S2

300 0 0
308 1 0
310 0 1
318 1 1

Output: none

GPINT - INTERRUPT SERVICE ROUTINE PROCEDURE
This procedure is called when the GP100 requests an interrupt 
from the selected interrupt request line (IRQ10, IRQ11, IRQ12, 
IRQ15). Further interrupts will be disabled until GPRESET is 
called.
Input: none
Output: none
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GPIN - PORT INPUT PROCEDURE
This procedure will request input of data from the GP100. 

It will receive one word containing the gated peak and an 
alarm flag.
Input: none
Output: INTEGER - gated peak (bits 0 - 5 )

01 = 15.6 mV
3F = 1 V in 25 ns steps
alarm bit (bit 8)
0 = below threshold, 1 = above threshold

GPOUT - PORT OUTPUT PROCEDURE
This procedure will output data to the GP100. Four words 

of data will be sent which will program gatewidth, maximum 
delay, trigger mode, PRF, gate delay, blanking and threshold. 
Input: INTEGER - control word consisting of:

cratewidth (bits 0 - 9 )
000 = 25 ns
3FF = 25.6 }is in 25 ns steps
maximum delay (bit 10)
0 = 3.2 ms
1 = 1.6 ms
trigger mode (bit 11)
0 = trigger on transmit pulse
1 = trigger from interface
Pulse Repetition Freguencv (bits 12 - 14)
001 = 250 Hz
010 = 500 Hz
Oil = 1000 Hz
100 = 2000 Hz
101 = 4000 Hz
110 = 5000 Hz
111 = 10000 Hz
Interrupt acknowledge (bit 15)
pulsed to 1 to reset interrupt
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INTEGER - gate delay :
maximum delay in MODE 1 = 1.6 ms:
0001 = 110 ns 
FFFF = 1.6385 ns
maximum delay in MODE 2 = 3.2 ms
0000 = 1.6385 ms 
FFFF = 3.27 69 ms in 25 ns steps 

NB. For even multiples of 25 ns gatewidth, subtract 25 ns from 
gate delay.

INTEGER - blanking
0004 = 400 ns
FFFF = 6.5536 ms in 100 ns steps 

INTEGER - threshold 
000 = 15.6 mV

Output: none

GPRESET - RESET PROCEDURE
This procedure will reset the board ready for the next 

interrupt.
Input: INTEGER - control word
Output: none

GPDIS ~ DISABLE PROCEDURE
This procedure will disable the board by masking out the 

interrupt line.
Input: INTEGER - control word
Output: none

GPSTAT - STATUS PROCEDURE
This procedure will get the status of the board 

interrupt.
Input: none
Output: INTEGER - status flag: 0 = interrupt enabled

1 = interrupt disabled
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Program name 
Probe translation
1. FINE
Acoustic imaging
2. AVSCAN100
RF data capture
3. RF512
Image manipulation
4. TEVAL

5. PROFILE

6. EXPAND

7. SORT

APPENDIX B 
TABLE OF SOFTWARE

Brief description

Axis translation routine

Acoustic imaging routine

512-point Rf data capture 
and analysis
Image recall routine with polymarker for 
identification of coordinate of interest 
when used in conjunction with TEVAL, will 
provide vertical and horizontal pixel 
data about a certain pixel location, 
useful for obtaining V(x) and V(y) data 
basic image processing routine, takes in 
raw image data and expands it out over 
given range to enhance features not seen 
in original image
reads in raw image data file and sorts 
pixel values into histogram of level 
versus frequency of occurrence
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APPENDIX C 

DEFOCUS OPTIMISATION BY BROADBAND V(Z)
I .THEORY

The benefits of using single frequency equipment in the 
research laboratory have been outlined in Sections. 2.3.1 and 
2.3.2. Despite these benefits, most industrial concerns who 
routinely carry out C-scanning as part of a quality control 
process use broadband probes excited by short impulses as used 
in the UCL PDRAM. In this system, the paraxial and Leaky 
Rayleigh wave component are separated in time and the 
interference responsible for the nulls in the V(z) curve do 
not occur.

There is the case therefore for being able to transfer 
some of the more useful single frequency techniques such as 
V(z) for accurate velocity measurements over to the more 
widely available and practical broadband systems such as the 
PDRAM.

The technique described in this appendix simulates single 
frequency V(z) using a spherical broadband acoustic microscope 
lens nominally operating at 50 MHz centre frequency. It is 
intended to be the first stage in the bond-line 
characterisation. The technique is based on simple and 
standard signal processing techniques such as signal 
deconvolution and filtering and can be easily implemented in 
software on any broadband system that has the ability to 
capture RF waveforms.

The RF data obtained as a result of defocussing the V3330 
transducer onto a Titanium specimen immersed in methanol has 
been shown as Figure 6.6. Since the individual pulses for the 
axial wave are separated out in time, the interference effect 
present in gated toneburst systems cannot be obtained in the 
time domain.

The procedure shall now be briefly described and is also 
given in the form of a flowchart in Figure Cl. If the entire
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waveform consisting of both pulses is passed through a Fast 
Fourier Transformer (FFT) a modulated spectrum is obtained. 
The separation of peaks in this modulated spectrum is 1/T 
where T is the separation of pulses in the time domain. The 
"envelope" of the spectrum is the spectrum of the transducer. 
By applying the FFT over both pulses, an interference effect 
has been "forced" onto these 2 pulses and the change in this 
interference as z is varied needs to be monitored.

If this modulated spectrum is now deconvolved with the 
spectrum obtained by applying an FFT to the axial component 
only, the broadband "swept frequency output of the transducer 
at a certain z position above the sample" or the broad band 
V(z) will be obtained.

Due to the finite bandwidth of the transducer, there will 
be a finite range of frequencies over which this deconvolved 
spectrum will display a regular sinusoidal waveform and this 
range can easily be picked out from the rest of the spectrum. 
If the peak of the changing deconvolved spectra (within this 
range) is monitored and recorded as a function of z and at a 
single frequency, a series of peaks and nulls should be 
obtained which provides the user with the single frequency 
V(z) curve.
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NO
N=100?

YES

8. Defocus by an amount z

6. Identify transducer's usable range.

Result: a 100 point SINGLE 
FREQUENCY V(z) curve.

7. Select the SINGLE FREQUENCY of
interest and record its peak energy

1. Lens at focus: capture BROADBAND 
focused return waveform 
to give reference signal._______

2. Gate and pad with zeros
and FFT: this gives the BROADBAND 
reference spectrum Aref___________

3. Defocus lens onto sample until 
leaky Rayleigh wave component 
just begins to appear.________

4. Capture entire waveform
and FFT. This gives the modulated 
transducer spectrum: Asig

5. Deconvolve Aref from Asig by dividing 
in the frequency domain to give 
broadband "swept frequency V(z) over 
all frequencies within transducer 
bandwidth"

Fig.Cl Flowchart for broadband - single frequency 
V(z) measurements with the UCL PDRAM.
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II.EXPERIMENT

This section provides an experimental example of this 
technique using the PDRAM .

A metallographic sample of Titanium was leaky Rayleigh 
wave scanned at various values of z defocus locations. In each 
case, the two components: paraxial and leaky Rayleigh wave, 
were sufficiently separated out in time for the gate to be 
used for imaging. The Leaky Rayleigh wave component was time 
gated in each case and all the acoustic images were compared 
from which a region of acoustically clean parent Titanium 
material was identified.

The centre of the Rayleigh wave annulus of the V3330 
transducer was positioned over this location and RF waveforms 
were captured as the transducer was defocussed onto the sample 
in increments of 5 Jim. V(z) data collection conventionally 
starts from the focus of the lens but since the transducer was 
not designed to be used with methanol, it was observed that 
the arrival times of the standing echoes in the lens/buffer 
rod combination overlapped with the theoretical arrival times 
for the "lens-at-focus". The lens was therefore defocussed 350 
|im from this focus position and data collection was started 
away from the focus in a direction towards the sample.

One hundred waveforms were captured by use of the digital 
oscilloscope (at 2ns per point sampling rate), each consisting 
of 512 data points corresponding to a total defocus of 500 Jim. 
All data collected were stored on the hard disk of the 
microcomputer.

The raw RF time traces were numbered gbOOl ... gblOO. The 
reference signal for deconvolution was chosen to be the 
paraxial component of gb030 and this is shown in Figure.C2. 
where it has been gated and padded with zeros. This was passed 
through a 512-point FFT and the resultant spectrum Aref is
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shown in Figure C3. Each complete waveform (consisting of 
paraxial component plus Rayleigh wave component was then 
passed through the 512 point FFT. One such example, the Asig 
for gb030 is shown as Figure. C4. As per the flowchart in 
Figure.Cl. every A^g was divided by Aref to give the broadband 
V(z) measurement and this has been plotted on a scale ranging 
from 0-100 MHz. This is shown as cw030 in Figure.C5. From 
Figure.C5, one can identify the useful bandwidth of the 
transducer by looking for the start and end of the regular 
sinusoidal components. They are of roughly equal amplitude and 
for the nominally 50 MHz transducer, this frequency range is 
identified to be between 25 to 35 MHz. The transducer was 
heavily damped and on the pulser/receiver scale of 0-10, the 
damping setting used for these measurements was 6. It was 
noted in a few trial runs that the lower the damping factor 
(larger bandwidth) , the greater the number of wavelengths of 
sinusoidal waveforms.

CO
4-1 i—Io > '—'

<i 0 05 00400001 0 0 £00

Number of data points captured (time)

Fig C2. Reference signal for deconvolution (paraxial 
component of gb030) gated and padded with zeros.
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Fig C3. Frequency spectrum of reference signal

Top surface Rayleigh wave

-0. 5
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Fig C4 Time domain plot of complete RF waveform
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Fig C5 Broadband V(z) curve (0 - 100 MHz)

Figure C6 (a) (b) and (c) show the variation of this
deconvolved spectrum with defocus and data has been chosen at 
every 50 fim defocus. The same data has been plotted gradually 
on 3 plots for the sake of clarity. Figure C6(a) shows the 
behaviour of the spectrum cw30 (150 |im defocus) , cw40 (200 Jim 
defocus) and cw50 (250 \Lm defocus). Figure C6 (b) shows the 
same plot as Figure C6(a) but with the addition of cw60 and 
cw70 at 300 |lm and 350 fim defocus respectively. Figure C6 (c) 
shows the behaviour cw70,cw80,cw90 and cwlOO at 35011m, 400|Lim, 
450flm and finally at the end of the z travel, 500nm defocus.

The value of the energy at a single frequency component 
is finally plotted and in Figure C6 (a), (b) and (c), a line 
has been drawn along the 32 MHz component in order to identify 
the selected frequency at which V(z) is required. When this
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value of energy is recorded for each of the deconvolved 
spectra cwl ... cwlOO and plotted against defocus in microns, 
the single frequency V(z) curve for the 32 MHz component 
filtered out of the broadband spectra is given for the 
methanol/titanium system over a small range of defocus (500 
p.m) as Figure Cl. The familiar "nulls" in the V(z) become 
immediately apparent.

Due to the small range of defocus possible in this 
particular case, it is possible to get just 2 nulls in the 
V(z) plot, however, this is sufficient to get a quantitative 
measure of the Rayleigh wave velocity using a spherical lens 
such as the V3330.
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Fig C6. Variation of deconvolved spectra with defocus
(a) 150 |im defocus
(b) 300 |J.m and 350 |im defocus
(c) 350 M-m, 400 Jim, 450 Jim and 500 Jim defocus
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Bertoni (1984) provides the relationship between the positions 
of the nulls of the V(z) or Acoustic Material Signature (AMS) 
curve to the Leaky Rayleigh wave velocity as

(Cl)

1 - 1 -
2fAz

where VR is the Rayleigh wave velocity, Az is the distance 
between the interference nulls and from Figure C7, Az is 250 
Jim, f is the frequency of operation (which is taken as 32 MHz) 
and Vc is the compressional wave velocity in the coupling 
fluid is methanol (Vc = 1088 m/s) . Substituting all the values 
into (Cl) we obtain a final figure of 3001.7 m/s as the 
Rayleigh wave velocity. This is seen to be in good agreement 
with published data on the Rayleigh wave velocity in Titanium 
of between 2910 m/s and 2960 m/s (Appendix.E) . Using this 
methodology, the optimum "standoff" or degree of defocus for 
the 32 MHz spectral line is also obtained. Data capture was 
started at an initial defocus of 350 |im. One V(z) peak 
obtained in this study occurs at roughly another 350 fim 
defocus, making the total required defocus from the focus to 
be 7 00 fim.

i.

/ft i.
i.
i.

H 0
H

0
100soAO SO 7 0 80<i o

—  250 microns- 
DEFOCUS ( ---->

Fig Cl. Single frequency V(z) curve (32 MHz component) 
for the methanol/titanium system over 500 |im defocus



257

APPENDIX D.
DETERMINATION OF REFLECTION COEFFICIENTS FROM V(X) DATA

Definitions of the Reflection coefficient CR and 
Transmission coefficient CT have been provided in Chapter 5 
here they have been defined in terms of.amplitude.

Weaver et al. (1989) have demonstrated how they have 
obtained estimates for CR and CT for a defocussed spherical 
transducer operating at 250 MHz over a crack in a glass 
substrate. The various paths traced out prior to detection of 
surface waves in the presence of a crack are illustrated in 
Figure D1 (a)-(d) (Weaver et al.(1989).

Rayleigh wave 
excitation
annuius

Crack

Rayleigh
wave

(a) (c) (d)

Fig. D1 Paths traced out by surface waves in presence of 
a crack prior to detection.

(a) definitions: z = defocus, 0R = Rayleigh angle
(b) reflected ray for: 5x=2(z.tan 0R)/3
(c) reflected ray for: 5x=(z.tan 0R)/3
(d) reflected ray for: 8x=0

The study by Weaver et al.(1989) provides a means of 
estimation of CT by extrapolating the transmitted signal to 
x=0 and dividing its amplitude by the size of the signal far 
from the crack. In the example provided in their study, the
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output voltage of a transducer V(x) is plotted as a function 
of x shown in Figure D2, where x is the displacement of a 
crack on a glass substrate from the axis of the lens. By use 
of this V(x) plot, CT has been estimated to be 0.25 ± 0.03. 
Similarly, on studying the peak-to-peak excursion around x=0 
(again normalised by the signal far from the crack) with CR+CT, 
a value for CR is obtained as CR = 0.54 ± 0.06 for this crack.

Positive Amplitude .10

§
3 50-100 -50
_  -0 2”

|-0 4 •
</>-06”
-0 8
-10 Negative Amplitude

Fig D2. V(x) plot used in calculation of CR and CT

This technique provides us with a relatively easy method of 
estimating CR and CT values since we can pick out the V (x) 
curves across any bond-line in a Rayleigh wave scan.
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APPENDIX E.

METALLURGICAL INFORMATION ON SAMPLES
Elastic properties of bulk titanium(a)

Acoustic attenuation a (c> 6.33 dB/|im 
Longitudinal velocity<c) 6.32 mm/|isec

(a) polycrystalline unless noted
(b) derived from bulk velocities
(c) single crystals, along 'a' at 1 GHz

[Taken from Weglein R D (1988). "Titanium diffusion bond 
evaluation via acoustic microscopy". In IEEE Ultrasonics 
Symposium (1988) pp 1045-1048.]

Density
Longitudinal velocity 
Shear velocity 
Poissons ratio(b) 
Rayleigh velocity(b)

4.50 kg/m3
6.07 < Vx < 6.13 mm/|isec 
3.12 < Vsh< 3.18 mm/|isec 

0.325 < a < 0.311
2.91 < Vr < 2.96 mm/|isec
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APPENDIX F.

ELECTRON PROBE MICRO-ANALYSIS OF SAMPLES

Electron Probe Micro-Analysis (EPMA) runs were made on the 2 
ADB-Titanium samples provided numbered M5 and M6. Four 
microhardness indents (50 gm load) were made 50 |im apart, some 
200 |im above and below the centre line of the diffusion weld 
in each specimen. Nomarski Differential Interference Contrast 
(DIC) micrographs of the microhardness indents of each of the 
specimens at 200 X magnification have been provided as Figures 
6.15 (a) and (b).

Quantitative electron probe microanalyser analysis 
measurements were made between the pairs of indents 400 |im 
apart across the bond-line at 10 |lm intervals . For each of 
the samples M6 and M5, the percentage weight (Wt%) data for 
the elements Al, Si, Ti, V, Cr, Mn, Fe, Ni and Cu were 
obtained .The Wt% data for the elements Titanium (Ti) , Nickel 
(Ni) and Copper (Cu) obtained through one such EPMA scan 
across the bondlines of M5 (acceptable) and M6 (unacceptable) 
are plotted as Figures FI and F2 respectively. The ordinate 
represents the percentage weight (Wt%) for the elements and 
the absiccae represents distance traversed by the probe across 
the bondline in thousands of microns. In both cases, the total 
distance travelled was 2 mm with the bond-line located roughly 
at the half-way mark.
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Fig FI. Electron probe micro-analysis (EPMA) across 
M5 (acceptable) titanium diffusion bond
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Fig F2. Electron probe micro-analysis (EPMA) across 
M6 (unacceptable) titanium diffusion bond
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Two parameters can immediately be inferred from these plots:

(1) The thickness of the individual layers.
(2) The material property profile.

From the nominally "good" sample, (Fig.Gl), the thickness 
of the interlayer is measured from the curve to be about 600 
|im. That for the unacceptable sample (Fig.G2) is calculated to 
be about 1 mm.

When considering the material property profile, the 
elements that we are principally interested in are the Nickel 
and Copper plots shown in both plots to have considerably 
smaller amplitudes than the parent titanium. The ordinate 
represents percentage by weight of a particular element and if 
we make the assumption that the %Wt profile approximates to 
the impedance contrast profile, for the worst (unacceptable) 
case, considering all the errors in the measurement system, 
the impedance of the layer (at the geometric centre of the 
bond-line) is not greater than 10 % of the parent titanium.
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APPENDIX G.

THE LAYER RESPONSE MODEL

Equations (5.1) and (5.2) are valid for ideal interfaces 
that have no thickness. Optical examination of the various 
titanium diffusion bond-lines in this study have revealed a 
copper "layer-type" region. Electron Micro probe Analysis 
(EMPA) studies across the bond-line of titanium samples in 
this study have revealed the thicknesses of this copper layer 
to vary typically from 600 |im to 1000 |im and details of this 
study are given in Appendix F. Taking the Rayleigh wave 
velocity in bulk titanium to be 2910 m/s, the Rayleigh 
wavelength in titanium at 50 MHz is 58.2 |im. The acceptable 
sample has a copper layer thickness of 600 |im ie. about 10 
times the incident wavelength.

A model exists that provides the influence of a layer 
unlike the plane wave case. The model does not take into 
account imperfections in the layer and is relevant only if the 
incident wavelength is a certain multiple of the layer 
thickness.

Detailed treatment of the 3-layer system has been 
provided (Rayleigh (1877), Serabian and Moriarty (1957)) for 
the case of continuous waves (CW) incident upon the first 
interface as illustrated in Figure (Gl). There will be some 
reflection ER of the input energy E0 at this interface along 
with some transmission of energy into the inclusion or 
sandwich filling. The transmitted portion reverberates between 
the 2 interfaces producing transformations according to (5.1) 
and (5.2). The process is illustrated in Figure (Gl) which 
shows the distribution of the energies from the two interfaces 
with time (note that the reverberations have been laterally 
displaced for ease of explanation). Since CW energy (single 
frequency) is being considered, the components of the 
reflected and transmitted waves are additive and at 
equilibrium, the magnitude of the reflected energy may be
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represented by (Rayleigh (1877)):

Er = E0-
Z1-Z2
z2-z1

z, +z.
+ 4 cot2 2n.Ln

(Gl)
z2+z1

where ER is the reflection coeffcient, X is the wavelength 
of the incident acoustic energy in the inclusion or sandwich 
filling of thickness L. Equation (Gl) was used with titanium 
data and the reflection coefficient for a three-layer system 
with Ti/water/Ti (ie a water gap) was calculated and is 
plotted against the thickness of the gap in terms of the 
wavelength X in Figure (G2) . The sandwich filling is now 
introduced and is assumed to have an impedance which is a 
certain percentage of the impedance of the parent material. 
The reflection coefficients obtained when (Gl) was used for 2 
different bondline-interlayer materials: one with a 5% and the 
other with a 10% acoustic impedance contrast are shown as 
Figure (G3) (a) and (b).The wavelength of the compression waves 
in Titanium used in these calculations was 122 |im (at 50 MHz) 
and all curves have been normalised against L/X .

INCIDENT ENERGY (E0)

E i r1 Components of the
^  Reflected energy Er*?2R

MEDIUM 1 ll'-lAR

PARENT
MATERIAL

FIRST INTERFACE

INCLUSION MEDIUM 2
SECOND INTERFACE________.

MEDIUM 3
A  ~ E4t

i/ W T
'v (Components of the
^1T transmitted energy

TIM E

THE THREE MEDIUM SYSTEM ENERGY DISTRIBUTION

Fig. (Gl) The 3-layer system
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APPENDIX H.
ACOUSTIC MICROSCOPE TRANSDUCERS*

Model No.
Focal length (f) 
Buffer material 
Buffer length 
Vel. (buffer) 
lens diameter 
lens half angle 
Lens resolution 
In water (theory)

V3330 
5.84mm 

Pulled silicon 
43.94mm 
9322 m/s 
6.35mm 
28.6°

30 Jim

V390 
12.7mm 

Fused silica 
58.42mm 
5969 m/s 
6.35mm 
14°

71 pm

V3337 
50.8mm 

Fused silica 
58.42mm 
5969 m/s 
6.35mm 
3.57°

274 Jim
All transducers were purchased from Panametrics Inc. 
221 Crescent St. Waltham, Massachusetts 02254 USA

Using the Rayleigh two-point definition
0.43A.fr=Hi)-*1 (HI)

sin0

where Xf is the wavelength in the focussing medium at 50 MHz,0 
is the geometrical half angle of the lens, Vf and VA are the 
compressional sound velocities in the focussing medium and the 
lens material respectively. This is a theoretical-limit value 
for the resolution and is better than the actual resolution.
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A P P E N D I X  I.
X - R A Y  R A D I O G R A P H  O F  T I T A N I U M  P L A T E

A radiograph of the Titanium plate ADB1 was obtained using a 
Philips MCN 167 Industrial X-ray system. A schematic of the 
plate with three different regions representing different 
bonding conditions is given in Figure II.

^ -------------------------------- 135 m m

70 irm

>r
Fig II. Schematic of titanium plate ADB1 used for compression

wave imaging and measurements.

Fig 12. Radiograph of titanium plate ADB1
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The theoretical resolution of the setup was provided as 
being approximately 100 |im. The radiograph of the plate is 
provided in Figure 12. The 3 regions with different bonding 
conditions and copper foils are clearly visible in this 
radiograph along with the 3 flat bottom holes in each of the 
three regions. No other features however, can be seen in this 
radiograph.
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