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Abstract

The instrumentation and the developments presented in this thesis aim to address the challenges
associated with in-service non-destructive testing of aeroengine components, imposed by severe
restrictions on component accessibility.

In-service non-destructive testing (NDT) is essential to ensure early detection of service-induced
damage and prevent catastrophic failures of such safety-critical aeroengine components as tur-
bine/compressor blades and disks, increasing the safety of operations and dramatically reducing
the cost of engine changes. The main concern during their inspection is detection of fatigue crack-
ing, typically initiated on the surface of the part. The application of inspection techniques used
during overhaul to on-wing testing is restricted both by the complex, spatially-confined access to
the components and the inaccessibility of the high-stress concentration surfaces in the full engine
assembly. Two routinely-used techniques providing a solution to these challenges are the use of
endoscopes for access and surface acoustic waves to inspect parts of the assembly.

CHOTs are optically-activated ultrasonic transducers located on the surface of a sample, that
use laser illumination to remotely generate and detect ultrasound, providing a non-contact wireless
alternative to conventional piezoelectric transducers (PZTs). The benefits of optical activation
are paired with fibre-optic light delivery in an endoscopic pulser — a simple portable ultrasonic
inspection system with flexible instrumentation, beneficial for testing hard-to-reach components in
locations with limited access or hazardous environments.

This thesis presents the instrumentation of the endoscopic pulser and the development of the
self-adhesive portable CHOTs (SA CHOTS) to complement its potential field application by en-
abling transducer delivery to components in-service and application to large and curved parts,
previously limited by laboratory-based direct on-sample CHOT fabrication. The developed trans-
ducers overcome frequent barriers for industrial adaptation of fully-optical inspection systems pre-
sented by the sample surface conditions such as reflectivity and roughness. The NDT capabilities
of the CHOT's endoscopic pulser are demonstrated by performing detection of machined slots on
controlled aluminium samples and representative industrial parts using 4-5 MHz surface acoustic
waves. System capabilities for active structural health monitoring (SHM) as well as inspection of
samples in motion are demonstrated.

Although in its present configuration the size of the endoscope exceeds practical access require-

ments, the potential of the system for further development and miniaturisation is discussed.
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Chapter 1

Introduction

The work presented in this thesis aims to address the challenges of in-situ non-destructive testing
(NDT) of acroengine components. This is achieved by using cheap optical transducers (CHOTS) in
combination with fibre-optic operation in an all-optical non-contact ultrasonic inspection system
with flexible instrumentation.

Developed at the Applied Optics Group, the University of Nottingham, CHOTs [1] allow non-
contact remote generation and detection of ultrasound using laser illumination, and are charac-
terised by a simple and compact optical arrangement with environmentally-robust operation.

The work presented covers four areas associated with the development of the practical inspection
system for the target application: the endoscopic instrumentation, the fabrication/application of
the transducers to the test parts, characterisation of their performance and demonstration of the
NDT capabilities using surface acoustic waves (SAWs) and representative aeroengine components.
Although discussed within the aerospace context, the application of the endoscopic pulser and the
portable CHOTs developed in this work can be extended to NDT in other challenging applications
requiring inspection of safety-critical components with spatially-confined or complex access paths,

or located in hazardous environments, such as the nuclear industry.

1.1 Ensuring airworthiness in aerospace

An aircraft represents a complex system composed of a multitude of parts, with over thirty five
thousand components in the engine alone. The industrial requirements for current and next genera-
tion aircraft are driven by the demand for more time- and cost-efficient operation and minimisation
of the industrial environmental impact, with targets to reduce emission levels by 75-90% and noise

by 65% by the year 2050. These, combined with the desired reduction of fuel consumption and

10
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provision of more flights place increasing demands on the components of aeroengines, pushing their
operation to increasingly-higher temperatures and cyclic loading.

Extensive maintenance is required to prevent operational and/or catastrophic failures due to
service-induced damage or wear of the safety-critical components. Preventative maintenance con-
sists of the scheduled regular inspections and downtime of the aircraft for overhaul as well as the
use of non-destructive testing and active structural health monitoring while in-service.

The structural integrity of the turbine and compressor blades of an aeroengine, subjected to
extreme temperatures and stresses and prone to fatigue and stress-corrosion cracking, is of primary
concern as their failure has catastrophic consequences for the integrity of the whole engine. It
is advantageous to perform repetitive monitoring of the engine components while it remains in
service to provide early-stage damage detection independent of the scheduled overhaul. In this
case an assessment can be made as to whether the engine can continue service, continue with more
frequent checks or the part should be removed. Such inspections dramatically reduce the cost of
engine changes due to suspected damage and premature removal of acceptable parts according to
the maintenance schedule based on the component life-time. The requirements for lower operation
costs, including the reduction of time and cost of in-service operations without impairing passenger
safety, create the need for testing methods and instrumentation able to provide reliable, real-time
on-wing inspection.

The conventional inspection practices employed in aerospace NDT and the challenges of their

application for in-situ aeroengine testing are outlined below.

1.1.1 Conventional inspection practices for non-destructive testing

The purpose of non-destructive testing in aerospace, described in the Aviation Maintenance Tech-
nician Handbook [2], is "to determine the airworthiness of a component without damaging it’. The
frequency and type of inspection with the description of specific testing procedures are provided by
the aeronautical publications that guide the operation, maintenance and repair of the aircraft and
its components, including the manufacturer’s service bulletins and manuals, FAA (US) and CAA
(UK) regulations, airworthiness directives and advisory circulars. A brief description of the most
common techniques employed in aerospace NDT is presented below, their detailed description can

be found in [2-4] and an overview of future development trends in [5].

Visual inspection

Visual inspection consists of the direct observation of the inspected area in bright light with the

naked eye or by using a magnifying glass or a mirror. Although it is the cheapest method, which



CHAPTER 1. INTRODUCTION 12

constitutes around 80% of performed inspections, the detection capability is limited to surface

defects which are big enough to be visually identified.

Liquid penetrant inspection

The penetrant inspection method is based on the application of a liquid penetrant (paint, fluores-
cent dye) to a thoroughly-cleaned surface of the sample where it enters and fills any defects open
to the surface. After the excess penetrant is removed and the surface is dried, the application of
the developer draws out the dye to reveal the presence of the flaws. The use of this technique
enhances visible contrast of surface defects (by colour contrast or fluorescence) that can be missed
during a simple visual inspection. The inspection is limited to non-porous materials and detection

of surface flaws. It requires surface preparation and is time consuming.

Magnetic particle inspection

Magnetic particle inspection requires ferromagnetic materials and magnetisation of the test part.
The ferromagnetic particles applied to the surface of the magnetised test component become
trapped in the areas of the magnetic flux leakage produced by the flaw. The shape and loca-
tion of the near-surface defects is indicated with this method, including detection of flaws not open
to the surface. Surface cleaning and visual observations are required as well as the demagnetisation

of the inspected component after the test.

Eddy current testing

This method requires electrically-conducting samples and can be used to detect surface and sub-
surface defects, and can operate through coatings. The alternating current in the coil of the probe
produces a changing magnetic field that, when placed in close proximity to the sample, induces the
circular flow of eddy currents on and below the surface. The interaction of the secondary magnetic
field produced by the eddy currents with the field of the probe changes the impedance of the coil
and can be measured as a change of voltage. The presence of the defects interrupts the flow of
eddy currents affecting the measured output. This method does not require surface preparation

and can be non-contact.

Ultrasonic testing

Ultrasonic testing consists of observation and analysis of the transmitted or reflected high-frequency
sound waves originated in or sent through a structure. The changes experienced by the propagating

wave and observed in the detected signal are indicative of the material condition and discontinuities
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present in the propagation medium. This is a very versatile method without specific requirements to
the material properties or surface condition. It can be used for the inspection of surface and bulk
material, including detection of flaws, dimensional measurements and material characterisation.
The conventional techniques require a good contact with the sample and the use of couplants such

as oil or gel to introduce the wave into the structure.

Radiography

The radiographic techniques are based on the differential absorption of penetrating - or X-ray
radiation in the sample or their assembly. The differences in thickness, density, shapes and absorp-
tion characteristics are displayed as a variation of contrast in the image created by the unabsorbed
radiation that passes through the part. The image is recorded on film or fluorescent screens and
represents a planar projection. It is an expensive method with associated health hazards. It is used
predominantly to detect cracks along the axis of the ray but not planar defects. The use of computed
tomography produces cross-sectional sample views which allows the location and measurement of

flaws within the structure independent of their orientation.

Thermography

The thermal and infrared methods are based on obtaining an image of the temperature distribution
on the surface of the test part (in a steady state) or the measurement of the infrared emission from
the surface when a temperature gradient is created by the application of a pulsed heat source. The

presence of the defects is indicated by the non-uniformities in the detected distributions.

Laser-based methods

e Digital holography creates a three-dimensional image of the test part using interference of
the reference laser beam with the beam scattered from the component. The reconstructed
image can be superimposed onto the test part producing interference fringes in the locations

with displacement deviations from the original recording.

e Shearography is a variation of the holographic method that includes stressing of the compo-
nent between multiple image exposures to increase sensitivity. This method provides remote

full field inspection and is often used on composite materials.

e Laser ultrasonics uses laser beams to remotely generate and detect ultrasound. The genera-
tion is achieved via optical absorption and the thermoelastic effect, with detection frequently
employing interferometric techniques. The use of lasers is fully remote, allows operation on a

variety of materials and fast scanning of large areas. The main advantages over the contact
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ultrasonic alternative is the absence of a couplant (remoteness) and the ability to operate

with complex geometries.

Practical considerations

Some of the main factors underlying the choice of a particular inspection method are the critical
nature of the component, the type and possible location/orientation of the defect, the material and
part accessibility. The simplicity and sensitivity of the techniques range from simple flaw indica-
tion/detection to full measurement and characterisation, with some suitable for field applications,
and others necessitating part removal and complete disassembly.

From the description above, it can be seen that most techniques require parts to be accessible
for close visual examination or contact, and some degree of surface preparation (e.g. cleaning,
oiling, magnetisation, or heating). Additional restrictions are placed on operational materials
(conducting, ferroelectric, or non-porous) and orientation of the flaws. Some methods may be
time-consuming and impractical in confined spaces, or expensive and hazardous. Whereas some
(such as visual, penetrant, eddy current) are highly-portable and can be used in-situ for inspection
of internal areas, others, such as radiography, allow inspection of the entire engine or the airframe
without disassembly.

The FAA advisory circular 43.13-1B [3] gives a brief description of the most common types
of flaws required to be detected, classified as corrosion, inherent flaws, primary and secondary
processing or finishing flaws, and the flaws developed in-service. The last group of defects is formed
during aircraft/aeroengine service due to the ageing effects of time, flight cycles and operation
conditions.

Current aircraft mostly use metallic and composite materials, with additive-layer-manufactured
(ALM) parts entering service in the near future. The main consideration for composite materials
used in the skin and wings of an aircraft is the detection of delaminations, disbonds and impact
damage. The major concern with metallic parts of the aeroengine is metal fatigue, associated with
cyclic loading, and corrosion. The stresses produced by repeated application and removal of load
cycles (take offs and landings) result in the initiation and growth of cracks in the highly-stressed
areas until their eventual fracture. Early detection of fatigue cracking is therefore a primary aim
of inspection. Although written more than forty years ago, the review by J.R. Barton and F.N.
Kusenberger [6] provides a comprehensive description of the inspection practices employed for
testing of the aeroengine turbines with regard to fatigue damage detection.

The on-site application of the techniques is typically manual, time- and labour-consuming. To
address this, continuous efforts have been directed towards greater automation and the use of

robotic and crawling systems for on-site inspections [7,8]. Some examples include the multifunc-
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tion automated crawling system (MACS) [9], able to deliver a range of NDT techniques on-site,
and the current MIRoR project at the University of Nottingham targeting the development of
a miniaturised robot to perform inspection and repairs within hazardous environments or indus-
trial confined spaces, such as aeroengines. Owing to their non-contact nature and ability for fast
inspection of large areas and parts of complex geometry, automated laser-ultrasonic scanning sys-
tems have been increasingly applied to inspection of composite materials [10]. One example is a

laser-ultrasonic inspection system LUIS [11] for automated inspection of wing and fuselage panels.

1.1.2 On-wing testing of the aeroengine assembly

A typical gas turbine engine consists of the fan section providing the air intake, the compressor
section pressurising the air, the combustion section burning the air/fuel mixture, and the turbine
section driven by the expanded gas to rotate the fan and compressor and provide thrust through
the exhaust. Each section includes a series of pressure stages consisting of consequent pairs of rotor
blades and stator vanes attached to the rotor and stator disks. These are connected to the rotating
shafts or the outer casing. A simplified diagram illustrating the internal layout and component
arrangement in the assembled engine is presented in figure 1.1. The extreme operational conditions
of the aeroengine blades at temperatures reaching 1,600 °C and rotation speeds of up to 10,000
rpm (high-pressure turbine) necessitate the use of advanced material alloys (Ti, Ni superalloys) and
complex blade designs to enable cooling, as well as regular monitoring of their structural integrity.

The airworthiness of an aeroengine and its components is assured by a combination of the

following inspections:

o Scheduled inspections are part of the maintenance schedule based on engine cycles or flight
time, running alongside the general aircraft maintenance. These are performed during over-
haul and include full disassembly to detect, repair or replace damaged parts, using visual,

structural NDT and dimensional testing.

e Non-scheduled inspections are performed to assess the damage by foreign objects or part/engine
serviceability after the exceedance of the maximum power or operational temperature limits,

to diagnose the cause of defects.

e Special inspections are performed as the engine continues in service to monitor potential

problem areas/components highlighted by the regular or overhaul inspections.

The requirements for the NDT techniques used to detect fatigue damage in-situ are similar to
the methods used at overhaul but with severe restrictions imposed by component accessibility. The

increased complexity of engine designs to satisfy the demanded performance requirements presents
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Figure 1.1: Schematic diagram illustrating the internal layout and test geometry of a typical

turbofan gas turbine engine in cross section (stator vanes — only single element shown for clarity).

a challenge for in-situ inspections and contributes to their ongoing development. A large number
of parts located in close proximity and in multiple stages (e.g. 16 stages in the compressor section,
68 turbine blades), often inaccessible within the assembly, are required to be inspected in confined
spaces and via complex access paths.

A typical solution routinely used with visual inspection and even repairs of compressors, com-
bustion sections and turbines is the use of the endoscopes (borescopes and fibrescopes) allowing
navigation to the test part and inspection of internal areas of the engine otherwise inaccessible
without extensive disassembly. The endoscopes can use optical fibres or cameras to transmit the
image, have light sources, articulation, and interchangeable tools for repair. Their use enables the
determination of the airworthiness of hard-to-reach components in the engine installed in service,
thereby decreasing the time and cost of inspection and the downtime of the aircraft. In 1998
the on-wing use of the blending borescope inspection system (Pratt & Whitney) combining vi-
sual inspection and repair tools was estimated to provide cost savings of $360, 000 per engine (or
$19, 440,000 per year) compared to the teardown cost [12]. On older aircraft the hot section of
turbine engines could be accessed via the hole from the removed igniter, whereas modern designs
provide specially-installed inspection ports at a number of locations in the casings for access to
the rotating and combustion sections of the engine. The rotating shafts can be additionally turned

into the desired position either manually or by using an air-driven motor for the ease of inspection.
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Providing a solution to the access challenges, the use of borescopes is being increasingly com-
bined with other NDT techniques such as dye penetrant [13] and eddy current [14] testing to expand
in-situ inspection capabilities. The use of in-situ testing methods is however largely limited to the
techniques requiring direct surface access and visual inspection.

The common service-induced defects of aeroengine blades are stress-corrosion, overstress and
fatigue cracks, primarily initiated on the surface of the part, and in such high-stress concentration
areas as the fillet radius of a blade dovetail. These areas are inaccessible for direct surface inspection
on-wing as their surfaces are partially obstructed by other parts of the assembly. Figure 1.2
illustrates the typical geometry of the blade/disk assembly and the associated inspection challenges.

The use of ultrasonic techniques, in particular surface acoustic waves, is often the only ac-
ceptable method for detection of defects in parts of the assembly with no direct surface access.
Specifically-designed piezoelectric transducers enable inspection of the critical parts of the engine
blades on-wing [6] and can be combined with the endoscopic delivery [15]. This method however
requires the use of customised clip-on probes and couplants, with the repeatability of results greatly

affected by the quality of contact with the test part.

1.2 Fibre-coupled optically-excited ultrasonic transducers

(CHOTSs) for remote non-destructive testing

In this work the ability of the surface waves to detect distant defects and inspect parts without
disassembly is combined with endoscopic operation and non-contact generation and detection of

ultrasound. The use of laser ultrasonics [16] permits remote operation on samples of complex

challenging inspection area

7

Figure 1.2: Photograph of a typical blade/disk assembly illustrating high-stress-concentration areas

challenging for inspection in-situ.
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shapes without the use of couplants, provides repeatable results independent of coupling quality
or angle of approach, additionally allowing inspection of moving objects [17] and operation at
large stand-off distances. It generally does not require surface preparation and provides immediate
results. Furthermore, light delivery by optical fibres enables flexible instrumentation and remote
inspection which is beneficial in hazardous, spatially-confined or high-temperature environments.

Cheap optical transducers (figure 1.3) are an optically-activated alternative to the conventional
piezoelectric transducers, based on principles of laser ultrasonics. They are nanometre-height metal
patterns located on the surface of the component and activated remotely by laser illumination,
operating in the thermoelastic regime without damage to the part. The g-CHOT uses pulsed laser
illumination to generate ultrasound via spatially-modulated absorption of the incident radiation.
The d-CHOT operates as a local on-sample interferometer using continuous-wave (CW) probing
laser illumination, and translating the surface displacement caused by the propagating wave into
intensity modulation of the returning light. Both CHOTSs can be used independently, combined
with other techniques, or in a coupled configuration. With minimal surface impact, CHOTs can
be integrated into the structure, used in large numbers or as disposable transducers.

The use of CHOTSs removes the need for additional optical elements used by other laser-
ultrasonic techniques, and environmental stabilisation required for the interferometric detection,
resulting in a compact optical arrangement. The benefit of the technique is the ultrasonic trans-
duction and sensing performed locally on the sample itself, with the instrumentation used simply
for light delivery and collection to and from the transducers. The use of collimated illumination
allows flexible stand-off distances and does not require complicated alignment. These properties

make CHOTSs a suitable technique for the basis of a simple, portable non-contact laser-ultrasonic

= generation laser
illumination
probing laser illumination
and collection

surface acoustic wave

g-CHOT

sample

Figure 1.3: Schematic diagram demonstrating laser generation and detection of SAWs with CHOT's.
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inspection system for industrial applications.

The practical capabilities of laser ultrasonics are greatly enhanced by the use of optical fibres,
allowing inspection of hard-to-reach components located out of direct line of sight or in hazardous
environments [18]. Pairing the benefits of the laser ultrasonics and the compact optical arrangement
and system simplicity offered by CHOT's with the operation via optical fibres creates great potential
for remote ultrasonic inspection of critical aeroengine components on-wing. Furthermore, it could
potentially enable continuous-pass testing of the moving components where the instrumentation is
kept stationary, dramatically reducing the time and cost of inspection. Figure 1.4 illustrates the

concept of on-wing inspection with endoscopic CHOTs.

aeroengine

fibre-optic

CHOTSs light delivery generation laser

probing laser —

detection system

CHOT pulser

Figure 1.4: On-wing inspection of aeroengine components using endoscopic CHOTs: concept.

1.3 Thesis objectives and layout

This chapter outlined common practices and the types of inspection used in the aerospace industry
to ensure the safe operation of the aircraft and prevent operational failures. It also illustrated the
need for and the challenges of in-service on-wing inspection of such safety-critical components as
the aeroengine blades. The combined use of CHOTs with fibre-optic light delivery was proposed
for the creation of a simple, portable non-contact ultrasonic testing system enabling repeatable
inspection of hard-to-reach components in locations with spatially-confined or complex access.
The thesis contains four distinct subjects: CHOTS’ instrumentation, their fabrication, charac-
terisation and application to NDT. In view of the considered application, this work was limited to
the use of surface acoustic waves on metal samples, and frequencies characteristic of the required

inspection: 4-5 MHz.
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The aims of the work were:
e pairing of the CHOT's operation with optical-fibre light delivery (endoscopic pulser);

e upgrading of the transducer fabrication method to enable transducer application onto indus-
trial parts and overcome the restrictions imposed by the laboratory-based application used

previously;

e quantitative characterisation of the transducer performance to enable evaluation of the system

component requirements and practical system capabilities;

e demonstration of the inspection capabilities of the system as a whole on representative in-

dustrial samples.

The thesis structure is organised as follows. Chapter 2 provides the general background of
ultrasonic inspection in non-destructive testing, with particular attention to the use of the Rayleigh
waves, and their application to the aerospace sector and in-situ inspection. The conventional
ultrasonic generation and detection methods are reviewed, followed by an outline of the principles
of laser ultrasonics and a review of the techniques for generation and detection of surface waves.
The operation principles, design, fabrication and practical-use consideration of CHOT's for surface
waves are discussed in Chapter 3, where previous work in the field is reviewed. An alternative
fabrication concept is proposed to create a portable CHOT on film carriers allowing transducer
transfer and application to components in-situ.

The endoscopic instrumentation and system elements are presented in Chapter 4 and are fol-
lowed by the presentation of the fabrication procedure to produce CHOTSs on film carriers and the
corresponding results in Chapter 5. The performance of the fabricated portable CHOTs and the
CHOTs produced with the previously-used method is characterised and compared in Chapter 6.
The NDT capabilities of the overall system are demonstrated in Chapter 7, using CHOTs in pulse-
echo and pitch-catch configurations on a range of controlled and representative industrial samples.
The results of a comparative inspection with a conventional piezoelectric transducer are provided
where possible. Additionally, the potential of the technique for structural health monitoring is
demonstrated.

Finally, the main contributions of the performed work, its limitations and suggestions for further

development are summarised in Chapter 8.



Chapter 2

Background

Ultrasonic techniques have found broad use in a range of fields from medicine and biology to
science and engineering where the diversity of their application includes imaging and microscopy,
measurement, detection, therapy, particle manipulation, cleaning, and even welding.

In medicine ultrasound is commonly used for diagnostic imaging [19], therapeutic treatment [20]
and prevention, for instance pre-natal scanning using transducer arrays and the removal of kidney
stones and cancer tumours with high power ultrasound, or stroke prevention by measuring the
blood flow to the brain. The latest research in acoustic trapping saw ultrasound being used in
analytical chemistry and cell biology, applied to tissue engineering, bio-sensing and targeted drug
delivery [21]. The development of acoustic microscopy allows imaging and characterisation of bio—
and engineering materials at nano-scales, above the resolution of the optical techniques [22].

In engineering, ultrasonic inspection is one of the most widely-used methods for non-destructive
testing and structural health monitoring of engineered parts to detect the nucleation, development
or presence of defects such as cracks and delaminations, the presence of voids, take dimensional
measurements, perform material characterisation and process monitoring.

The underlying principle, common to all ultrasonic tests, consists of observation and analysis of
the transmitted or reflected high-frequency elastic waves originated in or sent through a structure.
The changes experienced by the propagating wave and observed in the detected signal are indicative
of the condition and characteristics of the propagation medium.

The first section of this chapter provides a background review of principles and types of ul-
trasonic inspection commonly used for non-destructive testing, reviews the main properties of
Rayleigh waves and their use in the aerospace applications, and concludes with an overview and
comparison of ultrasonic generation and detection methods.

The second part presents the principles of laser ultrasonics enabling remote non-contact gen-
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eration and detection of ultrasound, with a review of the relevant techniques used with surface

acoustic waves.

2.1 Ultrasonic inspection in NDT

2.1.1 Ultrasound and wave modes

Sound is a mechanical pressure wave propagating in a medium as particle oscillations from some
initially-applied disturbance. Its propagation can be described in terms of Hooke’s law and the
theory of elasticity [23], with the wave parameters determined by the properties of the propagation
medium. The frequency of the wave f and its wavelength A in particular material are related via

the sound velocity ¢ in that material as:

f=4 (2.1)

Based on its frequency content, the range of sound is divided into infrasound (below 20 Hz),
acoustic range (20 Hz—20 kHz) and wltrasound, with frequencies exceeding 20 kHz. Although ul-
trasonic frequencies as high as hundreds of GHz reaching into THz range have been achieved [24],
most NDT and SHM applications rarely operate above 200 MHz, primarily due to the frequency-
dependent material attenuation that limits the propagation distance at these frequencies. Addi-
tionally, the grain sizes of some engineering materials introduce ‘structural’ noise and scatter into
the high-frequency signals [25]. Defects can be completely obscured by material micro-structure
scattering for frequencies with a wavelength/grain-size ratio below three [26]. Although restricting
NDT applications, these effects enable studies of material structure and attenuation.

Based on the geometry of the test part and accessibility of the inspected region, the most
appropriate mode of ultrasonic inspection can be chosen from three principal wave modes supported
in elastic solids: longitudinal (compression), transverse (shear) and surface/quided waves. The
propagation of different modes in the same material occurs with different velocities, determined

by the appropriate elastic constant characterising the stress-strain relation in a particular mode:

c—\/E(l_V) and ct = _F :\/E
A ) (1 —2) T\ 20 +v) T\ p

where ¢; and ¢; are the longitudinal and the transverse wave velocities, F and G are the Young’s

and the shear modulii respectively, v is the Poisson’s ratio, and p is the material density.
The velocity of the surface waves is typically in the range of 0.87-0.95 of a shear wave, and is
determined as: cg = [(0.87 4 1.12v)/(1+ v)]¢;. For example, in aluminium the longitudinal, shear

and surface wave velocities are: ¢;= 6,374 m/s, ¢;= 3,111 m/s, cg= 2,906 m/s [27].
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Figure 2.1: Longitudinal (a) and transverse (b) waves, shown with corresponding particle motion.

Bulk waves

Longitudinal and transverse waves propagate into and through the body of material, and are
known collectively as bulk waves. In longitudinal waves the particle oscillations are parallel to
the direction of propagation (material contractions and extensions), and orthogonal in transverse
waves (material shear). The latter are restricted to the acoustically-solid materials as the molecular
structure does not allow their efficient propagation in air. In NDT the bulk waves are commonly

used for thickness measurements, inspection of bulk of material for internal defects, and imaging.

Surface and guided waves

Surface acoustic waves propagate along the surfaces of solid thick materials (Rayleigh — at a free
surface, Stoneley — at an interface of two media), with 80% of the wave energy concentrated in
the material thickness of one acoustic wavelength [28]. The particle oscillations in surface waves
combine both longitudinal and transverse components producing elliptical motion which decreases
exponentially with depth of material.

Plate (Lamb) waves propagate throughout the thickness of a solid material layer, guided by
its boundaries, in the form of complex symmetrical (extensional) and anti-symmetrical (flexural)
modes. The relationship between acoustic wavelength and the plate thickness determines the
order of supported modes and their individual velocities, the combination of which for a particular
material is represented by dispersion curves. The dispersive properties of the Lamb waves can be
used in determination of the coating thickness, however the coexistence of the multiple wave modes
complicates signal interpretation for defect detection, and selective-mode generation is preferred.

Due to their properties and ability to propagate large distances and inspect remote regions, the
Rayleigh and Lamb waves are extensively used to detect near-surface flaws or delaminations, for
integrity assessment of thin-walled components, process monitoring or corrosion mapping. More
detailed discussion of the properties and use of the Rayleigh waves in the framework of aerospace

NDT is presented in section 2.1.3, whereas the full review of physical properties and applications
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of both Rayleigh and Lamb waves can be found in [28].

2.1.2 Inspection principles and typical configurations

Most inspection techniques use ultrasonic signals in the form of a pulse which provides accurate
reference points in the time-domain for localisation of damage or thickness gauging, and has a wide
spectrum of frequencies for analysis or measurement of frequency-dependent characteristics.

The use of ultrasound for flaw detection utilises the principle of the acoustic wave being partially
or fully reflected from a discontinuity or an interface between two acoustically different materials,
e.g. a metal sample and an air-filled crack. The amount of energy being reflected or transmitted
by the interface depends on the acoustic impedances of the materials [23] Z = p - ¢, where p and
c are the characteristic material density and the sound velocity. Corresponding pressure reflection
R and transmission T' coeflicients for normal incidence are given as:

 Za— 7
i+ 2

275

R =——
Zy+ Za

and T

The striking contrast in acoustic impedances of solid materials with air creates serious challenges
to launch acoustic waves into the sample (e.g. Za; = 1.7 x 107 vs Z,;, = 430). The use of the
impedance transitioning layers such as liquid/gel couplants is therefore required to reduce the
losses in contact ultrasonic methods (section 2.1.5). The loss in transmission from a 1 MHz
PZT transducer into a steel sample is estimated to be 79 dB without and about 1 dB with the
couplant [29], and the two-way conversion loss (at 1 MHz and 50 mm distance) without the couplant
can reach 189 dB in steel [30].

Depending on the purpose of the inspection, types of the waves used and sample geometry, a
number of test configurations could be adopted with different relative positions of the actuator
and the receiver, and based on principles of reflection or transmission. Most common of these are
pulse-echo, through-transmission and pitch-catch [31], described below and illustrated in figure 2.2.

The use of actuators (such as PZT transducers) to launch acoustic waves into the material
defines active sensing. In passive sensing no external actuators are used, and the sensing is based
on listening to the structure itself using a receiver. Passive sensing employs effects such as acoustic
emission (20 kHz-1 MHz), where the elastic stresses are originating from a source within the
material itself such as during nucleation or propagation of a crack. Such passive methods however
cannot detect the existing damage or flaws, and generally require the time history of the previous
inspections. They are commonly used for SHM to monitor active damage resulting from fractures,

plastic deformations or impacts but are not suitable for NDT.
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Figure 2.2: Typical inspection configurations and corresponding signals indicating presence of a

flaw: (a) pulse-echo; (b) through-transmission; (c) pitch-catch.

Pulse-echo

In the pulse-echo configuration typically the same element acts as an actuator and a receiver
requiring a single point of access on the test object, although separate actuators and receivers
could also be used. The method is based on detection of the pulse reflected from the object
geometry and/or flaws. The presence of flaws is then indicated by the presence of echoes additional
to or obscuring those received from the sample geometry with arrival times characteristic of the
propagated distance and the ultrasound velocity of the material. The location of flaws and object
thickness can be obtained by measuring the arrival times of the echoes for the known velocity.
Material characteristics such as velocity and attenuation coefficients can also be determined in this

configuration.

Through-transmission and pitch-catch

A through-transmission arrangement uses a separate actuator and receiver placed on the opposite
sides of the test object. The presence of a flaw in this configuration is indicated by the reduction
in amplitude or complete loss of the transmitted pulse in the received signal. It does not however
provide information on the depth-location of the flaw within the object. This arrangement is well
suited for testing lossy materials due to the reduction of the travel path, and can be used for

velocity and thickness measurements and delamination detection.
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Pitch-catch is another transmission-based arrangement where an actuator and a receiver are
placed on the same side of the test object and the signal transmitted by the actuator is caught
by the receiver in a direct pass or after reflection from the sample geometry/flaws. It can be
used with surface waves or with bulk waves at oblique angles of incidence, providing solutions
to hard-to-detect orientations of flaws (e.g. parallel to the direction of propagation, at an angle,

near-surface).

Other types

The combinations of multiple actuators and multiple receivers on the surface of a test part could
also be used with guided waves, in some cases creating a whole network of sensors. Inspection in
such an arrangement allows simultaneous monitoring of a large area along different directions and
has high potential for structural health monitoring [32].

The test configurations described above could be used with the probe being in contact with
the test object or by immersion testing/scanning where the test object is placed in a tank with
liquid to allow non-contact inspection by a probe submerged in close proximity to the object. This
allows automated inspection and scanning of large area components, as is demonstrated by the
recent development of ‘1000 gates’ system for inspection of aerospace jet engine discs [33].

Another inspection technique known as resonance testing makes use of the unique mechanical
resonances of the test object and corresponding resonant frequencies determined by the object
geometry and material properties. This type of inspection can be used for quantitative measure-
ment of the thickness of very thin plates, and for qualitative assessment of the part as a whole by
analysing the deviations in resonant frequencies from the expected values due to cracks, disbonds
or missed processes. The ultrasonic pulse is sent into the structure and its frequency varied until
the resonance is achieved or the spectrum of the wide-band pulse sent through the structure is

analysed for the changes in the resonant frequencies.

2.1.3 Inspection with Rayleigh waves

The unique properties of Rayleigh waves are beneficial in applications requiring inspection of distant
parts of components with limited surface access, parts of an assembly where inspected areas are
obstructed, components with curved surfaces, and detection of flaws that might be missed by other

methods due to their size, location and orientation.
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Propagation

The benefits of using Rayleigh waves for inspection of remote regions are due to their ability to
propagate over greater distances than bulk waves. This results from a slower decay in the surface
wave amplitudes decreasing as 1/+/r with distance r, compared to 1/r for the bulk waves, producing
higher amplitude disturbances for the given power in the wave.

The propagation of the Rayleigh waves is possible on curved surfaces and around corners, with
the total wave transmission past the corners with the radii exceeding 1.7 — 2Ar [28]. This enables
inspection of the components with complex surface geometries and the regions that are obstructed
or behind bends, making surface waves easily accessible for excitation and measurement from any
available surface area of the test part. The velocity of the wave is however affected, increasing with
curvature of the surface, which should be taken into account when localising the damage.

Of particular benefit for defect detection is the ability of the wave to propagate past the cracks
independently of their depth (the transmission coefficient is close to 8% for the slots deeper than

1.5AR [28]).

Localisation

The localisation of the wave in the thin surface layer makes it highly-sensitive to the characteristics
of the layer and the surface conditions, affecting wave velocity and attenuation, which can be used
for detection of surface flaws and measuring material properties. Small relative dimensions of the
interrogating Rayleigh wave (determined by its penetration depth) produce stronger reflections
than the bulk waves used for detection of volume defects of similar sizes. The wavelength-dependent
penetration depth can be used to probe material condition and properties at different depths by

varying the wave frequency.

Defect detection and sizing

The defect detection with surface waves could be performed in pulse-echo or pitch-catch configu-
rations (section 2.1.2) either by detection of an echo from the flaw or by measuring the reduction
of the transmitted signal.

The use of Rayleigh waves is not limited merely to flaw detection but can also be employed for
accurate defect sizing and characterisation by analysing the interaction of the wave with the surface
features [34,35]. The complex character of this interaction is strongly dependent on the crack—
depth/wavelength ratio [28,36] and includes not only straight-forward reflection and transmission
of the wave in the Rayleigh mode, but also mode-conversion [37] and scattering into bulk at the

tips and corners of cracks [38], as well as reverberations in slots.



CHAPTER 2. BACKGROUND 28

These mechanisms are exploited for the evaluation of the crack penetration depth in a number
of approaches. Amplitude-based methods rely on fundamental relationships between the depth
of the slot and the amplitudes of the reflected, scattered and transmitted Rayleigh waves. The
time-delay measurement methods analyse the depth-dependent transit times of the transmitted,
mode-converted or diffracted waves, with the spectral methods additionally exploiting amplitude
and transit time dependency on the frequency of the wave [34,35,39,40] to allow the sizing of cracks
with depths below Ag. Analysis of the power spectral density can also be used for monitoring of
crack growth [41].

The demonstration and verification of CHOTs NDT capabilities in the presented work was
limited to event of detection, corresponding to intended pass/fail application, without defect sizing.

The detection of slots with depths as small as Ag/2 on aluminium samples is shown in Chapter 7.

Aerospace NDT in-situ

High sensitivity of surface waves to near-surface conditions makes them a powerful tool for detection
and characterisation of defects in components where the initial damage is confined to the surface,
such as the development of fatigue and stress-corrosion cracks in turbine and compressor blades of
aeroengines.

The feasibility of using surface waves for ultrasonic inspection of aeroengine components was
first considered in 1954 and shown as early as 1956 when ultrasonic inspection was introduced
by the Royal Danish Airforce. The inspection principle used the pulse-echo arrangement, and
the conditions and practicability of using SAWs for compressor and turbine blade testing were
reported, demonstrating the detection of cracks in such poorly-accessible and critical areas of a
blade as the fillet radius of the root [42]. The potential of SAWs for early detection of fatigue
damage and failure prediction had also been shown [43]. The in-situ inspection with surface waves
was demonstrated in 1963 by testing of Alison J71 turbojet compressor rotor blades, where 15 out
of 167 inspected engines were rejected with a total of 69 cracked blades, amounting to the saving
of at least $4 million in engine costs [44]. The use of this ultrasonic technique was reported to
reduce the inspection time per stage from 2-3 hours taken with conventionally-used dye-penetrant
or magnetic particle tests to 20 minutes [45].

In such applications surface waves are mostly used in a pulse-echo configuration where the echo
amplitude and separation are typically analysed. A pass/fail inspection uses a set threshold based
on the echo amplitude from a defect of the maximum permissible size and a time-window or a
‘gate’ to select the echoes arriving from the area of interest on the test part. Common practice in
aerospace NDT is the use of the reference standards [3] representative of the component that is

being tested and often containing a simulated defect. The calibration of the instrument on such
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standards provides a sample of the expected ultrasonic response and is used to adjust instrument
sensitivity and set the time window. Typical inspection frequencies are used in the range of 0.5-15
MHz [3]. For example, the Rayleigh wave frequencies of 0.4-8 MHz would be required to detect
flaws of 0.2-4 mm in depth, based on the maximum allowable repair limits for damaged steel
compressor blades in stages 14 [46], steel velocity cg = 3,179 m/s [27], and detection of the defect
with depth Ag/2.

Although the feasibility and effectiveness of the Rayleigh waves for in-situ ultrasonic inspection
was demonstrated using contact transducers, considerable efforts were dedicated to custom con-
struction of the probes and fixtures [42,45,47]. The probe would be attached to the blade with a
pressure spring or other clamp-on mechanism and was required to provide the required angle for
mode-conversion from longitudinal to surface waves as well as uniform contact with the surface.
‘A Study of Ultrasonics for Flaw Detection in Turbojet Engines’, technical report prepared for the
Oklahoma City Air Material Area (Tinker Air Force Base) [47] stated the difficulties of placing
the transducer in the same location on different blades, difficulty to maintain even pressure and
poor repeatability resulting in signal fluctuations and difficulty of result interpretation. The use of

non-contact ultrasonics can be expected to overcome the reported difficulties of contact inspection.

Propagation on real surfaces

High sensitivity of Rayleigh waves to surface condition, desirable in terms of inspection, poses a
question with regard to practical applications on real components and the effect of the surface
quality on the propagation of the wave. Among other factors affecting the propagation of sur-
face waves (grain size, material properties, temperature, etc.) significant contributions to wave
attenuation and damping arise from surface finish and loading.

Wave attenuation due to surface roughness results from scattering at surface irregularities and
radiation of the wave energy both into the volume (as longitudinal and transverse waves) and
secondary Rayleigh waves. The dominating modes and the attenuation coefficients are depen-
dent on the relative dimensions of the Rayleigh wavelength A and the correlation length of the
roughness features a, where the attenuation coefficient varies as the fifth power of frequency in
the long wave approximation ( a/Ar << 1) and as the fourth power of frequency for the short
waves ((a/Ar >> 1) [48,49]. At high frequencies the attenuation is dominated by scattering into
the secondary Rayleigh waves and according to [48] attenuation length tends to a constant value
dependent on the Poisson ratio.

At longer wavelengths however roughness has a greater impact on the changes in propagation
velocity than attenuation, making the wave dispersive [50]. For example, the ratio of the rough/flat

surface velocities cg/cro = 0.799 was reported for Al sample with small roughness (h?/a? = 0.022,
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h — rms flatness) and a/Ag = 1.079 x 1072 [51]. Although this effect should be taken into account
when using time-of-flight methods for flaw localisation, it could be used as a tool to indicate
deterioration of the material surface over time.

The inspection efficiency was shown to be affected by surface finish, with the first indications
of damage on rough components being detected later in fatigue life. JG Rasmussen [43] reported a
1.8-times difference between the ground and electro-polished surfaces, corresponding to detection
at 39.4% of fatigue life on electro-polished and at 72.3% on the ground surface with scratches
(sample under dynamic loading, 4 MHz, 2024ST3 Al alloy; 59.6% to 86.6% for unloaded samples).

The presence of surface layers such as liquids, paint, thermal-barrier coating and operational
build-up has additional effects. A layer of liquid leads to radiation of acoustic energy into the liquid
as compression waves (leaky Rayleigh waves), with significant dependency of the losses onto the
thickness of the layer. This limits operational environments for the Rayleigh waves. The formation
of the surface build-up layer on turbine blades during operation can present additional challenges
in which case the inspection with surface waves can be complemented by transverse waves [42]. No
serious effects are expected from a thin paint coating for inspection frequencies under 5 MHz [47].

Considering the ability to detect early fatigue damage at 4 MHz using a PZT [43] the effective
propagation distance was reported to exceed 41 ¢m on a scratched and corroded Al-alloy sample,
reduced to 23 cm with applied layer of zinc chromate primer. The use of Rayleigh waves can
therefore be reasonably applied for in-situ testing of aerospace components considering moderate

roughness and propagation distances and target inspection frequency of 4 MHz.

2.1.4 Typical representation of the test results

Different measurands can be obtained from the ultrasonic data to be presented including arrival
times of the echoes (time-of-flight), amplitude or peak-to-peak value of the signal or a particular
echo in the region of interest (time-gated), phase or amplitude at particular frequency, velocity, etc.
The presentation of the results of the ultrasonic inspection should contain sufficient and appropriate
information to allow their interpretation in accordance with the purpose of the inspection. The
three main types used to represent the recorded data are A-scan, B-scan and C-scan (figure 2.3),
each providing different degrees of detail and ways to analyse the results. All three types of the
scans are used in this work to demonstrate particular points that are being discussed. Other types
of data acquisition and presentation include P-scan and D-scan used with angled probes and for

jointly moving actuators and receivers.
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Figure 2.3: Data collection corresponding to representation of results.

A-scan

A-scan plots the amplitude of the signal recorded by the receiver at a single measurement point
against time. The time of arrival of the acoustic signal is dependent on the distance travelled and
the velocity of the used wave type in a particular material, with the amplitude being indicative of
the propagation path, material attenuation and coefficients of reflection or transmission of internal
boundaries or flaws. Therefore a range of information can be extracted from A-scans including the
presence and location of flaws, their size, layer thickness and properties, etc.

The majority of the results obtained in this work and those typical for a single CHOT actuator

and a single receiver are presented in form of A-scans corresponding to detection at a single point.

B-scan

When a number of A-scans are obtained at points along a line on the test object by physically
moving the receiver from point to point, a B-scan can be constructed. It allows plotting signal
characteristics of interest along the dimensions of the line scan and against time. This provides
extra information creating an acoustic slice of the sample at the position of the line scan. The
B-scan is presented as an image with spatial and time coordinates and a colour map corresponding

to the amplitude of the received signal.

C-scan

Combining a number of B-scans by performing sequential line scans along the second dimension
of the test sample, a C-scan is created. The resulting data is a three-dimensional array of the

time traces (A-scans) in two spatial coordinates corresponding to positions of the receiver on the
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sample. This is the most complete but time and resource consuming scan. The C-scan is presented
as an image in two spatial coordinates of the sample with the colour map chosen to represent
selected characteristics of the acoustic signal. The time dependency is not shown in C-scans as
the plot is bounded by the three-dimensional coordinate system. The detailed time traces can
however be analysed separately by using A or B-scan representation. C-scans can be used to
display variations in thickness, detection of disbands, imaging, visualisation of acoustic fields. The
information presented as B or C-scans is easy to analyse and allows visual recognition of patterns

and trends in the data.

2.1.5 Conventional generation and detection methods

The excitation and detection of ultrasound is achieved by the use of an ultrasonic transducer —
a device performing conversion between ultrasonic and other types of energy. The operation of a
transducer is often reversible (the energy transformation performed in both directions) allowing
a single probe to act both as an actuator and as a receiver. The commonly-used methods for
generation and detection of ultrasound, their operation principles, benefits and restrictions are

summarised below.

Piezoelectric transducers

These ultrasonic transducers employ the direct and converse piezoelectric effects for conversion
between the acoustic and electrical energy. Polarised piezoelectric material placed between two
conducting plates will induce the change in the electric field as mechanical tensile or compression
stresses are applied to it, providing the means for the detection of ultrasound. The application of
the alternating electric field to the same material will result in material contractions and expansions
enabling the generation of acoustic waves. Phased arrays consisting of multiple transducers enable
custom beam modification and steering as well as high resolution imaging that can be used to
visualise internal flaws [52].

These are the most common type of the ultrasonic transducers used in NDT offering a wide
range of frequencies and ultrasonic modes of operation that could be applied to a range of materials
and sample geometries. However, the transfer of the acoustic energy between the sample and
the transducer requires a good contact with the sample, and due to the differences in acoustic
impedances — a couplant. Transducer operation and the repeatability of inspection results are
strongly-dependent on the coupling quality. Another important limitation is the loss of transducer
functionality at temperatures above the Curie temperature, restricting the application of a typical

lead zirconate titanate (PZT) transducer to under 250-490 °C [31].
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Magnetostrictive transducers

The operation principle of the magnetostrictive transducers is similar to that of the piezoelectric
transducers but based on the use of ferromagnetic materials and magnetic fields to induce or detect
material deformations. Additional abilities include direct initiation of guided waves in rods or wires

made from ferrous materials for their inspection or process monitoring.

Electromagnetic acoustic transducers (EMATS)

EMATS offer non-contact generation and detection of acoustic waves by using electromechanical
coupling. This allows their use in hostile environments and at high temperatures, however restrict-
ing their application to electrically-conducting materials. EMATSs operation is based on using a
current-conducting coil in the constant magnetic field. Acoustic generation is achieved as an alter-
nating current is passed through the coil placed in close proximity to the test object. The magnetic
Lorentz force acts on the induced eddy currents in the material under test resulting in oscillations
of the metal lattice. Conversely, the elastic vibrations in the sample introduce a flow of alternating
current in the coil.

One of the concerns with the use of EMATS, especially for applications in structural health
monitoring is possible electro-magnetic (EM) interference that could adversely affect functioning
electronic systems. They are however rather forgiving to the surface roughness and can operate

on samples with coatings.

Air-coupled transducers

Air-coupled transducers is a separate branch in the development of the non-contact ultrasonics
that couple the acoustic energy between the actuator/receiver and the sample via an air/gas-filled
gap. Among the commonly-pursued solutions to overcome the intrinsic difficulties of the efficient
acoustic coupling into air are the reduction of the high impedance contrast between the transducer
and the air using the resonant matching layers, the reduction of active-element impedance and
air-backed transducers.

A separate class is the capacitive (CMUT) and piezoelectric (PMUT) micro-machined ultrasonic
transducers, the operation of which is based on the use of the deformable electrode membranes
caused to vibrate by the application of the alternating electric field and conversely, producing
the flow of alternating current if being deformed. The CMUTs design is that of a parallel-plate
capacitor [31], whereas the PMUTSs use a membrane resonator coated with electroded piezoelectric
film. A comprehensive review of various techniques and designs of the air-coupled transducers,

including in NDT context can be found in [30,53,54].
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Laser and optical

The laser ultrasonic (LU) systems use the interaction of the laser beams with the surface of the
sample to generate and detect acoustic waves, providing non-contact remote operation and most
ultrasonic modes and wavefronts.

The generation is achieved typically via the thermoelastic effect whereby the radiation of the
laser illuminating the surface of the sample is absorbed within a thin surface layer of material
and converted to heat, resulting in a rapid thermal expansion of the heated region. Using pulsed,
modulated or moving laser sources the material undergoes a series of expansions and contractions
that produce propagating elastic stresses inside the structure.

Optical detection is based on using some form of reflection (specular, scatter or diffraction) of
the probing optical beam from the surface of the test sample and further analysis of its character-
istics. It is therefore often sensitive to surface conditions such as roughness and reflectivity.

The use of lasers enables operation at large distances, on complex and curved surfaces, and
easy scanning. This comes, however, at the cost of generally reduced generation efficiency and
detection sensitivity compared to conventional contact methods.

More details on the operation principles and specific techniques of laser generation and detection
of ultrasound with relation to the current work are provided in section 2.2, whereas a more general

and comprehensive review can be found in [16].

Techniques summary and comparison

In addition to the methods described earlier, there is a wide range of hybrid systems using a
combination of various techniques, for example — using a laser to remotely excite a PZT element [55]
or a MEMS transducer [56], laser generation combined with detection by an air-coupled PZT
[57,58], EMAT [59,60] or an integrated ultrasonic transducer (IUT) [61], and many more. The
trends evident in the development of the ultrasonic techniques in NDT context are driven by the
desire for contactless, remote measurements, ability to inspect complex-geometry parts, operation
at elevated temperatures, and miniaturised systems for in-situ measurements. Here, the choice of
a particular technique or their combination is weighted on the benefits to specific application.
The wide use of the contact bulk transducers is attributed to their high range of applicability,
operation frequencies, the ease of use, cost and energy-coupling efficiency, including the highest
detection sensitivity among other methods [30]. Although the major limitations of their contact
nature have somewhat been overcome with the development of the air-coupled PMUTSs and, in part,
by the use of the capacitive and inductive PZT hybrid systems [55], the sample penetration and

generation efficiency have been compromised (especially for surface waves). The applicability of
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contact techniques for testing of non-planar components has been addressed by the the development
of a range of flexible (FUT) and integrated ultrasonic transducers [62-66], aided by the rapid
advancements in micro-fabrication, MEMS technology and material processes.

Despite EMAT's and air-coupled transducers allowing component testing without physical con-
tact with the sample or the need of coupling, among other restrictions (on the type of material,
EM interference and parasitic capacitance, high operational voltages) the probe still has to be
in close proximity to the test part. In most cases this also imposes restrictions on operational
temperatures.

The use of lasers to generate and detect acoustic waves enables remote operation at large
distances and in hostile conditions, inspections that could be automated and performed on objects
in motion, with high potential for in-situ testing and in industrial applications. The availability of
short-pulse lasers enables operation at high frequencies (beneficial for finer defect resolution and
restricted in the air-coupled transducers to the lower MHz range), and bandwidths exceeding 100
MHz. However, the laser ultrasonic systems are generally expensive, more complicated to align
and have safety considerations. The main drawbacks for their industrial application are reduced

detection sensitivity [67] compared to contact methods, and high dependency on surface conditions.

2.2 Laser ultrasonics

In his review of the applicability and transition of laser ultrasonic systems into industry (2004),
Jean-Pierre Monchalin [68] concluded that “... laser ultrasonics that was for a long time a labo-
ratory curiosity has definitely now made its transition to industry.”, and at the same time “..the
developments should continue to improve performance, to make it well adapted to specific in-
spection..”. The persistent presence of dedicated laser ultrasonics sessions at NDT conferences
shows acceptance of this technique as a viable means for inspection. However, the development
of numerous hybrid systems [69, 70] combining laser generation with some type of non-optical air-
coupled detection demonstrates both the desire to exploit the benefits offered by laser ultrasonics
and at the same time the reluctance to use optical-based detection methods. The main barriers of
the LU techniques slowing down their transition into industries are lower sensitivity of detection,
complexity and cost of the systems [67,68].

The present work draws on a number of approaches developed over the years to increase the
efficiency of laser-ultrasonic techniques in pursuit to create the highly-desirable all-optical inspec-
tion system. By the combination, extension and adaptation of these techniques for a particular
inspection task (Chapter 1), the present work contributes towards further transition of a selected

LU technique to industry. This is achieved by overcoming some of the drawbacks limiting industrial
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applications of the previous methods and by the demonstration of application-related capabilities.

This section outlines the principles of laser ultrasonics and reviews the relevant underlying works

in the field.

2.2.1 Principles of laser ultrasonic generation

Unlike contact and air-coupled transducers, the generation with a laser does not require launching
acoustic waves across the boundary of two media, with associated losses. Instead, it utilises the
material of the sample to act as a transducer, transforming incident radiation into acoustic waves
by converting it to heat (via a thermoelastic effect). The laser in this case simply acts as a wireless
power-delivery system, similar to the electric pulser used by conventional contact transducers. The
efficiency of conversion is determined by material absorption and laser power density which jointly
define the generation mechanism that takes place.

In the thermoelastic regime (figure 2.4a) the absorbed energy is converted to heat and produces
localised material expansions. The resulting thermoelastic strains and stresses set up inside the
material are the source of acoustic waves. As radiation is absorbed in a thin layer, the principal
stresses are parallel to the surface [71] — a condition favourable for efficient excitation of surface
waves [72]. The acoustic generation is achieved when the incident power is modulated in time so
as to produce alternating material expansions and rarefactions [73].

The generation in the ablation regime (figure 2.4b) is supplementary to the thermoelastic
process and begins when the input power density breaches the material melting threshold. Vapor-
isation of the surface layer and formation of plasma result in ejection of matter from the surface.

Combined, the recoil force from evaporation and the pressure from expanding plasma produce
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Figure 2.4: Schematic representation of ultrasonic generation in thermoelastic (a) and ablation (b)

regimes; principal stresses are indicated by bold arrows.
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normal force directed into the sample, enhancing the generation of bulk waves [71].

Although both mechanisms can be used for excitation of the Rayleigh waves, their application
to non-destructive testing evidently prohibits any damage to the sample. The present work and
further discussion are therefore restricted to operation in thermoelastic regime.

To produce acoustic waves of sufficient amplitudes and high frequencies in MHz range, a Q-
switched laser is commonly used due to its high peak pulse power and short pulse durations. As
the generated frequencies are spectral components of the laser pulse, more energy at the higher
frequencies is available from the shorter pulses. Acoustic frequency f at which the pulse power-
spectrum reaches half-maximum can be estimated (based on Gaussian pulse profile with standard

deviation 7 [16]) as:
01874
T

f

The operation at 4 MHz and 5 MHz in present work therefore requires the pulse duration of under

40 ns to ensure considerable energy at desired frequencies.

Thermoelastic generation

In the thermoelastic regime the origin of the acoustic generation is the temperature gradients
introduced by the absorption of input laser radiation, with linear dependency of resulting stress-
wave amplitudes on the input power [71,73]. Limiting interaction of laser illumination to metal
samples, the simplified relations during this process are presented below, and the detailed analytical
solutions can be found in [74,75].

Considering a one-dimensional case of a semi-infinite body, the laser irradiation of its surface

(plane z = 0) with the associated temperature rise AT produces a strain €,,:

_ Ou(z,t)
€z = —p — = aAT(z,t)

where u(z,t) is the z component of the particle displacement, and « is the coefficient of linear
thermal expansion.
As the expanding volume is constrained by the surrounding material, the stress-strain relation

described by Hooke’s law includes the corresponding compressional stresses —Ba AT
0., = (L +2G)e,, — BaAT

where o, is the total elastic stress, L is the first Lamé parameter, G and B are the shear and bulk
modulii of elasticity.

Thus the equation of motion for laser-generated elastic waves u becomes [73]:

?u 0o, 0% oT
Pop = g, — L2055~ Bags
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where the appropriate temperature distribution 7'(z,t) is found as the solution of the heat con-
duction problem for the corresponding input energy flux.
Due to finite penetration of the electromagnetic wave, the absorption is localised in a thin

surface layer of ‘skin depth’ § [16]:
Ao

ToCcp

6:

(2.2)

where )\ is the optical wavelength in vacuum, ¢ and p are the material conductivity and perme-
ability, and c is the velocity of light.

Generally, for near IR radiation and most metals ¢ is of order of tens of nanometres, and the
absorption is around 4-7%. In a simple approximation (without considering thermal conductivity,
and for uniform illumination) the temperature rise AT and the resulting change of volume AV

produced by the absorbed energy can be determined as [16, 71]:

AT = Eabsorbed and AV = 3Oflgabsorbed
po A po

where Egpsorbed = (1 — R) Eincident 18 the absorbed energy, Eincident is the incident energy, R is the
reflection coefficient, A is the illuminated area, p is the mass density, and 3a/po can be described
as the thermoelastic coupling factor.

The original experiment by White in 1963 [73] demonstrated generation of easily-detectable
elastic waves with a calculated peak surface temperature rise of as little as 0.001 °C corresponding
to the absorbed power density I = 2 W/cm? (pulse length 7 = 2 us) and material absorption
< 10%. The pulse duration, power density and thermal properties of the material (conductivity
and diffusivity) determine the maximum temperature rise at the surface. Typically, for aluminium
and a Q-switched laser operating in the thermoelastic regime (7 = 20 ns, I = 1.9 MW /cm?)
this value is close to 100 °C [16], and increases for the shorter pulses carrying the same energy.
For metals like aluminium and Q-switched lasers, exceeding the power densities of ~ 107 W /cm?

results in material melting and ablation.

Surface acoustic waves

It can be seen that the temperature distribution and strains inside the material resemble the energy
distribution on the surface and determine the solution of the equation of motion. The choice of
the appropriate illumination thus gives control over the acoustic source.

The temperature gradients produced by the evenly-illuminated surface are directed into the
depth of material normal to the surface and are the source of the longitudinal waves. Due to
finite size of the laser beam, additional lateral gradients are introduced parallel to the surface

enabling generation of shear and surface waves. Such simultaneous generation of multiple acoustic
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modes is a distinct feature of laser-generated ultrasound, with the Rayleigh modes dominating in
the thermoelastic process. The following ratios of energy distribution between the modes were
measured for the material with Poisson ratio of 0.2: Rayleigh/shear = 6.93 and compression/shear
= 1.3 [72].

The laser beams of conventional circular symmetry produce surface waves propagating radially
away from the source. The directivity of the wave is achieved by expanding the illumination from
a spot to a line source [76]. Figure 2.5 demonstrates the directivity comparison for a circular and
a line acoustic sources, where the line source is shown to produce two, forward and rearward-
travelling, wavefronts with enhanced generation in directions orthogonal to the illuminated line.
The Rayleigh wave pulse duration is proportional to the width of the illuminated area, and the
amplitude — to the absorbed energy per pulse [77]. Highly-directional SAWs are also desirable in
NDT applications, with those generated by linear sources displaying higher sensitivity to flaws [78].

Additionally, the direction of the wave can be controlled by the creation of the linear phased
array of point sources [79,80] activated with the corresponding time delay (figure 2.6) to produce

angle § = sin~!(cgt/a), where a is the distance between the array elements.

2.2.2 Generation of surface acoustic waves: arrays of ultrasonic sources

A number of techniques have been developed in the past four decades to increase the generation
efficiency and signal detectability in the LU systems [67,72]. Two commonly-pursued directions
are the increase of the generated surface displacement §, making signal more easily detectable, and

the reduction of the generation and detection bandwidths BW to reduce noise. The relationship
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Figure 2.5: Directivity of the Rayleigh wave Figure 2.6: Controlling the directivity of the
(Aindow et al 1982): circular source - dashed wave by the use of the linear phased array of

curve, vertical line source - solid curve. point sources.



CHAPTER 2. BACKGROUND 40

between both factors and the signal detectability for shot-noise limited laser system and probing

power P can be described as [67]:

: 2
SNR — signal power ~ 0°P

2.3
noise power BW (2:3)

The material ablation threshold places a physical restriction onto permissible input power densi-
ties, consequently restricting signal amplitudes achievable without material damage. Distributing
the illumination over a larger area allows this restriction to be overcome and deliver threshold
levels of input power without the risk of material damage. Further increase in the amplitudes
of the generated waves can be achieved by appropriate distribution of acoustic sources to provide
superposition of their contributions at a selected location on the sample. For example, the focusing
of converging SAWs from annular or arc-shaped acoustic sources [81-84] or the creation of periodic
illumination to produce an array of spatially-phased ultrasonic sources [85-88].

Although providing gain in amplitudes and high spatial resolution, the use of focused waves is
of limited interest in the current work as it requires scanning to interrogate an area, whereas the
use of rectilinear arrays producing plain highly-directional Rayleigh waves is the most suitable for
the target application.

At the same time, the use of spatially-distributed arrays provides additional gain from reduction
of signal bandwidth, directly proportional to the number of array elements. Temporal modulation
of a single source can provide similar bandwidth reduction by creation of a toneburst signal, and a
combination of temporal and spatial modulation [79,80,89,90] enables to increase the amplitudes
of the generated signal in particular direction/location on the sample, operating similar to a phased
array. Similar solutions have been realised for longitudinal waves [91-96].

The temporally-modulated phased arrays use controlled time-delayed activation of the ultra-
sonic sources which results in somewhat complex electronics and bulky optics, requiring multiple
delay lines [90] or laser cavities [95]. Periodic spatial arrays with simultaneous activation, on the
other hand, are the simplest to realise and the least expensive, offering a combination of narrow-
band generation with physical enhancement of signal amplitudes. They are highly suitable for
generation of surface waves and industrial applications.

The use of spatially-periodic illumination provides general increase in the generation efficiency
due to the introduction of additional lateral constrains by the shadow (cold) zones along the
surface [73]. A 20% amplitude increase was reported from a simple introduction of a sharp-edge
aperture into an unfocused laser beam [77].

To provide constructive superposition of its elementary contributions, the sources in the array
should be appropriately distributed. The highest generation efficiency is achieved by matching of

the source separation distance a to the wavelength of the generated SAW Agaw = a. In this case
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the stresses generated by a single source at ¢ = 0 arrive under the neighbouring source at ¢t = At
determined by the Rayleigh wave velocity cr, and add in phase. The source separation can then
be selected to enhance the generation of the required frequency fsaw:

fsaw

a

An 11x increase in signal amplitudes was reported for laser-generated SAW in [85] when this
condition was met. Similar peak efficiency condition can be found for generation of Rayleigh waves
by a quartz plate with a comb-like metal structure consisting of projections and slots [28], as well
as in operation of the inter-digital transducers [97]. Considering Gaussian illumination profile of
each source, a line width d can be additionally optimised [87]:

_ V2

™

d

The frequency spectrum of the generated wave G(f) is formed from the spectrum of the wave
generated by a single source H(f) and the array function S(f) describing the shape, number and

separation of the elements [87,88]:

For the rectilinear array of evenly-spaced and illuminated sources:

-
The bandwidth of the signal generated with such an array is inversely proportional to the number
of sources N. Considering first zero-crossings around the fundamental frequency fy in the first
instance, it can be determined as [87]: ;

2/o

BW = —
N

The reciprocal increase in SNR follows from equation 2.3 [67,87,95], where a joint 8x reduction
in bandwidth and 8x increase in total signal levels were reported to produce 64x increase in SNR
in [87], and a 9x increase in PTP SAW amplitudes was similarly reported in [95] from a 10-source
phased array.

The practical realisations of the laser arrays range from multiple time-delayed laser cavities [95]
for temporal modulation to the use of White cell optical delay cavity [94], multiple beam/cavity
lasers [79,91,95] and arrays of optical fibres [80,89] for the phased arrays.

The most common configurations for the spatially-distributed arrays with simultaneous activa-
tion include the placement of an optical element between the source and the sample (figure 2.7) in
the form of alternating transparency masks [70, 85, 98], optical diffraction gratings [87], lenticular
arrays [92, 93], holographic diffraction elements [83,84,99], or the use of two-beam interference

pattern projected onto the sample surface [86,100,101].
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Figure 2.7: Schematic diagram illustrating optical configurations that use optical elements in the

path of the illuminating beam to produce linear thermoelastic arrays.

Alternatively, an array of absorbant lines can be created on the sample itself [1,102-105] produc-
ing an integrated optically-activated transducer. In this case the desired temperature distribution
is created on the sample in the instance of array illumination according to the introduced high/low
absorption areas. This technique utilises the increase of the generated wave amplitudes by en-
hancement of the sample surface absorption at locations of array sources. The effects of enhanced
generation by a sample coated with a layer of absorbant materials such as black paint [87,106],
Ti/Al film [85,86], Kodak ‘opaque’ have been shown and consistently employed.

The benefit of this technique is the ability to operate on transparent samples and to tailor the
absorption and generation efficiency to the material of the interrogated sample. As no additional
optics are required to form acoustic sources on the sample (e.g. masks), the system can be made
compact which is important for limited-space applications. Additionally, the use of collimated
beams allows large and flexible stand-off distances, unlike diffractive elements and lenticular arrays
where the sample is located in the focal plane.

Chapter 3 presents more details on the design, operation and fabrication of these transducers

that constitute the base for present work.

2.2.3 Optical detection of surface waves

The use of lasers for optical detection of ultrasound provides similar benefits to non-contact optical
generation, namely — the absence of couplants, large stand-off distances, applicability to a wide
range of materials independently of their conducting or magnetic properties, and remote opera-
tion. Combined with laser generation, it allows to realise the full potential of remote non-contact

ultrasonic inspection.
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Optical detection on opaque materials is performed by interrogating the surface, perturbed by
the propagating wave, with a probing laser beam and analysing the changes introduced into the re-
flected or scattered light [16]. The detection efficiency and sensitivity are thus significantly affected
by the surface finish and reflectivity which present the main barriers for industrial application [67].

Unlike with laser generation, where operation principle remains the same (and the main efforts
are directed to control the ultrasonic source and generation efficiency), the distinctive effects of the
propagating wave onto the amplitude, phase or frequency of the interrogating beam can form the
base for the detection system [107], separating the techniques according to the sensed parameters.
Further development of particular methods pursued the increase in sensitivity of detection [108],
frequently employing excessive auxiliary optical and electronic components for signal processing or
stabilisation, and producing complex and bulky systems. Additional efforts were therefore made
towards the reduction of the overall system size and complexity, restricting industrial applications.
Comprehensive reviews of the techniques are offered by [16,107-109] with descriptions of some
industrial applications in [68] and a comparative assessment of the techniques for detection of
the Rayleigh waves in particular in [110]. An overview of the main operation principles, and the

techniques relevant to the present work is presented below.

Sensing principles

Optical detection of ultrasound is based on sensing of the time-varying changes introduced by the
propagating wave into the reflected beam. Consider the propagating surface wave with displace-
ment amplitude § and wavelength A illustrated in figure 2.8 and described by equation 2.4, and
the probing field E,.q reflected from the surface in the absence of SAW, described by equation 2.5:

0(z,t) = d cos(wat + ko) (2.4)

Eo = Egexplj (Woptt + koptz + ¢0)] (2.5)

where w, = 27 f, and wep: = 27w for acoustic and optical frequencies f, and v, k, = 27/A and
kopt = 2m/A are acoustic and optical wavenumbers, Ey, ¢o and A are the amplitude, phase and
wavelength of the reflected optical field respectively, and ¢ is time.

In the presence of the acoustic wave, the optical path of the reflected light ray is reduced by

24, introducing the corresponding change of phase into the beam, so that equation 2.5 becomes:

E,=E eXp[j (woptt + kopt(ZO - 25@)) + ¢0)] =
= F1 exp[j (woptt — 2kop0 cos(wyt) + ¢1)] (2.6)

where ¢1 = ¢ + kopt2o
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Figure 2.8: Representation of the propagating surface wave geometry.

From equation 2.6 the phase of the reflected beam is seen to be modulated proportionally to

the surface displacement amplitude § at the ultrasonic frequency w,. At the same time, the surface

ds(t) _

disturbance moving with velocity =5~ = —dwq sin(w,t) produces the Doppler frequency shift of

the reflected wave proportional to the ultrasonic frequency f,:
E.1 = E1explj (2 {v + 2koptd fo sin(2m fot) } t))] (2.7)

The sensing options provided by equations 2.6 and 2.7 determine the techniques used to collect and
process the optical signal and the corresponding system designs for displacement and/or velocity

measurements.

2.2.4 Direct, intensity-based detection methods

The first group of methods is based on deflection of the interrogating beam by the propagating
acoustic wave, causing intensity variation in a given direction of the photodetector at acoustic
frequency f,, and directly-proportional to the wave amplitude §. Depending on the ratios of the
acoustic wavelength A and the size of the beam D, two main configurations are the knife-edge

detection/optical beam deflection (A/2 > D) and surface grating diffraction (A < D).

Knife-edge detection is the simplest method to realise, which is based on sensing the spatial
deviation of the returning beam on the photodetectior (figure 2.9a). The deflection of the focused
laser beam by the tilt of the propagating wave © produces a spatial shift of the returning beam
on the photodetector proportional to 20 which can be detected by placing a knife-edge into the
path of the returning beam, by splitting the beam into two symmetric parts with the use of the

differential detection (probe-beam deflection), or by the use of position-sensitive detectors.

Surface-grating diffraction techniques exploit the diffraction of the expanded laser beams at

the periodic deformations produced on the surface by the propagating wave (figure 2.9b). These
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Figure 2.9: Optical detection methods based on beam deflection by SAW.

deformations act as a reflective phase grating splitting the incident beam into the number of orders
propagating away from the surface at distinct angles ©,,, determined by the ratio of the optical A

and acoustic wavelengths. For normal incidence and the number of orders m:

. mA
$in®,, = N
The distribution of intensities among the orders is determined by the amplitude of the surface
displacement 4, and for small displacements § << A (where higher order contributions are insignif-

icant), the ratio of the first-order I; and zero-order I intensities is described as:

L (26)

Iy A
Due to the movement of the wave, the frequency in the diffraction orders is up- or down-shifted
by the acoustic frequency as v +mf,, and their phase is advanced with respect to the main order.
In instances where the diffraction orders overlap, their interference produces intensity fluctuations
at the acoustic frequency.

A range of detection techniques use well-separated diffraction orders, where the direct mea-
surement of the intensities in the corresponding orders can be used to determine SAW amplitude,
velocity or visualise the wave field and propagation [16]. At the same time, the interference in the
region of the order overlap can also be used for SAW measurements, for example combining it with
the knife-edge configuration to monitor intensity fluctuations. Additionally, optical heterodyne
detection can be performed where one of the separated orders is combined with a reference beam
on a photodetector, or spatial interference fringes produced by the order overlap are used. The
latter technique reported in the original work by Korpel [111] used a transmittance mask with the

spatial period equal to the ultrasonic wavelength placed in the overlap region of the 0-th and the
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41 orders, producing intensity fluctuation on the detector during the wave motion.
The comprehensive review of the the diffraction-based probing of the surface waves by Stegeman
[112] summarises the techniques and presents the corresponding relations between the properties

of the SAW and the diffracted fields.

2.2.5 Phase and velocity-based interferometric detection methods

This separate group of methods uses interferometric systems to convert the phase and frequency
modulation of the reflected beam, caused by the propagating SAW (equations 2.6 and 2.7), into a

measurable variation of intensity.

Two-beam Michelson interferometer is the simplest example of the interferometric detection
of the surface displacement (figure 2.10a). The probing illumination is divided into two paths by a
beam splitter, with one beam directed towards the sample and the other travelling to the reference
mirror. On their return after the corresponding reflections the beams are recombined and directed
to the same photodetector. Representing the reference field in the absence of SAW by equation
2.5, and the object field with the phase modulated by the surface displacement by equation 2.6,

the resulting intensity on the detector is expressed as:

47 (t
Ip =| Eyo 4+ B |°= E% + E% + 2E,0E,q cos( A( ) + ¢St> (2.8)

s

where ¢g = 27(,2 — zp) is a static phase difference between the reference z and the object zy paths
in the absence of the ultrasonic wave, and A is the optical wavelength.
Noting the last term in equation 2.8, the detected illumination is seen to be modulated by the

surface displacement d(t), where for 6 << A the fluctuation of intensity is strongly dependent on

C I
reference mirror - :
. B [
beamsplitter N ‘

Z optimal

2 | .

o operation
laser £ ‘
B [
sample B |
Zo0-26 z N I
I Ll
— 0 N4 A2 3\/4 A
photodetector path difference
(a) Michelson interferometer (b) Intensity output as a function of path differnce

Figure 2.10: Interferometric detection of surface displacement with Michelson interferometer.
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the static phase difference ¢. The optimal operation of the interferometer is achieved when the
amplitudes of the recombined beams are equal E,q = F,.; to provide the best contrast, and the
static phase difference is ¢y = /2 = A\/4 to ensure the highest sensitivity (figure 2.10b).

The optimal performance and sensitivity of the interferometer are defined by the precisely-
controlled physical path difference and depend on its mechanical stability, seriously affected by
the ambient vibrations and temperature fluctuations. To overcome this some techniques employ
active path stabilisation using electronic feedback from the detector to adjust the position of the
mirror. Other methods remove path-length dependency by modifying the optical signal collection
and processing. Most of these systems require the use of additional optical elements and electronic
circuitry, increasing the size of the system and in some cases slowing down its response at high

modulation frequencies.

Heterodyne detection is one of the examples where active stabilisation is not required, mak-
ing the interferometer more robust to environmental vibrations and better suitable for industrial
applications. The signal in heterodyne systems is proportional to the velocity of the wave and is
detected by using a frequency-shifting element (such as an acousto-optic modulator) in the refer-
ence arm of the interferometer. The detected signal in this case contains a carrier at the frequency
of the local oscillator and two Doppler-shifted side bands proportional to the frequency of the
ultrasonic signal. The surface displacement produced by the acoustic wave thus causes detectable
frequency modulation of the recorded signal, removing dependency on the optical path.

The variety of other types of the interferometric systems and configurations are possible, and
have been extensively reviewed in [16,93,108,109].

Whereas the beam-deflection techniques, Michelson-type displacement and heterodyne inter-
ferometers are only effective on optically-flat highly-reflective surfaces, the solutions for operation
on rough surfaces are provided by the use of a confocal Fabry-Perot interferometer (CFPI) and

non-steady state photo-EMF crystals [109,110] described below.

Confocal Fabry-Perot interferometer consists of an optical cavity where the interference
occurs between the multiple copies of the same wavefront reflected from the sample and delayed in
time. The specular light field with random phase produced by rough surfaces in this case interferes
with its own time-delayed copies, enabling operation on rough samples. The operation principle
is based on a change in transmittance of a wavelength-selective cavity with length being multiple
of the operation wavelength. The Doppler frequency shift introduced by the propagating wave

produces decrease in the output from the cavity, proportional to the acoustic wave velocity.
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Photo-refractive crystals and photo-EMF detectors offer cheaper more compact systems,
able to operate with diffuse reflections from rough surfaces and providing some compensation of
whole-body vibrations [108]. One of the representative examples offering similar performance to
CFPI [110] is the interferometer based on the non-steady-state photo-induced electromotive forces
(EMF). The interference pattern produced by the reference and the probing beams on the surface of
the crystal creates a static space-charge fringe pattern resulting from the diffusion and entrapment
of the photo-generated carriers. The shift of the interference fringes caused by the wave motion

induces the EMF current across the material proportional to the displacement.

2.2.6 Distributed detector configurations

Similarly to the arrays of ultrasonic sources discussed in section 2.2.2, a directional detection
of surface waves can be performed using arrays of optical receivers. The development of the
distributed detectors is guided by the same principles applied to the laser generation — distribution
of the probing power, allowing increased input without sample damage, and improvement in overall
SNR by narrowing the detection bandwidth (equation 2.3). Additional increase in sensitivity can
be achieved by matching the bandwidths of the detection system to that of the generated SAW. The
coherent addition from the simultaneous detection by the array elements increases the amplitude
of the detected signal [113].

The detector arrays are formed by modifying the distribution of the probing beam on the
sample, where the transmission masks, diffraction gratings [113] or a set of optical fibres [89] can
be used. The use of rectilinear arrays produces a detector with high directional sensitivity towards
the normal to its line elements (proportional to wd/A, where d is the line width), which can be
used for inbuilt discrimination of the unwanted reflections arriving from different angular directions.
Appropriately spacing the elements of the array allows to perform frequency-selective detection of
SAWSs, with the maximum sensitivity achieved for equidistantly-spaced elements with the spacing
matching the acoustic wavelength. The array detection using homodyne and heterodyne two-wave
mixing holographic interferometer based on photo-refractive crystal was reported in [113], and a
heterodyne fibre interferometer in [89)].

The excessive optical elements and complex electronic circuitry of the interferometric systems
resulting in large system sizes and limited manoeuvrability can be replaced by the use of a simple
optical transducer, based on the modified diffraction technique [1,105]. The transducer, designed
as a reflective phase-grating produced on the sample, combines the interferometric performance
with the frequency-selective directional detection offered by receiver arrays, without requiring

stabilisation or sensitive alignment. Operating with stability of a common-path interferometer, it
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can be adapted to industrial environments.

The operation principle is similar to a deformable grating modulator [114], where the electrode
array step height is changed by the applied voltage, producing intensity modulation in diffracted
light. Similar grating was reported integrated into a CMUT to increase its detection efficiency [115].

More details on the design, operation principle, and fabrication of the optical transducer used

in this work are presented in Chapter 3.

2.2.7 Fibre-coupled operation

The benefits of optical generation and detection of ultrasound can be extended even further by the
use of optical fibres. The practical advantages include flexibility, ability to guide the illumination
to and from the sample over large distances and around obstacles. The small dimensions of the
fibres enable access to confined spaces and hard-to-reach components. Optical fibres can provide
multiple sources to create phased arrays or detector arrays, used as delay lines in interferometric
detection, or act as sensors themselves.

The laser generation of ultrasound via optical fibres has been demonstrated in a number of
systems where fibres were used simply for light-delivery [98] (figure 2.7b) or to shape and time-
delay the ultrasonic source (as phased-arrays) [80,89].

In terms of detection, an optical fibre itself can be used as a sensor converting the strains
induced in the fibre by acoustic waves into the phase delays or spectral shifts. Such intrinsic fibre
sensors can be embedded into the part [116], and form a separate branch of fibre-optic detection.

The use of the fibres as a light-delivery method, with the ultrasonic sensing performed by

an external optical/electronic system, can be implemented with most of the described optical
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(a) Knife-edge (b) Michelson fibre interferometer

Figure 2.11: Example of fibre-optic detection systems.



CHAPTER 2. BACKGROUND 50

detection techniques. A modified knife-edge method was demonstrated [110] where a split fibre
bundle was used for light collection, combined with the differential circuit (figure 2.11a). Various
types of optical-fibre interferometers (OFI) have been reported, including CFPI [117,118], active
homodyne and heterodyne interferometers [89,119], Sagnac-type time-delayed interferometers for
SAW and bulk-waves [120,121]. A retro-reflection of the probing beam off the polished tip of the
fibre can be used to create a Fizeau-type interferometer [122,123] where the static path difference
is determined by the tip-to-sample distance, or a two-core optical fibre (figure 2.11b) can be used
for Michelson configuration [124]. The use of a thin polymer film on the end of the fibre operating
as a small Fabry-Perot interferometer was reported in liquids [125].

In most configurations the fibres form one arm of the interferometer, provide a time-delay or
ensure equal paths for multiple beams. The performance and stability of the OFTI is therefore
sensitive to fibre bends, external pressure and temperature variations, with the common-path

interferometers providing the most stability and robustness.

2.2.8 Summary

Since the potential of laser-ultrasonic systems was recognised, further method and system devel-
opments were driven towards the increase of the generation and detection efficiencies, practical
system applicabilities, enabling operation in industrial environments, reduction of system size and
complexity.

The generation of desired acoustic modes was shown to be achieved by the appropriate control of
the ultrasonic source, and the efficient generation of the highly-directional Rayleigh waves produced
by distributing illumination into an array of line sources. The use of multiple lasers, optical fibres,
transmission masks and diffraction gratings have been demonstrated to shape the illumination.

The effects of the surface displacement produced by the acoustic wave onto the amplitude, phase
and frequency of the probing beam provide a range of options for the corresponding detection
techniques, system designs and signal processing. The choice of a particular technique greatly
depends on the required operational requirements and sample surface finish and curvature.

The use of deflection methods is perhaps the simplest, does not require extensive optical el-
ements or complicated electronic circuitry, cheap and relatively robust to the ambient tempera-
ture variations or vibrations. Functionality of these systems, heavily-dependent on test geometry,
places some limitations on operational frequencies and stand-off distances. As acoustic surface dis-
placements are quite shallow (especially for laser-generated ultrasound), the direct intensity-based
sensitivity is also limited. Additionally, the effective operation is only achieved on optically-flat

highly-reflective surfaces.
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The interferometric systems can operate with higher frequencies but are expensive, usually
bulky and not portable, with limited manoeuvrability. Precise alignment is critical for their oper-
ation and high sensitivity to environmental conditions (requiring stabilisation schemes) can make
them impractical in some applications. Although a number of developed systems show good per-
formance on rough surfaces, most require extensive optical elements and electronic circuitry.

The use of wave-mixing and photo-EMF can offer similar performance and more compact
systems, however their slower response restricts operation at high frequencies.

Similarly to the generation of SAW, efficient directional optical detection could be performed
by an array of optical receivers formed on the sample surface by using transmission masks or
diffraction gratings.

To provide flexibility, access in confined spaces and reduction of system size and complexity,
making the LU systems more appealing for industrial applications, both generation and detection
of ultrasound can be performed via optical fibres with most of the described techniques. The
optical fibre interferometers exist in most of traditional configurations and enable manoeuvrable
operation over great distances with smaller probe sizes. Their performance and stability however
become dependent on fibre bends and external environmental conditions.

The founding technique for the generation and detection of Rayleigh waves in present work uses
spatially-distributed arrays of ultrasonic sources coupled with similar arrays of optical receivers —
cheap optical transducers (CHOTSs). In both cases the arrays consist of physical metal patterns on
the surface of the sample. The generation array shapes the ultrasonic source on the sample and
reduces the size of the system by eliminating the need for additional optical elements. The detection
array operates similar to a deformable grating modulator, combining interferometric operation
with frequency-selective directional detection, without requiring stabilisation or additional optical
components. The design, operation and fabrication of CHOTs are discussed in the following

chapter.



Chapter 3

Optically-excited ultrasonic

transducers (CHOTS)

This chapter provides the description of operational principles, design and fabrication methods of
the cheap optical transducers (CHOTS) that use laser activation to generate and detect surface
acoustic waves. The present work is an extension of the previously-developed technique described
in [1] and [105], operation of which is outlined in context of the considered practical application.

Cheap optical transducers are nanometre-height structures located on the surface of the sam-
ple that use spatially-modulated absorption of laser light for generation of acoustic waves, and
phase-modulated reflection for ultrasonic detection. Designed as rectilinear arrays they allow effi-
cient, frequency-selective and highly-directional, generation and detection of surface waves, where
increased signal gain is achieved by coherent addition of signals from individual array elements and
narrow, matched, generation and detection bandwidths.

Located on the sample, CHOTSs require only simple collimated illumination producing sim-
plified, compact optical arrangements without requiring additional optical elements to shape the
acoustic source and receivers. The use of collimated illumination allows to restrict operation to
the thermoelastic regime (by spreading the laser energy over a larger area) and enables flexible
stand-off distances. Although requiring to be located on the sample, CHOTs low profile ensures
minimal impact onto the surface or operation of the inspected component, where the transduc-
ers can remain permanently or be integrated into the structure. Additionally, the fixed locations
of the transducers facilitate repeatable measurements over time, with potential for active-SHM
applications.

The miniature size and simplicity of the optical arrangement can be easily paired with fibre-

optic operation (Chapter 4) to provide flexible access to components in confined spaces or with
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complex access paths. As both the ultrasonic transduction and sensing with CHOTs are performed
on the sample itself, with the fibres acting solely as light-guiding media, the system provides
robust performance with low sensitivity to external environmental factors and vibrations (unlike
the optical-fibre interferometers), and without the need for stabilisation.

Large quantities of the transducers can be fabricated at low cost using well-established pho-
tolithographic or spray-painting techniques, with a number of recently-investigated methods tar-
geting fabrication in-situ [126].

The use of CHOTSs has been previously reported for the investigation of the sample stress states
based on velocity measurements [127] and operation with ultrahigh-frequency SAWs [128]. The

CHOTs application in this work is extended to flaw detection within the aerospace NDT context.

3.1 Transducer design and operation

Whereas both generation and detection functions could be performed by the same element in con-
ventional contact methods, the disparate nature of the mechanisms employed by optical generation
and sensing (Chapter 2) necessitates the differences in CHOTSs operation principles, with corre-
sponding function-specific designs. Consequently, a g-CHOT is used for generation of acoustic
waves using pulsed-laser excitation, and a d-CHOT is used to perform sensing, using a continuous
wave (CW) probing illumination. Both transducers can operate independently or be combined
with other generation/detection methods to exploit particular strengths of individual techniques.
Used jointly, the g-CHOT and the d-CHOT form a coupled configuration, providing a robust and
sensitive system with fully-remote operation. Given certain modifications, a hybrid CHOT per-
forming both functions can be potentially created, although separate optical systems would still
be required.

The wave mode, directivity and frequency of CHOT operation are defined by the transducer
geometry which can be customised for a particular application or a task to operate with bulk [105]
or surface acoustic waves [1] with plane or focused wavefronts. Considering the required inspection
task in the proposed application and high sensitivity of the Rayleigh waves to surface flaws, the

present work was based on the use of the plane-SAW CHOTs.

3.1.1 Generation of surface acoustic waves: g-CHOT

The generation of surface waves is performed by a g-CHOT (figure 3.1). The underlying op-
eration principle consists of controlling the ultrasonic source by appropriately modifying energy
distribution on the surface of the sample, where spatially-periodic illumination in the form of the

line-source arrays is used to provide enhanced highly-directional generation of the Rayleigh waves.
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Figure 3.1: Generation of surface acoustic waves with a g-CHOT structure: schematic representa-
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tion of the sample cross-section (left), and g-CHOT designs for plane and focused SAWs (right).

Instead of using additional optical elements (e.g masks) to produce required temperature distri-
bution, the g-CHOT achieves this by creating periodic areas of high and low absorption which can
be produced by appropriate sample patterning. Upon laser illumination, the g-CHOT's can operate
both by creating ‘hot’ zones on weakly-absorbing materials or ‘cold’ zones on strongly-absorbing
substrates, acting as an absorber or reflector respectively. The absorbing g-CHOT removes the
dependency of the laser generation process on the absorbing properties of the samples, enhanc-
ing generation on otherwise weakly-generating materials and enabling operation on transparent
substrates. The techniques to enhance ultrasonic generation by increasing the surface absorption
are well known and have been extensively used in the past [85-87,106]. The use of the periodic
absorbing structures for ultrasonic generation has been previously reported in [102,103,129-133]
with further development of this technique into a g-CHOT described in [1,105] providing increased
control over the characteristics of the generated acoustic waves, and additionally enhancing system

performance by pairing it with the d-CHOT detection.

Transducer geometry

The geometry of the transducer pattern determines the wave mode, directivity and frequency of
the generated acoustic waves. The g-CHOTs for surface waves use rectilinear arrays consisting of
parallel or arc-shaped lines to produce plane, converging/diverging and focused wavefronts (figure
3.1), where the forward- and the rearward-travelling waves are simultaneously generated (Chapter
2). The selective generation enhancement that occurs at the acoustic wavelength matching the

spacing of the g-CHOT elements a provides frequency control of the generated wave, considering



CHAPTER 3. OPTICALLY-EXCITED ULTRASONIC TRANSDUCERS (CHOTS) 55

wave velocity in material cg, as:

CR
fSAW =
a

Therefore, if the Rayleigh wave velocity in the sample material is known, the g-CHOT pattern is
designed with the element separation a = Agaw to produce the desired frequency fsaw -

Here an important operational difference should be noted. Compared to conventional transduc-
ers the g-CHOT operates at a fixed wavelength, with operational frequency being further deter-
mined by the wave velocity in material. This effect results in the change of central frequency when
the same transducer is used on different materials. For example, the g-CHOT designed with the el-
ement spacing a = 625 pm appropriate to produce 5 MHz SAWs on crown glass with Rayleigh wave
velocity of 3,127 m/s, would generate acoustic waves at f = 4.7 MHz if titanium sample was used
(cr = 2,958 m/s). Therefore, when referring to the CHOTs operational frequencies, the material of
the sample should be also stated. Similarly, the temperature-induced change of the wave velocity
would produce deviations in operational frequency. Considering equally frequency-selective design,

similar considerations apply to the operation of the d-CHOT.

Signal frequency spectrum

The frequency spectrum of the generated wave is determined by combined contributions from an
individual line source, the spatial distribution of the elements in the array, and the spatial and
temporal energy distribution in the illuminating beam.

A single line element of the CHOT (geometry shown in figure 3.1) can be represented by a
rectangular function with the width d, and the distribution (location) of elements in the array is
further described by a Dirac comb function — a train of equally-spaced Dirac delta functions é(x)

with the element separation a (for the square wave a = 2d):

. +o0
comb <a> = Z 0(x — na)

n=—oo

rect <§

e, Nl

0, [z[>

The number of illuminated sources in the array is additionally determined by the diameter of the

laser beam, with the spatial profile described by a Gaussian function g(z|q):

g(xlg) = 1I-exp [—"Zi]

where ¢ = Na/2 is the radius of the laser beam illuminating N lines with the spatial period a, and
I is the power density.

A coherent addition of SAWs generated by individual line sources of the g-CHOT array is
achieved when the propagation time between two adjacent elements (temporal period) is At =

Asaw /cr, where the line width of the square-wave CHOT profile is d; = At/2.
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The corresponding components of the time-domain response of the generated SAW and their

frequency spectra (defined by the g-CHOT geometry) are:

Time Domain Frequency Domain
t 1, z|< 4t . sin(m fAt/2)
rect df = A Slnc(fdt) = 51 . W
t t
0 ) | Z |> 4

400 400
comb <2tdt> = Z 0(t —nAt) | comb(f2d;) =& - Z 5( — &)

n=—oo n=—oo

StV D) = oxp [(wa] 6 (fl5g ) =G [W}

where &1, €2, and &3 are constants defining the amplitudes.

Combining the elementary contributions described above and considering temporal character-
istics of the laser pulse described by a Gaussian function g(¢|7), the time-domain response of the
generated SAW y,(t) and the frequency spectrum of the signal Y, (f) are:

v (1) o {rect (;) % comb <2;> g (t|th)} 2 g(t7) (3.1)

t t

Y, (f) {sinc(fdt) -comb(2fd;) ® G (led;j} -G (fi) (3.2)
where ® denotes the operation of convolution, g(t[7) = I - exp(—£t?/72) describes Gaussian en-
velope of the laser pulse with the pulse duration 7 measured as a full width at half maximum
(FWHM), ¢ = 2.77, and G(f|r™1) oc exp[—(77f)?] is the frequency content of the laser pulse.

The terms in [ ] brackets in equations 3.1 and 3.2 are directly defined by the transducer ge-
ometry, and their relationships in time and frequency domains are illustrated in figure 3.2 noting
characteristic widths of the functions. Denoting these terms as p(t) and P(f) respectively, the

generated signal and its frequency spectrum are:
Yg(t) = p(t) @ g(t|7)

1
(= P16 (117) (33
Figure 3.3 displays theoretical spectra plotted for N = 10 line sources, Agaw = 625 um designed
to operate at 5 MHz on BK7 glass with velocity cgp = 3,127 m/s, and the laser pulse duration

7 =10 ns.



CHAPTER 3. OPTICALLY-EXCITED ULTRASONIC TRANSDUCERS (CHOTS) 57

Line source Array function Laser beam
=z
<
3
w
=
[
rect At/2 Dirac comb At Gaussian NAt
Z
<
=
o
a
>
: < Mt @
w
3
E sinc 2/t Dirac comb 1/At Gaussian 1/NAt

Figure 3.2: Formation of the SAW spectrum by the corresponding g-CHOT geometry.

The relations described above and shown in figures 3.2 and 3.3 essentially demonstrate spectral
filtering of the laser pulse by the corresponding geometry of the transducer, where the g-CHOT
element shape and the duty cycle d/a determine the envelope function and the present signal
harmonics, and the generation frequency is defined by the element spacing. The bandwidth of the
generated signal is inversely proportional to the number of illuminated lines N.

The amount of energy in the laser pulse available at the operational frequency of the g-CHOT
limits the maximum achievable generation frequencies and sets the requirements to the pulse
duration of the laser source. As the spectral content of the pulse is inversely proportional to the

pulse duration, the operation at higher frequencies requires the use of shorter pulses. The use
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Figure 3.3: Formation of the frequency spectrum of the generated SAW showing theoretical, nor-
malised spectra of a single illuminated line source, a full illuminated g-CHOT profile, and the

frequency content of the laser pulse.
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of absorbing metal structures to generate 5 GHz SAWs using femto-second lasers was reported
in [103], whereas the operation of CHOTSs was previously reported at frequencies as high as 82
MHz [127], and modelled up to GHz range [104]. In the present work, the operation frequencies

do not exceed 5 MHz, and an 8-ns laser pulse is used (see Chapter 4).

Transducer material

The material of the g-CHOT plays a definitive role in the operation of the transducer, but only
when considered alongside the material of the sample and the illumination wavelength. Based
on creation of the periodic absorption contrast, the efficient generation on the highly-absorbing
substrates necessitates the use of the less-absorbing or reflective g-CHOT materials, whereas for
the weakly-absorbing or transparent samples a strongly-absorbing g-CHOT material would be
required. For the periodic absorbers the generated surface displacement was shown [102] to be
directly proportional both to the absorbed power density and the number of the illuminated sources,
thus the generation enhancement can be achieved by increasing the g-CHOT material absorption.

The material absorption of the optical radiation is determined by the complex part of the
wavelength-dependent refractive index n* = n—ik, where the real part n defines wave velocity, and
K is the extinction coefficient describing material wave attenuation. The coefficient of absorption

for particular sample material and the generation wavelength A (in vacuum) is found as:

TN

Based on the absorption of the substrate material, the function of the g-CHOT as an absorber or a
reflector is selected, and the material of the transducer is chosen to provide the highest absorption
contrast.

For efficient generation to take place, irrespectively of the g-CHOT role (absorber /reflector), the
thickness of the transducer steps should be sufficient to provide maximal contrast. As mentioned
in section 2.2, the absorption for most metals occurs within the skin-depth of material, and at
near IR wavelength of the commonly-used Nd:YAG lasers can be estimated by using equation 2.2.
Although this gives some idea of the required g-CHOT thickness, the optical properties of the
metal films [134] are different from bulk metals and are thickness-dependent. A simple estimate
of the film thickness based on the optical penetration depth where the transmitted intensity drops

to a level of 1/e is given by:
A

p— 1 p—

v 47k
For a chromium (Cr) g-CHOT (n* = 3.544 — 4i) at A = 1.064 pm this gives the depth of z, = 42
nm, compared to the skin-depth of bulk Cr § = 13 nm (§ = /(\/(7ocp), o = 5.104 x 10° Q/m,

Ze
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po = 47 x 1077 H/m, p, = 1, ¢ = 3 x 108 m/s, and p = pop,). Provided the height of the g-
CHOT steps exceeds this value, the penetrating radiation is fully absorbed within the transducer.
In practice, the film absorption also depends on the deposition method and is frequently required
to be thicker than this estimate. For more accurate evaluation of the absorption and the required
film thickness, including the effect of the substrate material, a system of the Fresnel coefficients
describing the amplitude ratios for the reflected and transmitted fields can be used in combination
with the optical matrix transfer method [135]. The reflection R and transmission T coefficients for

normal incidence are:

— 2
R= o~ m and T = "0

TLO+TL1 n0+n1

where ng and n; are the refraction indices of the interface materials (e.g. air and g-CHOT), and
the absorption is accounted for by considering complex index of refraction nj = n — ix.

The height of the Cr g-CHOTSs used in this work was in the range of 66—80 nm depending on
the fabrication conditions, and is stated with the corresponding test results.

The operation principles and the design of the g-CHOT for generation of plane surface waves
has been described, outlining the requirements to the transducer geometry and material, as well

as to the laser source.

3.1.2 Detection of surface acoustic waves: d-CHOT

The d-CHOT is a reflective structure on the surface of the sample facilitating sensing of the
ultrasonic wave (figure 3.4). With the geometry almost identical to that of the g-CHOT, the
transducer is a rectilinear array of receivers providing frequency-selective and directional detection
of the propagating SAW [89,113]. The operation of the d-CHOT closely resembles the grating
optical modulator [114, 136, 137] where the diffraction at a reflective phase grating is used to
control the beam intensity and directivity according to an external input. The alteration of the
d-CHOT profile by the propagating SAW represents such an input, and the associated changes in

the reflected-light intensity provide the means for detection.

Operation principle

More specifically, each cell of the d-CHOT (one spatial period of the grating) represents a minia-
ture common-path interferometer where the reference and the object beams are produced by the
reflections from the facets and the grooves of the transducer profile, and the initial (bias) phase
difference between them ¢, is introduced into the probing beam by the d-CHOT step height h.
The reflected wavefront is additionally angularly separated into a finite set of the diffraction orders

(figure 3.4), with intensity distribution between them determined by the introduced phase differ-
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Figure 3.4: Detection of surface acoustic waves with a d-CHOT structure: schematic representation

of the sample cross-section.

ence ¢g; = 2kh (where k = 27/ is the optical wavenumber). The distortion of the grating by the
propagating SAW modifies the optical path difference in the reflected light, causing the change in
the intensity distribution between the orders. Good illustration of this effect being used in sensing
of displacement, acceleration and strains can be found in [137,138] and [115]. The detection of
ultrasound with the d-CHOT can thus be performed by monitoring the resulting intensity modula-
tion in an isolated diffraction order. Figure 3.5 illustrates the operation principle of the d-CHOT,
showing the modification of the transducer profile by the propagating wave and the corresponding
change in the order intensities.

Similarly to a g-CHOT, the transduction between the acoustic and the optical waves is per-
formed on the sample, resulting in a miniaturised simplified optical system that is only required to
perform light-delivery /collection function. With the path difference between the interfering beams
reflected from the top and bottom of the profile corrugation below the optical wavelength, the

d-CHOT provides interferometric and robust performance without the need for stabilisation.

Geometrical characteristics

The intensity distribution produced by the illuminated d-CHOT in the far field corresponds to
the Fraunhofer diffraction pattern [139] determined by the Fourier transform of the transducer
profile geometry. In order to perform effective optical detection of SAW, the design of the d-
CHOT accommodates both acoustic and optical inputs by matching the spacing of the transducer
elements a to the wavelength of SAW Agaw, and selecting their height h to provide the highest

sensitivity to surface displacement, determined by the ratio h/A and the corresponding operation
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Figure 3.5: Operation principle of the d-CHOT showing the alteration of the d-CHOT profile (a)
and the corresponding intensity distribution in diffraction orders (b) as a function of the relative
phase between the propagating SAW and the d-CHOT grating. The amplitude of the wave is

largely exaggerated for illustrative purposes.

point of the transducer ¢g;(h).
The locations of the diffraction orders corresponding to constructive interference of the single-

element diffraction patterns are described by the grating equation as:
Agaw (sin(a) +sin(0,,)) = mA

Which for normal incidence becomes:

mA
sin ®,, =
Asaw

(3.4)

where « is the incidence angle of the probing beam with respect to the grating normal, and ©,, is
the diffraction angle defining the position of the m-th diffraction order for m = 0, &1, £2... etc.
The width of the orders is inversely proportional to the number of the illuminated lines N
as: 2\/NAgaw. According to the ratio in equation 3.4 the angular separation of the diffracted
beams increases with the SAW frequency. This determines the requirements to the numerical
aperture and stand-off distance of the collection optics, and places the restriction on operational
frequencies of the d-CHOT as the diffraction orders become evanescent at ©,, approaching 90°.
These restrictions however have little impact in the current work, as the highest d-CHOT frequency

of 5 MHz on aluminium (Agaw = 581 um, cg = 2,905 m/s) produces the first order deflection of
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0.0624° at normal incidence (equivalent to a 1 mm offset per 1 m). A modification of the d-CHOT
operation principle described in [128], however, allows operation with ultra-high frequency SAWs

(ASAW < )\)

Intensity modulation by the propagating wave

The power distribution between the orders is defined by the combination of the d-CHOT element
shape, the duty cycle of the grating d/a, and the depth of its profile. The frequency spectrum of
the g-CHOT (figure 3.3) with identical geometry, considered in terms of the spatial frequencies,
illustrates the energy distribution provided by a single d-CHOT cell. Similarly to the g-CHOT,
the d-CHOT relief represents a square-wave grating, where the use of the 50% duty cycle ensures
maximum sensitivity to the SAW but suppresses the even harmonics, resulting in the absence of
the even diffraction orders. At the same time, this ensures the best interferometric contrast due
to the even split of the probing light between the interfering components reflected from the profile
steps and the grooves.

The amount of energy directed into particular order as a function of the transducer step height

is described by the coefficients C,,, of the d-CHOT cell Fourier decomposition S(x):

The zero diffraction order described by the coefficient Cy represents specular reflection, with in-

tensity Iy being the average of the reflected field. For the square grating:

Co = 5(1 +explid)

Iy = |Co|* = cos? (i)

The corresponding coefficients and intensities of the diffracted light are:

O = (1~ expli]) (1~ explim])

Iy, = |Cp|? = 4sin? (2) sinc? (%)
where ¢ = ¢4 = 2kh is the phase difference determined by the height of the d-CHOT steps h.

The total power of the returning beam is split between the specular reflection (zero order) and

the diffracted light, so that the sum of the intensities over all diffracted orders Dy~ is:

o (@
DZ:IfIO:sm2 (2
As the overall intensity of the returning beam remains constant, the change of intensity in the

specular direction is compensated by the redistribution of energy into the diffracted light. Table
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3.1 shows the intensities of the first four orders as a function of ¢(h), where the phase change
¢ = 2k(h — 256(t)) introduced by the surface displacement d(t) produces the respective change in
the order intensities. Figure 3.6a illustrates the corresponding intensity distribution and the energy

exchange between the orders with the change of the profile height.

Table 3.1: Intensity distribution among the diffraction orders of the square grating

Phase I I 1o Ii3
2(® 4 o0 4 o (¢
10} cos (2> ﬁbln <2> 0 9?51n (2

The monitoring of the specular reflection can be seen to provide the most efficient detection of SAW

due to its higher light return and sensitivity to the change of phase. The maximum transducer
sensitivity to the surface displacement and response linearity is achieved at ¢ = A\/4, setting
the static operation point of the transducer on the slope of the curve as indicated in figure 3.6b.
In practice, this condition is realised by setting the appropriate height of the d-CHOT steps
corresponding to h = A/8. In this configuration 50% of the incident probing power is directed into
the zero order (compared to the maximum achievable intensity in the first order of 41%).

The modulation of the reflected intensity by the propagating SAW produces the maximum
signal when the the propagating wave and the d-CHOT profile are out of phase, and the minimum

signal when they are in phase (figure 3.5).
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Figure 3.6: Intensity distribution in diffraction orders as a function of ¢(h)=2 x step height.
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Signal frequency spectrum

The d-CHOT geometry is identical to that of the g-CHOT, described in section 3.1.1, and the

frequency-domain response of the illuminated transducer P(f) follows similar considerations:

P(f) =sinc(fdy) - comb(2fd:) @ G (f|Nld)
¢

where d; is the line width and 2d; is the spatial period of the grating corresponding to the propa-
gation time At = Agaw /cr, N is the number of illuminated lines.

In the time domain, the separation of d-CHOT elements At ensures a coherent detection of
the propagating wave (surface displacement) by successive elements of the grating, and determines
the detection efficiency and sensitivity of the transducer to the propagating wave. The frequency
content of the detected signal Yy(f) corresponds to the multiplication of the propagating SAW and
the d-CHOT spectra:

where Y, (f) is the frequency spectrum of the generated SAW described by equation 3.3.
Similarly to the selective action of the g-CHOT on the spectral content of the laser pulse, the
d-CHOT filters the spectrum of the propagating SAW, with the bandwidth inversely proportional
to the number of the illuminated lines. As with the g-CHOT, the detection is performed at a
fixed wavelength so the changes in material or velocity would result in deviation of operational
frequency.
The operation principles and the requirements to the design of the d-CHOT used for detection

of plane surface waves have been outlined, including its operational restrictions.

3.1.3 Practical considerations

The CHOTS’ operation principles and the required transducer geometry described in the previous
sections give rise to a number of specific operational differences and requirements considering
practical transducer applications. Although most have been mentioned above, they are summarised

in this section to provide a more cohesive view of the CHOTSs practical use.

Fixed-wavelength operation

The operation of both transducers (g/d-CHOTs) at a fixed wavelength rather than frequency
represents one of the main operational differences with conventional methods. The dependency
of the generated frequency on the acoustic velocity of the sample material results in frequency
deviations caused by the change of temperature or material of the sample. The customisation of

the CHOT geometry is required for individual materials for the optimal performance.
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Operational frequency limits

The transducers operate by selectively filtering the frequency content of the generation laser pulse
(e-CHOT) or the propagating SAW (d-CHOT). The restrictions on the maximum achievable gen-
eration frequencies are placed by the pulse width (bandwidth) of the generation laser, and the

detection frequencies are limited by the divergence angle of the diffracted beams.

Fixed-position inspection

The fixed positions of the CHOTs on the sample restrict the inspection region to the field coverage
of the transducers, however enable highly-repeatable measurements over time. The use of the
diverging fields or multiple/extended CHOT's can widen the inspected region and allow scanning.
Additionally, the transducers have to be present on the sample prior to the test, and can be

embedded into the test part at the fabrication stage.

Sample requirements

The CHOTSs operation does not require special sample characteristics (e.g conductivity) and ultra-
sonic generation can be performed independently of their light absorption properties. The optical
detection with the d-CHOT however requires reasonably-smooth surfaces. The latter restriction

will be shown to be addressed by the portable CHOTs developed in this work (section 6.2.4).

Excitation and probing

The use of CHOTS requires simple collimated illumination enabling operation in the thermoelastic
regime and at large and flexible stand-off distances as no focusing is required. Although the
detection at high frequencies produces high deviation of the diffracted beams, the operation of the
d-CHOT permits a single order to be used, relaxing the requirements to the collection optics. The
operation is possible at oblique angles of incidence and does not require environmental stabilisation.
Thus the function of the optical system required by the CHOT's consists of the simple light delivery
to and from the transducers.

Whereas CHOTs full potential is best exploited in a coupled configuration, they can operate
independently or in combination with other conventional techniques in a pitch-catch or a pulse-echo

configurations.
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3.2 CHOT fabrication

The fabrication of CHOTSs is in essence a straightforward sample-patterning process aiming to
produce the appropriate transducer geometry on the surface of the sample. The basic requirements
to the fabrication method are the ability to control the dimensions and thickness of the fabricated
transducers, ability to operate with required transducer and sample materials and provide sufficient
pattern-to-sample bonding. This can be achieved by a large number of techniques, where methods
ranging from photolithography to sample etching have been previously used [126].

Although fundamentally different in operation, both types of CHOT's can be generally produced
with the same method, equipment and materials, with the addition of an extra step to produce
the reflective surface of the d-CHOT. Despite requiring some specialised equipment, this versatility
permits transducer manufacture on demand and at the shop floor.

A brief summary of the well-established and more recently-developed CHOT fabrication tech-
niques is provided below, and an alternative fabrication concept to overcome their limitations in

the target industrial application is proposed.

3.2.1 On-component fabrication methods

The CHOTSs can be produced on the test part by well-established micro-patterning techniques
either at component manufacture stage or at a later time provided the required part can be
removed from its working position for transducer application. Developed more recently, the laser-
based methods enable on-site and potentially in-situ transducer fabrication without the equipment-

imposed restrictions of the laboratory-based techniques.

Photolithography

The photolithographic technique [140] illustrated in figure 3.7 is based on the use of the light-
sensitive conformal polymer materials, photoresists, to form a positive/negative relief on the surface
of the sample corresponding to the transducer geometry. Such relief is commonly created by
spin-coating a layer of photoresist onto the sample and exposing it to UV light though a glass
transmission mask replicating the required pattern geometry. Depending on whether the positive/
negative type of photoresist was used, the UV-exposed/unexposed areas are removed from the
surface of the sample during the development stage. Using a positive photoresist, the exposed
areas removed during the development form the imprint of the CHOT pattern in the remaining
layer. This is followed by material deposition in a vacuum evaporator or a sputter-coater during
which the etched, resist-clear, areas are being filled and the rest of the material is deposited on the

layer of the photoresist. During the last, lift-off, stage this layer is chemically removed revealing
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Figure 3.7: Schematic diagram of the photolithographic fabrication of CHOTs.

the created metal profile on the surface of the sample.

The height of the fabricated CHOT features corresponds to the deposited material thickness,
and is limited by the thickness of the resist layer. In order to produce the d-CHOT on non-reflective
substrates, an additional step includes deposition of highly-reflective material (such as silver for
A = 0.532 pm) over the fabricated profile.

Although this method offers controllable fabrication with high accuracy and repeatability, pro-
ducing well-defined pattern features at high resolution, it remains a predominantly laboratory-used
technique due to serious restrictions placed by the equipment onto the sample size and curvature,
and a time-consuming multi-stage process not desirable in mass-production. It can however be
used to produce the master and prototype CHOTSs providing the reference for other fabrication
techniques, and to produce CHOTSs of high frequencies, where structures with frequencies of up to

164 MHz were made on glass.

Direct deposition through a mask

In this method a metal mask with the slots corresponding to the required transducer geometry
(elements shape and spacing) is used on the surface of the sample, and the transducer is formed by
material deposition through the mask in the vacuum evaporator or a sputter-coater (figure 3.8).
The height of the CHOT profile in this case is determined by the amount of the deposited material
(coating thickness). The d-CHOT is created in a similar fashion to the previously described
technique either by using the reflective material for the transducer itself (if used on a reflective
substrate), or by creating a reflective layer over the fabricated structure in additional deposition.

The use of masks to produce CHOTs offers a faster and simpler alternative to the photolithog-
raphy, with controllable and highly-repeatable results. Although this method permits fabrication
on larger samples with some surface curvature, it is limited by the physically-achievable dimensions

of the mask features, being most suitable for fabrication of the lower-frequency CHOTSs (< 20 MHz
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Figure 3.8: Fabrication of CHOTSs by direct deposition through masks.

on Al). Similarly to the photolithography, the need to place the sample into the vacuum chamber

for metal film deposition restricts the acceptable sizes of the test parts.

Laser deposition: Laser Induced Forward Transfer (LIFT)

The use of the Laser Induced Forward Transfer (LIFT) technique [141,142] allows metal patterning
of the substrate without the need for the specialised equipment used for thin film deposition. LIFT
is based on the laser vaporisation of the donor material from the transparent carrier placed in close
proximity with the sample (figure 3.9a). The donor-material coated on the sample-facing side
of the carrier is ablated by the laser pulse focused onto the film/carrier interface, and is being
propelled towards the substrate due to the build-up of pressure at the constraint. The pattern is
then ‘written’ onto the substrate by scanning the laser beam across the carrier (or movement of the
sample with the carrier) along a path corresponding to the transducer geometry. The resolution
of the features produced with LIFT is limited to the diameter of the laser focal spot, and enables
controllable and reproducible fabrication of the high-frequency CHOTSs. The use of the g-CHOT
activation laser to also produce the transducer offers additional benefit of cost reduction.

This technique does not have the sample-size restrictions of the previous methods and can
tolerate curved surfaces. Furthermore, its portability permits transducer fabrication on the part
on-site, and potentially in-situ as it does not require laboratory facilities. However the need for
beam scanning with precise positioning may be hard to achieve for in-situ fabrication in some

practical applications.
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Figure 3.9: Laser-based CHOT fabrication techniques.
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It is also possible to use a focused laser beam to etch the CHOTs directly onto the surface of the

sample by ablation and scanning the beam or moving the sample to create the required transducer

geometry (figure 3.9b). Whereas direct surface etching is not desirable in NDT applications as it

in itself introduces surface damage, the same concept can be used on a sample surface coated with

the absorbing material, where the CHOT is formed by selective removal of the coating from the

surface avoiding the substrate damage.

This technique also has high potential for on-site and in-situ fabrication out of the laboratory

setting, but requires prior surface preparation, precise control of the coating removal rate to ensure

no substrate damage, with similar to LIFT considerations regarding the practicality of scanning

for in-situ transducer fabrication.

Figure 3.10 shows the photographs of the SAW CHOTs fabricated with the reviewed methods.

(a) (b) (c) (d)

Figure 3.10: Photographs of CHOTS fabricated with: (a) photolithography , (b) direct deposition

through a mask, (c) LIFT, and (d) etching.



CHAPTER 3. OPTICALLY-EXCITED ULTRASONIC TRANSDUCERS (CHOTS) 70

3.2.2 Applicability requirements and restrictions

The choice of a suitable fabrication method largely depends on the CHOT target application and
the type of the parts that the transducer is required to be placed on. In application to NDT of
aeroengine components, this necessitates fabrication of the transducers on large and curved parts
challenging for some of the methods. At the same time, unlike testing with other types of transduc-
ers or optical techniques, the use of CHOTSs requires the presence of the transducers on the sample
prior to the test, restricting their practical field applications to the components with pre-fabricated
transducers. These factors prompted the development of the alternative fabrication methods to
expand the range of the acceptable test parts and enable application of the transducers to the
components at different stages: from permanent sensor placement during component fabrication
to the manufacture of CHOTs in-situ.

The well-established micro-patterning techniques, very effective for fabrication of CHOTs under
laboratory conditions with precise feature control and repeatability, are largely restrictive and hard
to implement in industrial setting and on the actual parts. The current restrictions imposed by
the microfabrication equipment onto the size and curvature of the test samples make this method
unacceptable for CHOT fabrication on large parts, and those with complex curved surfaces (such
as components of an aeroengine).

The development of the laser-based fabrication techniques addressed the sample-size restrictions
of the laboratory-based fabrication, additionally enabling creation of the transducers on-site when
they are required, and on the parts already in service, greatly expanding the range of CHOTs
applicability. However, their use is to some extent complicated by the required sample scanning to
produce the pattern and the associated positioning control. This might not prove difficult if the
component to be tested can be removed, however would be hard to implement in-situ on the parts

of assembly and those with complicated access paths.

3.2.3 Alternative fabrication concept: CHOTSs on film carriers

The equipment requirements and process complexity of the micro-patterning methods place re-
strictions on the sizes and geometries of the samples, additionally limiting their application to a
laboratory environment, whereas the laser-based techniques require scanning, precise laser con-
trol to avoid sample damage or placement of a donor carrier next to the sample. These factors
make testing of the aeroengine parts in-situ, without requiring disassembly and removal of the
parts, extremely complicated if the CHOTSs are not pre-fabricated on the component due to the
spatially-confined and complex access.

To remove these restrictions associated with direct sample-patterning and provide even greater
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flexibility and the range of CHOTSs applications, an alternative fabrication concept is proposed.
A portable CHOT can be produced on a film carrier in the laboratory environment to be later
delivered and applied to the test part as required (figure 3.11). This method combines the control
and repeatability of the laboratory-based fabrication with the ability to place CHOTs onto com-
ponent in-situ and onto large and curved parts, simplifying their practical use. The development
of a portable CHOT would additionally complement the instrumentation of the endoscopic pulser

for the in-situ inspection of the aeroengine parts.

laboratory portable CHOT component

@/ APPLICATION

N\

FABRICATION DELIVERY

Figure 3.11: Illustration of the portable-CHOT concept.

Although such CHOTSs would require a coupling medium as conventional PZTs, they provide a
simple flexible solution for testing of the components without the pre-fabricated CHOTsS, such as
those already in service. Additionally, the portability enables them to be easily placed at multiple
locations on the samples, being used as disposable transducers, and due to their small size —
ensures the ease of delivery and application in confined spaces (unlike bulky conventional contact

transducers).

3.3 Summary

The use of the cheap optical transducers in this work aims to bring the benefits offered by laser
ultrasonics to the solution of a practical inspection task where the use of the conventional techniques
is complicated or all together excluded by the bulkiness and complexity of the measurement systems
and the spatially-confined access to required components. The CHOTS’ operation principles, design
and fabrication methods described in this chapter provide the basis for the creation of a compact,
portable all-optical inspection system offering efficient ultrasonic generation and interferometric
detection without requiring excessive optical and electronic systems, or stabilisation. Such a system
combined with fibre-optic light delivery and an upgrade in the CHOTSs fabrication methods has
potential to enable flexible access and testing of the components in situ.

The CHOTSs are optically-activated ultrasonic transducers employing principles of laser ultra-

sonics (section 2.2) to generate (g-CHOT) and detect (d-CHOT) acoustic waves. Located on the
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surface of the sample, their use removes the need for additional optical elements and electron-
ics, used by other methods to form the required intensity distribution on the surface or provide
stabilisation in interferometric detection. The mode, directivity and frequency of operation is de-
termined by the transducer geometry and can be customised to produce bulk or surface waves with
plane or focused wavefronts, depending on the application requirements. The use of CHOTs in
the present work and their description in this chapter is limited to the surface acoustic waves and
plane wavefronts.

The design of the plane-SAW CHOTSs represents an array of line sources/detectors providing
efficient highly-directional and frequency-selective operation with additional benefit of allowing the
higher input powers in the thermoelastic regime and the noise reduction due to the reduced system
bandwidth. The spacing of the transducer elements is matched to the wavelength of the surface
wave that is being generated or detected, considering wave velocity in the material of the substrate.
Thereby the spectral filtering of the generation laser pulse and the propagating SAW is performed
according to the selected transducer geometry (figure 3.3), with the bandwidth determined by the
number of the illuminated lines.

The generation of surface waves by the g-CHOT (figure 3.1) requires pulsed illumination and
is achieved by spatially-periodic modification of the surface absorption, where the material of
the transducer is selected to provide the highest absorption contrast to the incident radiation.
The versatility of the transducer to operate both as an absorber or a reflector enables efficient
ultrasonic generation independently of the light absorption properties of the interrogated samples,
enabling operation on weakly-absorbing and transparent substrates and enhancing generation on
the strongly-absorbing materials.

The d-CHOT (figure 3.4) uses continuous-wave illumination and operates as a local on-sample
interferometer using principles of the diffraction grating modulator. The alteration of its profile
height by the propagating wave causes the redistribution of energy between the diffraction orders
(figure 3.5) and permits ultrasonic sensing by monitoring intensity modulation in an isolated order
(figure 3.6). Due to its higher sensitivity to the surface displacement and the higher light return,
the specular reflection is used, where the optimal interferometric performance is achieved by setting
the height of the transducer steps such to provide a phase difference ¢s; = A/4 between the light
reflected from the top and the base of the d-CHOT profile (figure 3.6b). As both ‘interferometer
arms’ are located on the sample with a separation smaller than the optical wavelength, the system
does not require path stabilisation and is robust to the environmental factors with high potential
for industrial applications.

The CHOTs can be fabricated by a range of methods which have previously included well-

established micro-patterning techniques such as photolithography and deposition through masks,
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as well as more recently-developed laser deposition LIFT and laser etching. As the CHOTSs have
to be present on the sample for the test to take place, their realistic use in industry requires to
extend the testing ability beyond the components with pre-fabricated transducers, prompting the
development of the methods for in-situ fabrication or application of CHOTs.

While the first group of methods is suitable for pre-fabrication in the laboratory environment,
they are hard to implement on the actual parts due to restrictions onto the sample sizes and
curvatures. The second group overcomes these limitations and permits transducer fabrication in
industrial settings on-site, however requiring precise positioning control and/or surface preparation,
and is hard to implement in-situ and on the parts of the assembly.

The restrictions of these methods are associated with the direct on-component fabrication of
the transducers, limited by the equipment and process requirement and the necessity to have full
access to the test part. An alternative concept to create a portable CHOT has been proposed
to remove these limitations. Fabrication of the transducers on film carriers would allow them
to be transported, delivered and applied to components as required, combining the control and
the repeatability of the laboratory-based fabrication with the ease of transducer use. This would
additionally substantially expand the range of CHOTs applicability and testable parts, enabling
testing of the large and curved parts and components in-situ.

The CHOTSs simplicity and operation in compact optical arrangement are realised in the en-
doscopic pulser described in Chapter 4, where fibre-optic light delivery is used to provide flexible
access for testing of hard-to-reach components in confined spaces or locations with complex access
paths. This is complemented by the development of the portable CHOTSs on film carriers (Chaper
5) enabling transducer delivery to the components already in service and testing in-situ. The
functionality tests and performance characterisation of CHOTs are described in Chapter 6, and

the combined system capabilities for non-destructive testing are discussed in Chapter 7.



Chapter 4

Endoscopic pulser instrumentation

As has been shown in Chapters 1 and 2, the use of optical fibres/endoscopes greatly enhances
practical capabilities of the inspection system and contributes to its overall size reduction. Using
CHOTs, described in the previous chapter, to perform laser-ultrasonic inspection allows further
miniaturisation and simplification of the system instrumentation as excessive optical elements are
not required to control intensity distribution on the sample or for optical-path stabilisation. In
addition, simple CHOT activation by collimated beams removes the need for precise alignment,
providing the ease of the system field use.

The endoscopic pulser instrumentation described in this chapter consists of the basic CHOTs
optical setup combined with the fibre-optic light delivery to enable access to components out of di-
rect line of sight or in confined spaces with complex access. Although the size of the current system
exceeds the access limits for on-wing inspection (typical required endoscope diameter of 8 mm),
combined with the results of the following chapters, it demonstrates the operational concept using
off-the-shelf optical elements. Further reduction of the endoscope can be achieved by employing
custom-design optics and fibres, where some preliminary work has been performed and possible
prototype design options were discussed with optical fibre manufacturer SCHOTT. The system
operation in its present configuration was demonstrated outside of the laboratory environment at
the RCNDE Technology Transfer Event 2014, Nottingham, UK.

This chapter presents an overview of the endoscopic pulser and its technical layout, including
the details on the role and the characteristics of the system components, and description of the

required alignment. Further potential for system development is discussed.
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4.1 System Overview

Considering the use of CHOTSs in a coupled configuration, a basic measurement system consists
of two transducers on the surface of the sample (g-CHOT + d-CHOT), generation and probing
lasers to illuminate the corresponding CHOTs, minimal optics to expand and collimate the beams,
a photodetector and an oscilloscope. The illuminated g-CHOT /sample absorbs/reflects the inci-
dent radiation from the generation laser, converting it into acoustic waves via the thermoelastic
mechanism (Chapter 2, 3). The SAW propagating away from the g-CHOT or reflected by a defect
(sample edge, etc.) is picked up by the d-CHOT and converted into intensity modulation in the
diffraction orders of the reflected beam. The detection of ultrasound is then performed by an
isolation of the zero diffraction order (specular reflection) using an iris diaphragm in front of the
photodetector, and monitoring the corresponding output (Chapter 3).

The operation of the CHOTSs system can be generally separated into three distinct channels
based on the performed function: the generation, the probing and the detection. The block-diagram
illustrating the structure and comprising elements of the CHOTs ultrasonic system is shown in
figure 4.1, where the elements are grouped according to their contribution to one of the channels.
The signal flow from element to element is indicated by arrows, with the main system inputs and
outputs shown in bold. The two transducers located on the sample are shown in the shaded box,
viewed with regard to their corresponding inputs and outputs. As the sample is an integral part
of the ultrasonic system, it is included between the CHOTSs to indicate the effect of the wave
propagation between the transducers for their later characterisation (Chapter 6).

In the fibre-coupled setup, described in this section, the transmission of the generation and
probing light is performed via optical fibres, and the collection of the returning probing light
(containing ultrasonic information) — via an optical fibre bundle. The use of the fibre bundle
allows to transfer the image of the diffraction orders from the sample to the user-side of the fibre,
where the order selection takes place, greatly reducing the size of the probe accessing the sample.
The optical layout of the endoscopic CHOTSs system is shown in figure 4.2 and the photographs
of the experimental arrangement in figure 4.3. The generation, probing and detection systems
are enclosed, and combined with the corresponding optical fibres, form an endoscopic pulser.
The generation channel consists of the pulsed generation laser, coupling optics, optical fibre, a
collimating lens and the illuminated g-CHOT/sample. The probing channel includes the CW
probing laser and a fibre-optic light delivery system. The detection channel is comprised of the
illuminated d-CHOT, a collecting lens, optical fibre bundle, an expanding lens, an iris diaphragm

for order selection, a photodetector, two band-pass filters (BPF), an amplifier and an oscilloscope.
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Figure 4.1: Block diagram of the CHOT measurement system and its components. The system
elements are grouped based on the element contribution to generation, probing or detection. The

main system inputs and outputs are indicated in bold.
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Cameras can be additionally introduced into the system for remote observation and the ease
of alignment of the laser beams on the sample and the diffraction orders with the iris. A more

detailed description of the system elements is provided below.
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Figure 4.2: Optical layout of the endoscopic pulser. The items marked with “*’ show the elements

of a commercial fibre-delivery system KineFlex, and come as an assembly.
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Figure 4.3: Photograph of the experimental arrangement. (a) Sample testing showing exits of the
delivery fibres and corresponding optics. 1 = Generation light delivery fibre, 2 = Probing light
delivery fibre, 3 = Collection fibre bundle entry, 4 = Sample. (b) Detection system, showing the
view of the iris and diffraction orders as seen from the camera (inset). 1 = Fibre bundle exit, 2 =

Expanding lens, 3 = Iris diaphragm, 4 = Photodetector, 5 = Beamsplitter, 6 = Camera.

4.2 Elements of the system

4.2.1 Laser sources
Generation laser

The generation laser source is a pulsed (Q-switched) high-power Nd:YAG laser (Elforlight FQ 1064,
class 4) with the following operational parameters: wavelength A = 1.064 pum, pulse duration 7 = 8
ns, repetition rate R = 1 kHz, stability < +2%, and the output beam diameter D = 4 mm. The
maximum average power output is Pn,g = 700 mW, equating to the pulse energy E = P,,,/R = 0.7

mJ.

Selection of the generation laser

o Optical wavelength is determined based on the absorption characteristics of the material of
the test part, where the appropriate choice of the g-CHOT material provides the absorp-
tion contrast (Chapter 3). The use of the g-CHOT expands the range of the suitable laser
wavelengths, operating either via absorption by the sample or by the g-CHOT material.
For example, the generation on an aluminium sample with relatively low absorption at the
generation wavelength (6%) can be enhanced by selection of a stronger-absorbing g-CHOT

material at the same wavelength, such as chromium (36%).
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amplitude (V)

Pulse energy determines the amplitude of the generated waves but is restricted by the ablation
threshold of the test-part material if non-destructive operation is required. The ablation
threshold for common metals and Q-switched lasers operating in the near-infrared is 1-10
MW /cm? [16]. The use of CHOTs allows to distribute the laser energy over a greater area
permitting the increase of the input power without material damage (Chapter 2, 3). The
diameter of the beam used in this work was D ~ 5 mm (area A = (7/4)D? = 0.196 cm?)
producing peak intensity in the beam I = E/(7A) = 446 kW/cm®. As it is below the

threshold for common metals, the operation in the thermoelastic regime should be expected.

Pulse length determines the spectral content of the laser pulse and the energy available
at the selected generation frequency (Chapter 3). The bandwidth of the laser pulse thus
limits maximum ultrasonic frequencies that can be generated with the chosen laser, where
shorter pulses are required for high-frequency ultrasonic generation. The time-trace and
the corresponding frequency content of the 8-ns laser pulse used in this work are shown in
figure 4.4, displaying little signal reduction at the operational frequencies used in this work
(5 MHz). An additional point worth mentioning is the electronic noise produced by the
Q-switch. Although some pulse energy can be seen available in the region of 80 MHz, the

signal detection at these frequencies is compromised by the electronic noise.

Repetition rate is connected to the the number of signal waveforms that can be acquired at
some fixed time-interval, with increased number of pulses producing faster signal averaging
and increased inspection or scanning speed. At the same time, for the constant laser out-
put power, it is inversely proportional to the peak intensity in the beam, so increasing the

repetition rate reduces the peak beam intensity.
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Figure 4.4: Characteristics of the generation laser pulse in time and frequency domain.
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Probing laser

The probing laser used for detection is a continuous wave (CW) second harmonic Nd:YAG laser
(Laser Quantum Torus, class 3B) operating at A = 532 nm with power stability < 1%, beam
diameter 1.7 mm, and output power of 220 mW in TEMgq. Over the period of work, similar lasers
with lower and higher output powers were used (60 mW and 405 mW, class 4). The corresponding
change in the signal-to-noise ratio (considering thermoelastic regime) would be proportional to

vV Pjet. The output power used in a particular test is stated alongside the result.

4.2.2 Transmission and coupling optics
Generation channel

The delivery of the generation beam to the g-CHOT is achieved by a multimode high-power optical
fibre (Thorlabs MHP 550102, 2 metres) with the damage threshold 50 kW /cm? (CW equivalent
at 980 nm), core diameter of 550 pum, and numerical aperture NA 0.22. As the g-CHOT uses
laser illumination simply as a heat source, the beam mode and polarisation are not required to be
maintained by the fibre and a multi-mode fibre can be used.

The laser beam is coupled into the fibre using a telescopic optical system providing 5x beam-
diameter reduction, and a fibre port coupler (Thorlabs PAF-SMA-11-C) with NA 0.2. The NA of
the fibre determines the maximum acceptance angle of the incident light into the core. For efficient
coupling and to avoid laser damage to cladding, the coupler should be chosen with NA matching
or below that of the fibre. The actual average laser output was approximately 650 mW, and
the coupling efficiency, determined as a fibre output-to-input ratio, was on average close to 75%.
The coupling efficiency and/or the output power during the test is stated with the corresponding
results. The distal end of the fibre contains a lens collimating the output beam to diameter d ~ 5
mm (defines the bandwidth of the generated SAW, Chapter 3).

Prior to the coupling optics, a combination of a polariser and a half-wave plate is placed in the
path of the beam providing the means to control power input into the fibre, and a small amount

of reflected light is directed to a photodiode to trigger signal acquisition.

Probing channel

The probing illumination from the laser is delivered to the d-CHOT via a fibre delivery system
KineFLEX. The delivery system is comprised of the pre-focused and integrated optical assembly
with the design matching parameters of the laser to provide transmission efficiencies of over 65%.
It contains the beam coupling system, a single-mode fibre for A = 532 nm (2 m length) and a

collimating system on the distal end of the fibre producing beam diameter of 7 mm (defines the
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detection bandwidth, Chapter 3). As the d-CHOT operation is phase sensitive, a single-mode fibre
is used for optimal operation and to preserve Gaussian intensity distribution on the transducer.

The KineFLEX systems are used in precision measurement applications, provide high coupling
efficiencies and increase system portability by reducing its size and the amount of required align-
ment. The laser coupling efficiency at the time of the test is stated with the results, and was on
average close to 73%, providing average sample illumination with 43 mW, 160 mW and 295 mW
for the 60 mW, 220 mW and 405 mW inputs respectively.

Detection channel

The collection and transmission of the probing light reflected from the sample (d-CHOT) to the
photodetector is performed using a coherent leached fibre bundle (SCHOTT 1251167LFB), con-
sisting of 18,000 individual fibre cores, each with diameter 11.6 pum, and the overall quality area
diameter of 1.4 mm.

The use of coherent fibre bundles enables transmission of images by maintaining the spatial
relations between the beams within the fibre, where the individual cores in the bundle are the
equivalent of the pixels in a digital camera. This property, combined with the d-CHOT operation
allows to spatially separate the ultrasonic sensing from the order selection and the electronic
detection, by collecting the ultrasonic information at the sample and transferring it for detection
at the user-end of the fibre. Due to the absence of the individual-core cladding, the use of such
bundles is however associated with high transmission losses, with the measured transmission of
46-50%. In addition, the energy leakage takes place between the individual cores, most-likely
producing a cross-talk if the split-use of the fibre is required (e.g figure 2.11b).

The diffracted light from the d-CHOT is collected and focused onto the facet of the bundle with
a lens, and another collimating lens is used at the exit of the fibre to extract the diffraction orders
and reduce the size of the beam. The choice of both lenses is connected to the operational frequency
of the d-CHOT, where larger angular separations of the orders produced by higher frequencies
would require higher NA of the collecting lens (although a single order can be collected, Chapter
3), whereas the lower frequencies would affect selection of the focal length of the collimating lens
at the exit to provide sufficient order separation at the detector. The selection of the required
diffraction order is performed by an iris diaphragm after which the light passes to the detector via

an IR filter.
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4.2.3 Signal acquisition and processing
Detection

A single-element photodetector circuit, custom-built at the Applied Optics Group, and based on
BPX65 photodiode (200 MHz bandwidth, Appendix A.1), is used to detect the incident diffracted
light. The detector sensitivity to wavelength of the probing illumination as well as to the ultrasonic-
modulation frequency determines the efficiency of the photo-to-electric signal conversion and the

output of the detector.

Filtering and amplification

The DC output from the detector is passed directly to the oscilloscope, whereas the RF output
is directed to a chain of two 5 MHz band-pass filters (BPF, bandwidth ~ 2 MHz) and two low
noise amplifiers (Minicircuits ZFL500-LN, bandwidth 500 MHz). This arrangement is illustrated
in figure 4.5. The ratio of the DC/RF outputs from the photodetector before the amplifier was
measured as 0.0112. The use of DC output allows to monitor the amount of incident light received
by the detector and aids the order alignment with the iris/detector.

The spectral characteristics of the filters and gain from the chain of two amplifiers were mea-
sured with Marconi 2382 spectral analyser and are shown in Appendix A.2 and A.3. The measured

output increase with the use of the amplifier was P(dB) = 60 dB, related to the provided gain in

power as:
P,
P(dB) = 10log =24
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Figure 4.5: Block diagram illustrating signal chain during acquisition (joined amplifiers are shown

as a single element).



CHAPTER 4. ENDOSCOPIC PULSER INSTRUMENTATION 83

The corresponding gain in voltage is:

Vour = 10V,

Signal acquisition

The signal acquisition was performed using oscilloscope LeCroy Waverunner 104Xi-A 1GHz (max-
imum acquisition rate 10 Gs/s), triggered by the generation laser pulse (figure 4.5). The trigger is
provided by the Thorlabs PDA10A-EC photodiode located at the exit of the generation laser. In
most cases the acquisition was performed averaging over a number of detected traces to improve
signal SNR, where depending on the sampling rate up to 1,000 waveforms a second can be obtained
corresponding to the repetition rate of the generation laser. The number of averaged waveforms is

stated with the results.

4.2.4 Setup modification

Depending on the nature of the test, the system described in this section was additionally modified
to include the translation stages (PI M-605.2DD) and a laser vibrometer (Polytec OVF-534),
allowing to move the sample or the vibrometer, and perform surface scans. The particular setup

used in the tests is provided in the corresponding sections.

4.3 The use of the endoscopic CHOTSs pulser

4.3.1 Instrument alignment

Once the laser beams have been coupled to the corresponding optical fibres, only simple alignment
is required during operation. More specifically, the alignment of the beams and collection optics
with the appropriate transducers and reflected beam at the sample, and the order alignment with
the iris at the user-side of the fibre.

Both CHOTSs use collimated-beam activation, and the alignment of the illuminating beam
involves simple positioning/direction of the beam onto the right transducer. As no focusing is
required, the stand-off distance and the angle of the illumination are generally flexible. The
alignment of detection optics with diffracted beam and the probing illumination with the d-CHOT
are connected via reflection off the sample. The fibre bundle can be articulated to adapt the
detection angle to the probing angle of incidence or a fixed angular setup can be used for particular
stand-off distances and/or surface curvatures. Additional modifications can enable operation at

normal incidence or using retroreflection (e.g Littrow diffraction configuration).
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After the diffracted light has been collected and transmitted to the detector, the alignment of
the diffraction orders and the iris is performed to select the required order. Some options include
adjusting the sample holder (in a laboratory setting), adjusting the fibre mount at the user-side
(for tests of large samples or in industrial conditions), or incorporating an automated/controlled

deflection mirror between the fibre and the iris/detector.

4.3.2 Safety considerations

A valid concern regarding adaptation of the laser-ultrasonic systems in practical field applications
is the high power densities of the laser sources, with associated health risk posed by accidental
irradiation of the eyes or skin. Although the lasers used in this work are of class 3B and 4
(section 4.2.1) that require significant safety precautions, restricted access and user training, the
fibre-coupled delivery of the probing and detection beams, described in this work, with the full
enclosure of the laser pulser, provides major reduction of the associated risks. Combined with the
sample enclosure, or the use in enclosed spaces such as an aeroengine, the safety of operation is
maximised. This was illustrated by the demonstration of a fully-enclosed CHOTSs system outside

of the laboratory conditions at the RCNDE technology transfer event in 2014.

4.4 Further system development

4.4.1 Practical use

In order to enable practical field use of the system, specifically in applications where the endo-
scope is used to access hard-to-reach components in confined spaces without visual access, further
modifications of the endoscopic pulser instrumentation should include the ease/automation of the
alignment and provision of live images from the distal end of the fibre to enable navigation of the
endoscope to the sample.

A commercially available endoscopic USB CMOS camera PE-157A was added to the experi-
mental set up to deliver the image of the transducers and aid beam alignment on the sample (10
mm diameter, 2M fibre, 4 LED). In the pulser itself, a modified web-camera was incorporated into
the setup (figure 4.3) enabling viewing of the diffraction orders with the iris on the screen of the
oscilloscope and aiding their alignment. Such alignment (combined with automation) additionally
enables full enclosure of the pulser.

The automation of the order alignment with the iris will provide further simplification of use,
and can be accomplished by incorporating a deflection mirror between the exit of the fibre bundle

and the iris/detector controlled using manual selection of the diffraction order and a feedback from
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detection

Figure 4.6: Endoscopic CHOT system at present. 1 = Pulser (lasers, coupling optics and detection
system), 2 = Optical fibres corresponding to generation, probing and detection channels, 3 = Exit

of the fibres with collimating/collecting optics, 4 = Test sample.

the DC levels on the detector.

4.4.2 Miniaturisation: channel combination concept

The present system shown in figure 4.6 uses off-the-shelf optical elements and three separate
illumination-delivery fibres. The combined diameter of the fibres and the optical mounts at their
exits at present exceed the acceptable endoscope diameter to access the engine components on-
wing. The reduction of the overall endoscope diameter, in particular the size of the probe required
to access the sample, is the priority of the further system development. Apart from the straight-
forward minimisation of the optical element sizes, not always possible, another solution can be
found in the reduction of the number of channels (fibres) required to access the component.

It it proposed to combine the functions of the separate fibres, used in probing and detection
channels, within a single fibre bundle. A frequently-found arrangement of the medical endoscopes
includes the delivery of the illumination using outer circular part of the bundle, and collection of
the returning light/image by its central part. Reversing this to suit the operation with CHOTsS,

the probing laser illumination can be coupled into a single core of the bundle, expanded by the
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Figure 4.7: Combination of the probing and collection channels in a single fibre bundle for elimi-

nation of one of the fibres to reduce the diameter of the endoscope: concept illustration .

focusing (collimating) lens at the distal end of the fibre to illuminate the d-CHOT, and the rest of
the bundle quality area (other cores) is used to collect and transmit the diffraction orders to the
detector. The concept is illustrated in figure 4.7.

To date, only the first part of the proposed concept has been realised, using the fibre bundle
of the detection channel. The probing beam was coupled into a single core of the bundle, and the
collimated output used as probing illumination. The rest of the pulser was used unchanged, and
the detection was performed using a separate fibre bundle.

Firstly, the experiment demonstrated the ability of the single core to transmit all of the probing
beam power without the fibre damage. The absence of damage was confirmed by monitoring of
the fibre exit before and after the laser irradiation using the setup camera. Figure 4.8a shows the
compound photograph (two exposures) of the beam coupling into the core, where the desaturated
close-up of the area confirms close to single-core coupling. Slight interference effects can be noticed
around the illuminated area that are possibly due to the combination of diffraction from the
illuminated bundle element with the light leaked /partially-coupled into the adjacent cores.

Secondly, due to its small diameter, the operation via a core of the bundle (not a single-mode
fibre) did not seem to significantly alter the optical paths across the beam and the output from
the d-CHOT. The signal detected by a separate bundle using probing illumination delivered via a
single-core coupling is shown in figure 4.8 (glass sample; 2,000 averaged waveforms).

The next part of the experiment would include demonstration of the joint use of the bundle
with the transmission of the diffraction orders from the sample. This requires additional optics and
modification of the detection arrangement within the pulser, and is yet to be performed. Possible
effects from the cross-talk/light leakage between the fibres in this case could be expected to affect
the joint fibre use by both channels.

The use of the coherent fibre bundle additionally enables to replace the camera on the sample-
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Figure 4.8: Delivery of the probing illumination via coupling into a single core of the fibre bundle:
investigation of system miniaturisation. Photograph (a) shows laser illumination coupling, with
the close-up in the inset, and plot (b) shows signal detected using probing light expanded from the

single core.

side of the endoscope. Potentially, the same fibre bundle can be used both to transmit the images
for navigation of the endoscope and for alignment of the illumination with the transducers, as well
as to collect the returning light. The use of the same fibre bundle to combine the functions of both

channels will contribute to the overall reduction of the endoscope probe diameter.

4.5 Summary

The instrumentation of the endoscopic CHOTSs pulser, its structure and elements were described
viewing the operation of the system according to the performed functions of generation, probing and
detection. The characteristics, selection and role of the system elements were provided grouping
them into radiation sources, coupling and transmitting optics, and the electronic signal detection
and acquisition components. The practical use of the system was described with regard to required
alignment, operational safety and future system development past current capabilities. The system
automation and endoscope miniaturisation would be the main priorities to enable system field
application. The preliminary work on the miniaturisation of the endoscope size by combination of

the probing and detection optical delivery was presented.



Chapter 5

Fabrication of CHOT's on film

carriers

The fabrication procedures described in this chapter were developed to produce a portable CHOT,
enabling application of the transducers on-site, to large and curved components. These procedures
combine well-established microfabrication methods and materials with more recently-developed
processes and the use of the purposefully-selected materials.

The feasibility of CHOT fabrication using film carriers was investigated for two concepts: 1)
using photolithographic techniques and materials to produce sacrificial layers and CHOT carriers
to enable separation of the transducers from the substrate, and 2) using commercially-available
optically-clear adhesive transfer tapes. In both methods the CHOTSs were created by metal depo-
sition through a mask, using a sputter coater and a vacuum evaporator.

The fabrication procedures of a g-CHOT and a d-CHOT require to take into account the
differences in their operation principles, which was achieved by corresponding adjustments of the
devised procedures. Both fabrication concepts were used to create the g-CHOTSs, whereas the
d-CHOT was produced using only the second concept due to its simplicity. Fabrication of a d-
CHOT using sacrificial layers and photolithographic techniques is also possible but would require
a complex time-consuming procedure with multiple steps.

The proposed fabrication methods, step sequence and parameters were dynamically modified
according to the intermediate findings to establish the best working procedure. The quality of
the fabricated transducer carriers was evaluated by visual examination and optical microscopy.
The functionality of the fabricated transducers was later assessed by performing a series of tests

described in Chapter 6.
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5.1 Equipment and materials

This section provides a description of the sample preparation, equipment and source materials used
that are general to the fabrication of CHOTSs in this work, and are not specific to the fabrication
of CHOTs on film carriers. Specificity of the method or material in particular cases is noted in the

text where applicable.

CHOT Mask

CHOT masks for 4 MHz and 5 MHz SAWSs were produced on a 50 pm-thick sheet of brass by laser
cutting at the University of Nottingham manufacturing workshop (figure 5.1). The spatial periods
of the fabricated mask patterns Ay were measured to be 704 pm for a 4 MHz mask (design value
Ay =726 pm) and 559 pm for the 5 MHz mask (design value Ay = 581 um). The mark-to-space
ratios were determined as 0.944 and 1.055 correspondingly. The difference in the spatial period of
the mask between its design and the fabricated value AA = Ay — Ay is 22 pum for 4 MHz mask and
22 pum for 5 MHz mask. These differences are expected to produce a shift in the central frequencies
of the fabricated CHOTs equal to Af = cg- AA/(Ag- Ay). Considering Rayleigh wave velocity on
Al cp = 2,905 m/s, the frequency shifts are A fyym, = +0.125 MHz and A fsypp, = +0.196 MHz.

(a) 4 MHz mask (b) 5 MHz mask

Figure 5.1: Microscope images of the fabricated masks (darker areas correspond to metal and

bright areas to cut-through slots).

Sample preparation

Precision glass windows from Comar (©25 mm, thickness 4 mm) were used as substrates. In all
cases, prior to material deposition the samples underwent cleaning procedure to remove surface
impurities consisting of sequential sonication for 8 minutes in ethylactate, acetone, methanol and
isopropanol using an ultrasonic bath, and dried using nitrogen. The solvents were used in the order

as listed to reduce the amount of residue left on the surface after each stage.
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Equipment

Two types of equipment for material deposition were used with the fabricated masks to create a
CHOT: a sputter coater Emitech K575XD and an Edwards 306A vacuum evaporator. The use of
the mask with each system produced patterns unequal in quality, which could be explained by the
difference in the mechanisms employed for material deposition in each case. Later, the choice of
particular equipment was made prioritising the fabrication time or pattern quality requirements
of each case, with the sputter coater providing faster operation times, and the vacuum evaporator
being used for precise fabrication.

Sputtering is a process upon which the creation of the gaseous glow discharge (plasma) between
an anode and a cathode target material results in a cathode being bombarded by the inert gas
ions, eroding the target material and producing an omni-directional deposition of the high-speed
sputtered atoms [143]. In a typical equipment arrangement, the target material is located in the
chamber in the holder above the sample stage, and the sample is placed onto the rotation stage
under the target (figure 5.2).

Evaporation is an alternative method to sputtering, where the source material is being heated
above its melting point and evaporated in a vacuum, condensing on the surface of the sample. In
this case the evaporated atoms travel directly to the sample without collisions with other particles,
and so are deposited mostly from a single direction. In such setup, the sample is stationary, and is
located above the source material (figure 5.3). In the Edwards 306A model material heating and
evaporation is achieved by passing a large current through a resistive evaporation boat containing
the source material.

The sputter coater is generally preferred for work with rough surfaces providing more even

step coverage, compared to the vacuum evaporator where the deposition from a single direction

[ targetmaterial sample — /~\
\@ z H | stage

gas — GB/ ’)D — sputtered 2)
T— atoms é

O\ ? 2) —— evaporated atoms

N /—sample A source material
rotating— [ ] Nl
stage l current —{t V
gas-filled chamber chamber with vacuum
Figure 5.2: Typical arrangement during ma- Figure 5.3: Typical arrangement during ma-

terial deposition in a sputterer terial deposition in an evaporator
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produces undesirable shadowing effects. In the case of coating a sample through a mask, however,
the effects are reversed.

In presence of a small gap between the mask and the surface of the sample, the multi-directional
nature of material deposition in the sputter coater ensures penetration of the sputtered atoms into
what should be the shadow regions under the mask, blurring the features of the pattern. This
leads to certain disadvantages: 1) tightens the requirements to the flatness of the mask and the
surface of the sample, 2) requires tight contact between the mask and the sample to be provided
evenly across the mask. Additionally, 3) the movement of the sample stage during the deposition
produces mask micro-shifts in instances where mask is not tightly attached to the sample, resulting
in feature blur. The last two factors are limiting for the sputter coater in cases where contact with
the substrate is undesirable (see fabrication of self-adhesive CHOTS, section 5.3).

In contrast, the direct path taken by the evaporated atoms through the mask in the vacuum
evaporator and a stationary sample allow a small separation between the mask and the sample if
required, without the loss of feature resolution (relative to the feature size). Generally, a better
contact is also provided by the sample’s own weight as it is placed on top of the mask in this
arrangement.

The high-speed atoms sputtered onto the sample were also noted to penetrate into the material
of the film substrates, which has to be considered when developing fabrication procedures using a

sputter coater and film substrates.

Equipment Calibration

Both coating systems use film thickness monitor (FTM) to determine the thickness of the deposited
film via a piezoelectric effect. The oscillating frequency of the quartz crystal comprising the FTM
sensor is changed by the mass of the material being deposited on its surface. This change is de-
tected electronically, and automatically converted into thickness using material density information
provided by the operator.

Small differences, however, exist between the thickness indicated by FTM and the actual de-
posited layer measured independently on the sample. These result mainly from the physical ar-
rangement where the indicated deposition is measured by FTM in close proximity to the sample
but strictly in a different location (as the sensor can not obscure the sample) and at a different
angle from the source.

In order to provide accurate indication of thickness, the tooling factor takes into account these
inherent discrepancies by quantifying the relation between the measured and the indicated thick-
ness. It has to be determined individually for different materials (due to the differences in the

deposition rates), as well as corrected periodically during the crystal lifetime (the accumulation of
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material on its surface reduces the sensitivity) and after each change of the FTM crystal:

Toctual = Tindicated * TF = Tindicated CW) (5.1)
indicated
The knowledge of the tooling factor becomes particularly important during the fabrication of a
d-CHOT, the operation of which is dependent on ensuring the accurate step height.

The tooling factor of the vacuum evaporator was determined for Cr, considering the target step
height of 66 nm. A calibration sample was made by deposition of 60 nm of Cr (hindicated) Onto
a glass substrate using a CHOT mask to produce a step profile. The resulting step height was
considered to be indicative of the coating thickness. It was measured with the stylus surface profiler
Alpha-Step D-120 (KLA Tencor) to be 75 nm (hmeqsured), averaging the height over the number
of points across one step. Based on this data and according to equation 5.1 the tooling factor of
the vacuum evaporator was calculated to be TF = hpeasured/Mindicated = 75 nm/60 nm = 1.25.

Controlled deposition using the calculated tooling factor was performed and the step profile
height measured to verify the determined quantity. To achieve the required step height of 66 nm
with the TF of 1.25, the required indicated thickness of the deposited layer was determined to be
52.8 nm, where 52.9 nm of Cr was deposited. The average step height was measured as 66 nm
confirming the calculated tooling factor was correct. The thickness of the deposited layer before
and after the correction for the tooling factor is shown in figure 5.4 as step profiles of the fabricated

CHOTs.

Similar procedures were later used for calibration and correction of the tooling factor as neces-

sary.
Deposited Cr: 60nm (SMHz) Deposited Cr: 52.9nm (4MHz)
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Figure 5.4: Step profiles before (a) and after (b) evaporator calibration
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Materials

Chromium (Cr) and silver (Ag) targets from Quorum were used for CHOT fabrication in the
sputter coater. Chromium crystal sources of 99.99% purity and Ag wire source from Testbourn
were used in a vacuum evaporator. All sources were cleaned by 8 minute sonication in isopropanol,

and dried by nitrogen prior to deposition.

5.2 Transferable CHOTSs using sacrificial layers

The first concept to create a portable CHOT consists of modifying the established fabrication pro-
cedure, where a CHOT is created directly on the sample, by introducing a sacrificial layer between
the substrate and the CHOT. This layer is later chemically removed allowing the separation of
the substrate and the transducer. An additional, containing, layer is required to act as a CHOT
carrier and contain the pattern during and after its release.

Two methods were explored to produce CHOTS using sacrificial layers (figure 5.5). In method
I the CHOT was created directly on top of the sacrificial layer separating it from the substrate,
and the containing layer was fabricated last, covering the CHOT pattern (figure 5.5a). The use of
polystyrene (PS) and a photoresist SU8 as CHOT containing layers was investigated. Method II is
a modification of the procedure where the sequence of the fabrication steps was reversed based on
the intermediate findings and observations. In this modified method the carrier film is produced
on a sacrificial layer first, and the CHOT pattern is created last, on top of the carrier (figure 5.5b).

The described fabrication trials using sacrificial layer concept were carried out with g-CHOT

containing layer CHOT pattern
CHOT pattern containing layer
sacrificial layer sacrificial layer

substrate substrate

Figure 5.5: CHOT fabrication sequence using sacrificial layers: Method I (a) and Method II (b)
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patterns. Although a similar concept was devised for the d-CHOT fabrication, they were later
produced using self-adhesive film (section 5.3.2). The g-CHOT patterns were made in the sputter
coater, which was chosen over the vacuum evaporator for its faster operation that was beneficial

in the multiple-step fabrication procedure.

5.2.1 Method I: Glass-BPRS-CHOT-PS (Protocol 1)

The creation of a solid sacrificial layer that can be chemically removed could be achieved using
light-sensitive materials such as photoresists, commonly used in photolithography. Their ability
to become soluble (positive photoresist) or insoluble (negative photoresist) to the resist developer
after a UV exposure made them a suitable choice.

Photoresist BPRS-150 was used in the first trial as a sacrificial layer material. The selection
of a positive photoresist (BPRS-150) would enable its easy removal after a UV exposure with the
resist developer. The photoresist was spin-coated onto a glass substrate, baked and exposed to
UV creating the sacrificial layer. The chromium (Cr) CHOT pattern was then produced onto the
fabricated layer in the sputter-coater.

Polystyrene (PS) solution was prepared, spin-coated on top of the created BPRS-CHOT struc-
ture, covering the CHOT and baked, producing the containing layer. The release of the CHOT
with the carrier was to be performed by submerging the sample into the resist developer to dissolve
the sacrificial layer. In order to expose the layer of BPRS (now coated with PS) to resist devel-
oper, the outer edges of the structure were wiped with acetone prior to baking. The details of the
process are shown in table 5.1. Baking of polystyrene and BPRS was performed in the Carbolite
laboratory oven.

A disintegration of the CHOT pattern was observed during the lift-off stage, shortly after the
sample was submerged. It was concluded to be the result of the effect of the developer on the PS
layer containing the CHOT, leading to the dissipation of Cr into the solution.

Following this, the combination of materials used in the process was revised so as to provide
better resistance of the containing layer to the chemical agent used to remove the sacrificial layer.

The second trial of the method was carried out with the new combination of materials.

5.2.2 Method I : Glass-PS-CHOT-SUS8 (Protocol 2)

The materials chosen for the second trial were PS for the sacrificial layer, and a negative photoresist
SU-8 100 for the containing layer. In this trial toluene was used to remove the sacrificial layer and
separate the transducer carrier from the substrate. The use of PS sacrificial layers was previously

reported for successful release of the SU-8 structures as large as 50 cm? [144]. Here, the process
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Table 5.1: Fabrication process of a g-CHOT using PS carrier, Method I (Protocol 1)

Sacrificial layer CHOT fabrication Containing layer Separation from
BPRS-150 Cromium (Cr) PS 13k substrate

5% solution resist developer

== = =
(SiesSemen R oo R == oen
I

spin-coat: sputter-coater spin-coat: immerse resulting
30”7 at 3,000 rpm deposition 30” at 1,400 rpm structure

60 nm (indicated)

bake: bake:
30’ at 100 °C 60’ at 100 °C

expose to UV:
8077

was adapted for creation of the CHOT carrier.

The process consists of spin-coating and baking of a PS solution onto a glass substrate, deposi-
tion of the Cr pattern onto the solidified PS layer, followed by spin-coating of SU-8 on top of this
PS-CHOT structure, and processing it according to the manufacturer’s recommendations ( [145]).
The final structure produced by this method is placed into an agitator with toluene for pattern
release, after which the separated carriers are removed and dried.

In this trial, the surface of the sample was pre-treated to improve adhesion of PS to glass by
spin-coating of a small amount of toluene (substrate wetting). After being dispensed onto the
substrate, the polystyrene solution was allowed to rest for 25 seconds before the start of spin-
coating. Prior to spin-coating of the final layer of SUS8, the photoresist was heated on a hot plate
at 66 °C until it became fluid, and spread to cover the sample with a glass syringe. The details of
the process are shown in table 5.2.

As in the previous trial, the sides of the sacrificial layer (PS, now coated with SU-8) were exposed
by wiping the outer edges of the structure with acetone prior to baking. For both fabricated layers
sufficient cooling to room temperature (21 °C) was allowed after the baking stages. The baked
layer of polystyrene was left to cool in the oven to prevent forming of film stresses due to rapid
temperature change. Baking and cooling of the SU-8 layer was performed on a hot-plate, and the
temperature monitored with a digital infrared (Maplin N19FR) and an analogue contact hot plate

thermometers.
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Table 5.2: Fabrication process of a g-CHOT using SU-8 carrier, Method I (Protocol 2)

Sacrificial layer CHOT fabrication Containing layer Separation from

PS 13k/100k Cromium (Cr) SU8-100 substrate
10% solution resist developer
== = =
(SiesSemen R oo R == oen
|
spin-coat toluene: sputter-coater spin-coat: immerse resulting

15” at 1,500 rpm

deposition

60 nm (indicated)

10” at 500 rpm
30” at 2,500 rpm

structure

spin-coat PS: soft-bake:

30” at 700 rpm 20’ at 66 °C
50" at 95 °C

bake: expose to UV:

60’ at 100 °C 90” at A = 365 nm

post-exposure bake:
1’ at 65 °C
12’ at 95 °C

develop:

5’ in EC solvent

The process parameters shown in table 5.2 result from a number of fabrication trials and
intermediate investigations, during which the working parameters were established and the process
modified accordingly. Using this method and the combination of materials the CHOT carriers were
successfully released from the substrates. The thickness of the separated carriers was measured
with Mitutoyo digital micrometer to be 80 um. The transducer release from the substrate was
achieved in toluene using a sonication bath and heating in some trials, and an agitator and heating
in others. Slight toluene warming and agitation proved to provide better quality of the released
film.

It was noted that the resulting CHOT pattern in the fabricated structures had cracks (figure
5.6), which were found to be formed during the soft-baking stage of the containing layer of SU-8
(discussed below). It was further discovered that the use of PS with a different molecular weight

was one possible solution to prevent cracking. Another suggested solution was to change the
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Figure 5.6: Microscope images in transmission: CHOT on PS directly after Cr deposition (a) and

in the final structure (b). The dark areas in the image correspond to the metal CHOT features.

fabrication order of the layers, which was implemented in Method II, described in subsection 5.2.3.

Pattern cracking investigation

A separate investigation was performed to identify the fabrication stage and the affected layer of
the multi-layer structure where the cracking was occurring. The following possibilities leading to

pattern destruction were initially considered:

e heat processes in the sputter-coater during the deposition of Cr leading to cracking of the

PS layer itself

o the effect of SU-8 or its temperature during the deposition on top of the CHOT for spin-

coating
e thermal expansion of Cr in the PS layer during the baking stages of SU-8

e thermal expansion differences between the PS and SU-8 layers during the baking stages of

SU-8

A control sample was made where the condition of the layers was monitored at each stage of the

Figure 5.7: Released g-CHOT on an SUS carrier (a) and its microscope images in reflection from

the pattern side: lifted pattern (b) and crack details (c).
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fabrication procedure (table 5.3). Comparing microscope images of the layers taken at each stage
pattern cracking was observed after the soft-baking step of the containing layer. After the step of
the process leading to pattern destruction was determined, it remained to identify which one of
the three layers (PS, Cr, SU-8) was affected resulting in pattern damage.

In order to investigate the effect of baking onto isolated parts of the multi-layer structure, three
control samples with layers corresponding to the fabrication sequence were made: a sample with
a single layer of PS, a sample with PS and a Cr CHOT, and a sample with PS-CHOT that was
spin-coated with SU-8 but untreated. Microscope images were again obtained after deposition of
each layer to monitor the condition of the film and the pattern prior to the test.

Soft-baking of the sample spin-coated with SU-8 was then performed on the hot plate along
with two control samples representing parts of the baked structure (table 5.4). At this stage, as was
noted previously, the pattern cracking occurred in the PS-CHOT-SUS8 sample a few minutes after
the sample was heated. It was also observed at the same time in the control PS-CHOT sample,
but not in the control sample containing single layer of PS. This, combined with the microscope
images showing no pattern damage after deposition of layers but prior to soft-baking, indicated the
PS-CHOT layer as the one affected by the treatment. The differences in thermal expansion rates
between the metal Cr structures and the polymer PS layer during the heating were considered to
be the cause of the cracks in the CHOT pattern.

The described test was repeated to confirm the findings. During this test, however, available
100k PS was used, not the 13k PS used previously keeping other procedures and quantities as

previously described. During this trial pattern cracking was not observed. The following section

Table 5.3: Identifying the stage

Sacrificial layer CHOT fabrication Containing Separation from
PS 13k baked deposited Cr pattern layer substrate
SU-8 soft-baked released CHOT carrier
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e BB BB
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describes a separate investigation that was performed to confirm the effect from the differences in

PS molecular weight onto the pattern integrity.

Table 5.4: Identification of the affected layers during the soft-baking stage

PS layer only PS + Cr PS + Cr 4+ SUS8

e [
: ; |
k. l
before :

heating

Ei

o

4 N
-

heating

b

PS molecular weight investigation

To investigate the effect of the PS molecular weight onto the pattern integrity, two 10% solutions
were made using PS of different molecular weights: 13k and 100k PS. A number of samples with
each type of PS were made and all stages of the fabrication process were carried out for each set of
samples, monitoring the structure condition at each stage by an optical microscope. The detailed
process description and microscope images corresponding to each stage, as well as the separation
of stages can be found in tables 5.5 and 5.6. As expected, fabricated PS-Cr-SUS8 structure made
using 100k PS as a base layer did not show the signs of pattern destruction, in contrast to the
structure based on 13k PS where pattern cracking was observed. Both patterns from 13k and
100k trials were released from the substrates with some pattern damage that occurred during the
release.

Spin-coating PS of different molecular weight at the same parameters produces layers of different
thickness contributing to the release times, where a thicker layer of PS would result in a shorter
release time. In this trial the release times were 195 minutes for 13k PS (thinner layer) and 90

minutes for 100k PS (thicker layer).
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Table 5.5: Monitored stages of the fabrication process for PS of different molecular weights

Stage PS 13k PS 100k

PS: spin-coating

PS: baking, cooling

CHOT: Cr deposition

SUS: spin-coating

SUS8: soft-baking 1

cracks

—tl
—

SUS8: soft-baking 2, cooling

Exposing, baking

‘cracks|

Developing k
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Table 5.6: Separation of layers during soft-baking stage for PS 13k and 100k MW

[t
_ PS layer only, 13k PS layer only, 100k

soft-baking 1

soft-baking 2 .

PS 13 + Cr PS 100k + Cr

211
e

soft-baking 1

soft-baking 2
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5.2.3 Method II : Glass-PS-SU8-CHOT

Although the use of PS with a higher molecular weight proved to be one solution to keep integrity
of the CHOT, the process was modified by changing the order in which the layers are created and
their respective treatment. In this modified process the containing layer is created directly on a
sacrificial layer, forming the base for the pattern deposition, in contrast to Method I (section 5.2)
where it was created on top of the pattern. Other stages of the process are kept unchanged. In
this method, the setting of the SU-8 layer is performed before the creation of the metal pattern,
therefore excluding the effects of heating onto the pattern integrity.

This method was used with the 100k PS. The SU-8 carrier with the g-CHOT was successfully
released showing significant improvement in the quality of the film and the pattern, and no cracking.
Figures 5.8 and 5.9 show the photograph and microscope images of the fabricated transferable
CHOT on a film carrier in comparison to the CHOT produced directly on the sample.

The fabrication of CHOTSs using sacrificial layers and their further tests demonstrated the feasi-

bility to produce a functional transducer on a film carrier. This first generation of portable CHOTs

Figure 5.8: g-CHOTSs produced directly on a glass sample (left) and on a film carrier (right).

Figure 5.9: Microscope images of 5 MHz g-CHOTs fabricated directly on glass (a), and on an SU8
film (b).
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requires a couplant and can be reapplied. In instances where more permanent attachment of the
transducer to the test part is desired and to facilitate the ease of application, a layer of adhesive
could be added to the film carrier to act as the couplant and keep the transducer fixed on the sur-
face. The second generation — self-adhesive CHOT's — was fabricated using commercially-available
adhesive tapes to fulfil these functions. The use of commercially-available products simplifies the
fabrication procedure, reducing the fabrication time and cost, and makes it reproducible without

the need for specialist skills and equipment.

5.3 Self-adhesive CHOT's

The concept of the self-adhesive CHOTs is based on using a film structure consisting of three layers:
a top base liner, a layer of adhesive and an adhesive protective liner at the bottom (figure 5.10a).
The transducers are fabricated on the top liner with adhesive. They can then be transferred and
attached to samples by 1) removing the protective liner to expose the adhesive, and 2) placing the
CHOT carrier in contact with the surface of the sample and applying a slight pressure onto the
film (figure 5.10b).

The selection of the film type should consider the operation principles of the CHOTSs as well
as the equipment and environment in which they are manufactured. The fabrication procedures
are customised for the g- and a d-CHOT according to their operation principles, and considering
test results of the CHOT carriers of the first generation presented in Chapter 6. As the pattern
deposition is performed in a vacuum evaporator, one of the main requirements to the adhesive film
is low outgassing and ability to withstand high temperatures.

Self-adhesive CHOT's for generation and detection of the plane surface acoustic waves at 4 and
5 MHz on aluminium were fabricated using deposition through a mask in a vacuum evaporator and

a transparent adhesive transfer film from Lyntec as a carrier. The use of the vacuum evaporator

/ top liner A CHOT @ top liner A
|= LT - ———— adhesive D I RPN adhesive
(a) Tape structure (b) Application to sample

Figure 5.10: Schematic diagrams of the adhesive transfer tape and application of portable trans-

ducer to the sample.
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is preferred to the sputter coater in this case due to its ability to produce sharp features allowing
the presence of a small gap between the sample and the mask, a desirable advantage for work with

adhesive substrates.

5.3.1 Self-adhesive g-CHOT

The functionality tests of the first generation of portable g-CHOTs showed that the direct contact
between the metal CHOT pattern and the sample was essential for transducer operation (Chapter
6). The fabrication of the g-CHOTSs was therefore performed on the adhesive side of the film,
allowing the CHOT to remain in contact with the sample surface upon attachment. Such arrange-
ment requires the top liner of the film to be optically transparent to the radiation of the generation
laser.

An additional option after transducer attachment is the removal of the top liner. This option
is possible if the transducer is fabricated using adhesive transfer tapes which allow the separation
of both liners for transfer of the adhesive layer onto the substrate. The optical transparency of the
top layer in this case is not required as the transducer is being transferred onto the sample along
with the adhesive, and the liner removed. Transducer functionality in both cases, and the effects
of the film liner onto the propagating SAW are discussed further in Chapter 6.

The g-CHOT structures were created by evaporation of 80 nm of Chromium (Cr) through a
mask onto the adhesive side of the carrier film. The protective liner was removed prior to deposition
to expose the layer of adhesive. The film was then placed onto the mask, using 2 microscope
slides (2 mm thickness) as spacers to separate the adhesive surface of the film from the mask.
After the evaporation was complete and the film with the g-CHOT removed from the evaporator,
the protective liner was reattached to cover the fabricated transducer. Table 5.7 illustrates the
described process.

Initially, fabricated self-adhesive g-CHOTs displayed pattern cracking similar to the CHOTs
fabricated on the PS layers, with the cracks orthogonal to the features of the CHOT. The pattern
quality was marginally improved by leaving the film to cool in the vacuum evaporator for 30
minutes after the evaporation. As the test results showed later, the cracks in the pattern did not

compromise CHOT's operation.

5.3.2 Self-adhesive d-CHOT

The d-CHOTSs were fabricated directly on the top liner of the three-layer adhesive tape in two
steps. First, the d-CHOT features/steps were created by evaporation through a mask of 66 nm of
Cr — the step height required for d-CHOT operation with the 532 nm probing laser. The mask was
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Table 5.7: Fabrication of self-adhesive g-CHOT

Separation of Deposition of Cr Reapplication of Remove liners A
liner g-CHOT liner B and/or B for
sensor attach-

ment /transfer

e —— s elelal.

then removed and 100 nm of Ag was evaporated on top of the CHOT features to create a reflective
surface.

Upon the removal of the protective (bottom) liner and attachment of the film carrier to the
sample, the d-CHOT remains on the top surface of the film, and operates through it. It is therefore
required for the liner thickness to be sufficiently small. The individual liner thickness of the adhesive
film used as a d-CHOT carrier was 35 pm (measured with Mitutoyo digital micrometer). The effects
of the film carrier onto the operation of the d-CHOT and the propagation of the surface wave are

discussed in Chapter 6.

5.3.3 Single-carrier sensors

The fabrication of the single-carrier CHOTs consists of the combination of steps described in
the sections above. Both CHOTs are fabricated on a single strip of adhesive film aiding their

application onto the sample and ensuring inter-sensor alignment. Figure 5.11 shows a photograph

Table 5.8: Fabrication of self-adhesive d-CHOT

Adhesive film Create d-CHOT Coat with silver Remove
profile protective liner
for sensor

attachment
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of the fabricated CHOTSs on a single carrier.

The protective liner is first removed from the part of the film to host a g-CHOT. Thus the
adhesive side is exposed through a mask (using spacers) for evaporation of 80 nm of Cr creating
a g-CHOT pattern. The protective liner is then reattached to cover the g-CHOT, and the carrier
is turned upside down and placed directly onto the mask, aligning the fabricated g-CHOT with
one of the corresponding CHOT windows on the mask. After this, the d-CHOT is created on the
reverse side of the carrier (liner B) by evaporation of 66 nm of Cr to create the d-CHOT profile,
followed by the removal of the mask and evaporation of 100 nm of Ag to create reflective surface.

Application of the single-carrier transducers in this case is achieved by 1) the removal of the
underlying protective liners (separately covering the g-CHOT and rest of the carrier), and 2) place-
ment of the common adhesive carrier with the transducers onto the sample surface and applying

slight pressure onto the film.

5.4 Summary

This chapter described the fabrication methods developed to produce portable CHOTSs on film
carriers. Two fabrication concepts were investigated: the use of the sacrificial layers and the use of
the commercially-available self-adhesive tapes. Both concepts were successfully implemented (with
some intermediate process adjustments), the fabricated transducers characterised and tested. The
test results of the transferable CHOTs, fabricated using sacrificial layers, and the self-adhesive
CHOTs produced on adhesive tapes, are presented in Chapter 6.

The use of the adhesive transfer tape introduced an additional capability of the g-CHOT to
be transferred onto the sample along with the layer of adhesive by removal of the carrier film
after transducer attachment. This important property enables additional options for the use of the

fabricated transducers, investigated and demonstrated in Chapters 6 and 7.

Figure 5.11: Fabricated single-carrier CHOT's



Chapter 6

Performance characterisation of

the fabricated transducers

This chapter provides a quantitative description of the transducer performance. Both performance
evaluation common to the CHOTSs fabricated on samples directly and the self-adhesive CHOTs
developed in this work (further referred to as ‘OS’ and ‘SA’ CHOTSs for brevity) are presented, as
well as the functionality test results and performance characterisation specific to the portable and
self-adhesive CHOTSs fabricated by the methods described in Chapter 5.

The performance evaluation approach was based on decoupling the system of CHOTs into its
compound elements — the g-CHOT and the d-CHOT — and analysing their operation individu-
ally according to the performed function. As the independent use of CHOTSs for generation and
detection of ultrasound is possible, characterising their operation individually provides the most
complete information compared to the analysis of the coupled CHOT system as a whole.

A brief investigation of the factors specifically affecting particular types of CHOTSs considering
their operation principles is included. Although such investigations are not complete in their own
right due to the time constrains and further directions they opened for additional studies, by
including them here an attempt has been made to provide the look into the complete set of the
main performance-affecting, enhancing and limiting factors.

The g-CHOTs were characterised in terms of the generated surface acoustic wave and its param-
eters with respect to those expected from the pattern geometry. The transducer sensitivity to the
input laser power and response linearity was measured in terms of the amplitudes of the generated
surface displacement. The resulting calibration curves allow estimation of the expected transducer
performance for given conditions. The experimental results showing the effect of the choice of the

g-CHOT and substrate materials on the amplitudes of the generated waves are presented. Acoustic
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fields produced by the g-CHOT's were visualised.

The functionality of the fabricated transferable and self-adhesive g-CHOTs was demonstrated
and the generation mechanism confirmed. The transducer longevity and performance was evaluated
over time and in continuous operation.

The d-CHOTs were characterised with respect to the output signal produced by the input
surface displacement. Transducer sensitivity to the surface displacement and its linearity was
measured to provide corresponding calibration curves. The response to the change in the probing
power levels was also measured for a fixed surface displacement. The experimental results showing
d-CHOT operation on a set of rough surfaces are presented. A comparison of the coupled CHOT
operation is shown for the OS and SA CHOTs.

Instrumentation and common methodology

The transducer performance was evaluated in a number of test setups depending on the character-
istics to be determined. The endoscopic pulser described in Chapter 4 was used for light delivery
and collection to and from the CHOTSs. In instances where the out-of-plane surface displacement
was of interest, this setup (figure 6.1) was modified by the introduction of an optical vibrometer
instead (section 6.1) or in addition (section 6.2) to the d-CHOT detection of SAW.

The Polytec vibrometer used to detect surface displacement in these tests was mounted on the
PI translation stages (M-605.2DD) allowing it to move vertically across and horizontally along the
sample. To perform the detection, it was then focused onto the reflective area on the sample in
the region of interest. Such reflective areas were either specifically created on the sample by the

deposition of 100 nm of Ag, or the existing reflective areas of the d-CHOTs were used depending

sample light delivery by optical fibres

generation laser
|
J
g-cHOT <[ [ ;
j probing laser
<z |

I
d-CHOT / |
vibrometer "- N\ detection system

Figure 6.1: A schematic of the test setup used for performance evaluation of the fabricated CHOTs.
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on the test.

Where the measurements were performed at a single point in front of the g-CHOTSs, further
alignment of the vibrometer detection point was performed vertically across the generated wave-
front based on finding the maximum signal levels. This ensured the best alignment of a point-wise
vibrometer detection to the centre of the generated wavefront for comparability of the measure-
ments results.

To visualise the acoustic fields produced by the g-CHOTSs (section 6.1.2 and 6.4.2) a scan of
the sample area in front of the g-CHOT was performed by sequentially moving the vibrometer
detection spot across and along the sample. During the scan the sample was kept stationary and
the g-CHOT illuminated continuously. In this case an additional vertical and horizontal sample-
plane to stage-plane alignment was performed to ensure consistent signal-to-noise levels across the
scan area. This was achieved by monitoring signal levels corresponding to vibrometer focus on the

sample and adjusting sample position accordingly.

Data acquisition and processing

The signal acquisition from the vibrometer was triggered by the generation laser pulses (at 1
kHz) providing coherent detection, particularly important during area scanning. Unless stated
otherwise, a 5 MHz BPF was used during signal acquisition. The filter characteristics are given in
Appendix A.2.

The raw traces acquired by the oscilloscope from the vibrometer in volts were converted to nm
of surface displacement using 50 nm per volt sensitivity value provided by the equipment. The
effect of the band-pass filter on the attenuation of the measured wave amplitude can be accounted
for by using the reference traces taken without the filter.

In some cases the wave packets in the recorded signals were windowed using a Hann window
centred on the peak of the wave packet. The fast Fourier transform of the signals was performed
using a DFT MATLAB algorithm, and the Fourier amplitude values were converted into the time-

signal PTP units for ease of result interpretation.

6.1 Performance evaluation: g-CHOT

The g-CHOT transforms optical energy of the generation laser into a SAW. The transducer output
can therefore be characterised and measured in terms of the normal surface displacement produced
by the generated wave (figure 6.2). Due to the natural material attenuation and distance-dependent
amplitude reduction of the acoustic wave, the measurements of the surface displacement should

be performed at a fixed distance from the source where comparable results are desired. This was



CHAPTER 6. TRANSDUCER PERFORMANCE 110

commonly achieved by keeping the distance between the generation and detection beams fixed or

matching the arrival times of the detected wavefronts between the samples of the same test group.

Generation Surface
power (mW) displacement (nm)

—| G-CHOT — [e—

Absorption
Generation

Figure 6.2: Schematic diagram of the g-CHOT inputs and outputs

The characteristics of the generated SAWSs are defined by the transducer geometry and the choice
of transducer and substrate materials (Chapter 3), by the size of the illuminated area and the
distribution of energy on the g-CHOT. However, it is the characteristics defined by the transducer
design that describe its performance. Therefore, transducer operation was evaluated with respect
to the transducer geometry and material-dependent frequency and amplitude of the generated
wave. The diagram in figure 6.3 illustrates the test arrangement used.

The beam diameter was maintained throughout the tests and possible small variation in the
energy distribution due to the use of a multi-mode fibre for light delivery were considered negli-
gible. These variations affect the shape of the acoustic wavefront and the spatial location of the
wavefront maximum, and are excluded by appropriate selection of the measurement point across

the wavefront.

g-CHOT
o SAW

v N

N BAVAVAY,

\ I~ - 1

! |

generation vibrometer detection:
beam surface displacement (nm)

Figure 6.3: Schematic diagram of the g-CHOT performance evaluation test setup
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6.1.1 Frequency and amplitude of the generated acoustic wave

The operational frequency of a transducer is one of its main characteristics, and a factor affecting
transducer selection for particular applications. In case of a CHOT it is also defined by transducer
geometry and dictates its design.

The wavelength of the generated wave Agay is determined by the spatial period of the g-
CHOT fingers, with the corresponding acoustic frequency f further dependent on the Rayleigh
wave velocity of the substrate cg as f = cr/Asaw (the operational frequency of the g-CHOT
should therefore be quoted stating the substrate material).

The geometry of the fabricated g-CHOTs can be visualised by optical microscopy and their
spatial profile measured with a stylus profiler. The actual operating frequency of the fabricated
g-CHOTs obtained from the frequency spectrum of the generated wave can then be compared to

the values expected from transducer design and its measured geometry.

Fabricated g-CHOT's

Figure 6.4 shows a typical profile of a g-CHOT produced in a vacuum evaporator and measured
with a surface profiler. It was fabricated on crown glass (cg = 3,127 m/s) using 5 MHz mask

designed for aluminium (cg = 2,905 m/s) with the corresponding Agaw = 581 um (Chapter 5).

Profile of 5MHz g-CHOT on glass
150 . . .
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50|
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Figure 6.4: Geometry of a g-CHOT fabricated on glass by deposition through a mask.

Considering the velocity differences between these materials, the expected central frequency of
the wave generated on glass is 5.38 MHz using the mask design value, and 5.59 MHz based on the
measurements of the fabricated mask (Agaw = 559 pm), 11.8% higher than for aluminium.

The average spatial period measured from the profiles of the fabricated OS g-CHOTSs varied
between Agaw = 562-575 pm, with the corresponding expected frequencies in the range of 5.43—

5.56 MHz. Such profile measurements, however, depend significantly on the angle between the
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features of the CHOT and the path of the stylus, where deviation from the normal to the CHOT
steps would result in overestimation of the profile length.
Microscope images of the OS and the SA g-CHOTSs used to record generated SAWs and pro-

duced within a single deposition to ensure equal fabrication conditions are shown in figure 6.5.

Results and discussion

The SAWs generated by the fabricated g-CHOTSs on a glass sample are shown in figures 6.6 and
6.7. The normal surface displacement produced by the propagating SAW was measured by the
optical vibrometer in the setup shown in figures 6.1 and 6.3 averaging 500 waveforms at 5 GS/s
and 470 mW average input IR power. The distance between the generation and the detection
beam was fixed for both tests such that the detection beam was positioned at approximately 2 cm
from the centre of the g-CHOT — a place corresponding to centre of a d-CHOT (in other tests). To
determine the frequency content of the generated wave, the waveforms in figure 6.6 were recorded
using no filters, whereas those in figure 6.7 recorded with a 5 MHz BPF. As this filter is further used
with the vibrometer throughout the tests, recording both outputs at this point allows to consider
the effect of the filter onto the amplitude and the frequency content of the measured SAW.

Although the source to detection point distance was fixed during the tests, comparing figures
6.6 and 6.7 (a) and (b) a slightly delayed arrival of the wavepacket from the SA g-CHOT can be
noted. This was most likely caused by the propagation of the generated wave through the part of
the carrier film surrounding the g-CHOT and altering wave velocity.

The frequency spectrum of the recorded unfiltered signals is shown in figure 6.8 and indicates

the peak amplitudes corresponding to the central frequencies of 5.65 MHz and 5.11 MHz for the OS

(a)

Figure 6.5: Microscope images in transmission of the g-CHOTs fabricated (a) directly on glass (b)

(b)

on adhesive carrier
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and the SA g-CHOT's respectively, with the maximum corresponding deviations from the expected
values of 4% (5.43 MHz) and 8% (5.56 MHz) .

The contributions from the following factors can lead to the deviations from the expected
value: 1) the actual wave velocity in material could differ from the reference value, being also
dependent on temperature; 2) the error in measurement of the CHOT’s spatial period, which
is highly dependent on sample orientation during the measurement. Considering these factors
independently, the velocity would have to be at least 3,175 m/s or the spatial period would need to
be 553 pm for the OS g-CHOT. Possible deformation of the carrier film during the fabrication and
attachment of the SA g-CHOT could explain the lower central frequency of the generated wave
compared to the OS g-CHOT.

The bandwidth of the detected SAW was determined as the full width at half maximum
(FWHM) of the central frequency, corresponding to 1.26 MHz and 1.07 MHz for the OS and
the SA g-CHOTSs respectively. As the bandwidth is dependent on the number of the illuminated
sources, it is expected to be similar for both tests with the constant diameter of the illumination
beam. A small difference in these tests could be attributed to the higher signal amplitudes from
the SA g-CHOT as well as the differences in the relative lateral positions of the beam and the
g-CHOT producing an additional source in the second case.

The deviation in the central frequency of the generated wave from that of the 5 MHz BPF
(when used in further tests) result in the shift of central frequency of the OS g-CHOT to 5.53 MHz
and reduction in bandwidth from 1.26 MHz to 0.99 MHz. Due to the smaller frequency difference,
the central frequency and bandwidth of the SA g-CHOT remain unaffected by the use of the filter.

The nature of the SA g-CHOT fabrication gives rise to a particular functional difference between
the transducers that becomes evident when comparing their frequency spectra: the presence of
the third harmonic in the spectrum of the OS g-CHOT, and its absence in the spectrum of the
SA g-CHOT. This effect indeed could be observed in the microscope images of the fabricated
transducers (figure 6.5) where the sharper features of the OS g-CHOT would produce higher
frequency components as compared with the blurred gradient edges of the SA g-CHOT.

Another significant difference between the waves generated with the OS and the SA g-CHOTs
is considerably higher amplitudes of the surface displacements produced by the latter: 3.7 times
higher when no filter was used (compare figures 6.6(a) and 6.6(b)) and 6.1 times higher when the
signal was filtered (figures 6.7(a) and 6.7(b))). This trend was consistent and observed during
repeated tests and in other investigations where both types of CHOTs were used, with efficiency
ratios between the OS and the SA g-CHOTSs varying depending on the quality of transducer
attachment and fabrication conditions. The higher efficiency difference of the filtered signals could

be attributed to the removal of the third harmonic present in the OS g-CHOT signal by the BPF.
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Figure 6.6: Surface acoustic waves detected from g-CHOTSs on glass (no filters)
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Figure 6.7: Surface acoustic waves detected from g-CHOTSs on glass (5 MHz BPF)

0.025
0.1}
0.02}
—_ central frequency 5.65MHz . 0.08¢ central frequency 5.11MHz
£ 00151 bandwidth (FWHM) 1.26MHz E bandwidth (FWHM) 1.07MHz
- € 0.06F
TEl 0.01p TEl
a S 0.04f
* %)
0.005 J\/\/\MM/V 0.02f
0 * * - . 0 . N
0 5 10 15 20 25 0 5 10 15 20 25
generated frequencies (MHz) generated frequencies (MHz)
(a) OS g-CHOT (b) SA g-CHOT
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It is reasonable to expect that a better pattern-to-sample bonding produced during the direct
fabrication of the OS g-CHOTs would lead to more efficient acoustic coupling and stronger genera-
tion, considering the weaker bonding is provided by the SA g-CHOTSs via the adhesive. Surprising
at first, the higher generation efficiency displayed by the SA g-CHOTSs can be explained by con-
sidering the effect of the CHOT carrier attached to the sample on the boundary conditions and
the ultrasonic source.

Modification of the irradiated surface by transparent overlays is known [16,71,72,146], Fairand
74] to increase the laser generation efficiency in the thermoelastic regime, with possible contribu-
tions from a number of mechanisms. These include: 1) increased absorption at the layer-substrate
interface; 2) possibility of the layer itself acting as a thermoelastic source due to its thermal ex-
pansion; 3) creation of a buried ultrasonic source and surface constrains at the layer-substrate
boundary introducing strong stresses normal to the boundary which are absent during the gener-
ation at the free surface; 4) alteration of the thermoelastic source, with the radiation directivity
pattern often resembling that of the ablation regime and determined by the boundary conditions
and the differences in elastic properties of the layer and the substrate.

Significant amplitude enhancement of longitudinal waves was shown by Gutfield [147] from
constrained metallic films acoustically bonded to the sample (with reported gain of 46 dB for Cr
films), with common adhesive tapes reported to offer a sufficient constraint. The enhancement
in generation of other acoustic modes was later shown by Hutchins [148] comparing the effects
of different surface modifications, where most enhancement to the shear waves was reported from
the constrained sources. Although some analytical models have been developed for longitudinal
waves [149] and the effect on the surface waves is suggested in a number of works, the modification
of the ultrasonic source has complex hard to model behaviour. In the present case, the system of
ultrasonic CHOT sources constrained with the transparent carrier on the surface of the sample is
complicated by the presence and possible contributions from the additional layer of adhesive and
its thermal expansion.

The effect of the enhanced generation by the SA g-CHOTs and the results in section 6.1.4 point
to the necessity for the opto-thermo-elastic model of a g-CHO'T to be developed. The development

of such a model in Comsol will be suggested as one of the directions of further work (Chapter 8).

6.1.2 The spatial distribution of the generated acoustic fields

The acoustic fields produced by the ultrasonic source are of particular interest in NDT applications,
where the amplitudes of the flaw echoes are often employed for defect detection and characteri-

sation. The distribution of acoustic pressure in the generated ultrasonic field and its directivity
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pattern affect the amplitude of the returning echoes according to the location of the flaw within
the field (relative to the source). Knowledge of the spatial field characteristics can therefore aid
both the transducer selection and design for particular task as well as help with the interpretation
of the test results. The acoustic fields produced by the g-CHOTs were visualised in this work for
the first time, providing insight into the general field characteristics as well as additional means
for performance comparison between the g-CHOTs and with conventional PZT transducers.

The generated acoustic fields were visualised for the OS/SA g-CHOTSs from the previous section
by performing a 20 x 25 mm scan of the sample surface in front of the transducer, approximately
12-13 mm from its centre. Similar geometries in both tests ensured directly comparable results
with the start positions selected by matching the arrival times of the first-pass wave-packets. The
vibrometer detection point was moved with 200 pum steps first across and then along the direction
of wave propagation to create a C-scan, and the signals were recorded averaging 500 waveforms
at 500 MS/s sampling rate and with 470 mW of transducer input power. The full scan time was
approximately 3.5 hours and required the compromise between the scan resolution and sampling
rate. The selected scan step allowed reasonable spatial resolution of the wavefront (average acoustic
wavelength of about 575 um), and the time-sampling provided 90 samples per cycle in the time
signal.

The recorded scan data can be displayed and analysed at different levels of detail (Chapter 2)
using figures 6.9 to 6.11 with the corresponding A, B and C-scans from the tests.

The A-scans in figure 6.9 show surface displacement against time recorded at a single point on
the sample (selected in the centre of the field). These signals can be interpreted using the time-
of-flight approach that considers the connection between the arrival time of the signals and the
physical wave propagation paths, providing some useful information on the geometry of the sample.
The first wavepacket in displayed signals is the forward wave propagating directly from the source
(e-CHOT) to the detector (vibrometer), further referred to as a ‘first-pass’ detection/ultrasound.
The second wavepacket in figure 6.9a is a back-wall echo produced by the rearward travelling wave
(Chapter 3) from the edge of the sample nearest to the g-CHOT.

A point worthy of attention (further explored in section 6.4.2 but simply noted here) is a
substantial reduction in the relative amplitude of the back-wall echo in the signal from the SA
g-CHOT (figure 6.9b). One possible explanation is tilt between the g-CHOT and the edge with
the reflected wave simply missing the detection point. Another explanation, that is later shown to
be the cause of the amplitude drop, is the effect of the carrier film on the returning wave passing
under the g-CHOT to the point of detection.

Comparing the first-pass signal arrival times between the OS/SA g-CHOTS, no delay from the

SA g-CHOT (noted in the previous section) is visible as in this case the first-pass arrival times
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Figure 6.10: B-scans showing propagating wavefront at one section of the sample
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were matched between two tests before the start of the scan. The effect of the carrier can however
be seen when comparing arrivals of a back-wall echo.

The B-scans in figure 6.10, comprised of the first line of A-scans, show a section across the
wavefront at a fixed distance from the g-CHOT vs time, with the colour map indicating the
amplitude of the recorded surface displacement. Only the time window containing the first-pass
wave is shown for detail clarity.

The wavefront shape in the B-scan repeats the spatial distribution of the illuminated sources
and corresponds to the laser beam profile on the g-CHOT in space (along the ordinate) and, via
Rayleigh wave velocity and reversed, in time (along the abscissa). Some distortion of circular
illumination visible in the vertical extension of the beam is due to the stray reflection from the
laser mount, caused by the alignment to avoid laser beam entering the vibrometer. Additionally,
the effects from the side lobes in the directivity pattern of the transducer would also contribute
to the vertical distortion of the waveform. Slight curvature on the edges of the waveform is
associated with the beam diameter and the vertical dimensions of the g-CHOT. The generated
field is approximated as a superposition of the spherical waves from a series of point sources (using
Huygen’s principle), where individual source behaviour is more visible in the edge regions.

The C-scans in figure 6.11 were generated by combining a series of B-scans taken along the
direction of wave propagation, and plotting the maximum PTP surface displacement from each scan
in coordinates of the sample. These plots visualise the spatial distribution of the acoustic field on
the sample (corresponding to the first-pass wave). The distribution of energy and the directivity
patterns of the generated fields appear to be very similar for both OS/SA g-CHOTs, and the
higher generation efficiency of the SA g-CHOT, noted previously, is manifested in noticeably-higher
amplitudes throughout the field. Comparing the generated fields additionally allows evaluation of
the effect and the quality of the SA carrier attachment, showing good transducer-sample contact
in this test.

Analogous to the piezoelectric transducers, the generated beam can be characterised by its
divergence angle and the location of the near/far-field zones.

Due to strong diffraction effects on the sound pressure in the near field of the transducer [31]
and non-uniform beam intensity (especially for narrow-band transducers), it is hard to determine
the size of the flaws located in this zone. The near-field distance (NFD) of the transducer can be
determined using equation 6.1

NFD =7r?/A (6.1)
NFD =13.6 mm

where r = 2.8 mm is the radius of the laser beam determined from the A, B and C-scans, and
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A =575 pum is the average acoustic wavelength.

The beam divergence angle 6/2 (considering the edge of the sound beam) is determined by the
relative size of the transducer and the acoustic wavelength using equation 6.2 [26], and agrees well
with the experiment.

sind/2 = 0.61A/r (6.2)

0/2 =7.2°

Considering the start scan location close to 13 mm from the centre of the transducer, the appear-
ance and the divergence of the visualised fields, the scans illustrate the far-field region.

Increasing the size of the g-CHOT /illumination-beam diameter would improve the wavefront
curvature and reduce the divergence of the sound beam, with the illumination of the whole g-CHOT
producing divergence of 4°, however, increasing the near-field distance to 43 mm.

Figure 6.12 shows wavefront propagation on the sample by plotting the surface displacement
in sample coordinates at three selected moments in time. The pattern of the propagating field in
figure 6.12b is likely caused by internal reflections of the wave within the CHOT carrier, the effect

observed during a detailed scan of the carrier surface and discussed in section 6.4.2.
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Figure 6.12: B-scans showing surface displacement on the sample at different times
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6.1.3 Transducer response: generation output vs laser power input

In the previous section the g-CHOT performance was determined at a fixed input, the maximum of
the generation laser power (470 mW). The transducer output for the range of inputs is represented
by a calibration curve, analysing which the transducer response linearity, input sensitivity and the
presence of hysteresis could be determined [150]. Such a calibration curve provides a good tool
for performance comparison between fabricated transducers and for analysis of the elementary
contributions and weights in the overall system performance.

The OS and the SA g-CHOT response was measured in the layout shown in figure 6.3 by
varying the generation power in the range of 0-470 mW with 20 mW steps and recording the
corresponding transducer output as PTP surface displacement.

Possible hysteresis in the CHOT response due to the rise of temperature and the change of
the transducer state during the measurements would become apparent if the inputs are varied
in turn in the opposite directions (as the output becomes dependent on the history of previous
inputs). Considering this, the measurements were performed with the increase in the generation
power followed by the decrease, and the loop repeated once to confirm the transducer behaviour,
resulting in four sets of measurements.

The laser input power was controlled by the polariser and a half-wave-plate at the entry of the
fibre and measured at its exit. The power levels in front and behind the g-CHOT (through glass)
were first recorded for the set of steps. This data was used to set the input power according to the
calibrated steps by monitoring power output behind the g-CHOT and avoiding the interruption of
the generation beam during the test. A +5% variation in the generation power was indicated by the
power-meter and the measurement error was minimised by recording the average indicated power.
The 0 power input was achieved by blocking the generation beam, and the signal acquisition was
performed averaging 500 waveforms at 2.5 Gs/s. Due to the delay between the manual change of
the input power and the acquisition of the signal, the test results should be treated as obtained at
quasi-static conditions.

Figure 6.13 shows the full waveforms detected from both CHOTSs at maximum average input
power of 470 mW (note the scale differences between the (a) and (b) sub-figures). The change in
the amplitudes of the generated waves with input laser power is illustrated in figure 6.14 where
the first-pass wavepackets generated at 70 mW, 270 mW and 470 mW are shown windowed in the
time domain.

The data points for the four calibration curves generated by plotting the PTP values of the
detected waveforms against the corresponding power inputs are shown in figure 6.15. The amount

of displacement produced by the g-CHOT is seen to proportionally increase/decrease with corre-
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Figure 6.13: Recorded waveforms corresponding to SAWs detected from g-CHOTs on glass at 470

mW input power (note different scales)
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sponding power input, and the absence of hysteresis (for the given conditions) is evident from the
figure. The vertical data offset at zero power input in this plot (especially visible in figure 6.15a
due to smaller surface displacements) corresponds to the noise floor of the vibrometer, surface
displacement below which can not be detected, and is inherent in the PTP-based analysis method.

Alternatively, the response curve can be similarly generated using central frequency amplitudes
from the signal spectrum. This approach is demonstrated by the figure 6.16 where the spectra of
the signals from figure 6.14 are displayed.

The calibration curves for the OS and the SA g-CHOTSs generated by averaging of the central
frequency amplitude values between the four sets of measurements are presented in figure 6.17
and are found to be well approximated by the linear fit displayed in the figure. The measured
transducer response confirms the operation in the thermoelastic regime. At some level of the input
power the curve is expected to reach saturation with no visible increase in the amplitude of the
generated SAW despite the increase in the input laser power. This would eventually be followed
by a sharp rapid drop indicative of the transducer/sample ablation.

Evaluating the g-CHOT performance numerically, the sensitivities of the transducers deter-
mined as the PTP surface displacement produced per unit of input power (the slope of the cal-
ibration curve) are 4.61 x 107° and 31.7 x 10~° nm per mW for the OS and the SA g-CHOTs
respectively, with the SA g-CHOT displaying 6.9 times higher sensitivity — the result consistent
with 6.2 times higher generation efficiency noted in the previous section. The slope of the calibra-
tion curve and the measured sensitivity is affected by the distance from the g-CHOT at which the
surface displacement is being measured, resulting in steeper slopes and higher sensitivities when

measured closer to the g-CHOT and producing lower values if measured further away.

6.1.4 The effect of transducer and substrate materials onto the genera-

tion efficiency

In order to ensure the most efficient generation on a particular material, the material of the g-
CHOT is selected based on its coefficient of absorption to create a greater absorption contrast
with material of the substrate at the wavelength of the generation laser (Chapter 3). Although
a study of material-dependent generation efficiency is outside of the scope of this work, a simple
experiment was carried out to demonstrate the effect of material selection onto the amplitudes of
the generated SAWs.

The surface displacement generated by g-CHOTs made of three different materials was mea-
sured on an 8 mm-thick BK-7 glass substrate, chosen for its high transparency (94%) to the

generation wavelength (setup in figure 6.3). Due to substrate transparency, the ultrasonic genera-



CHAPTER 6. TRANSDUCER PERFORMANCE 123

0.2 "
0.031 470mwW 470mwW
0,025 270mW | 270mwW
’ 70mwW 0.15¢ 70mwW
E 0.021 E
% % 0 1 L
2 0.015¢ 2
o o
§ §
0.01
0.051
0.0051
(== 0= . :
0 2 4 6 0 2 4 6
frequency (MHz) frequency (MHz)
(a) OS g-CHOT (b) SA g-CHOT
Figure 6.16: Frequency spectra of the SAWs generated at different input powers
0.2
0.03 mean amplitudes *  mean amplitudes
——y=4.61e-05*x + 0.000693 —y=0.000317 *x -0.00314
N 0.025 N L
T I 0.15
= =
by =
2 0.02 5
g g 0.1
E 0.015 E :
7] a
0.01
5 E 0.05f
0.005
0 oL : : ' :
0 100 200 300 400 500 0 100 200 300 400 500
generation power (mW) generation power (mW)
(a) OS g-CHOT (b) SA g-CHOT

Figure 6.17: g-CHOT response to the change in laser power input measured as PTP surface

displacement at central frequency

tion originates exclusively from the absorption by the g-CHOT material and illustrates the effect
of material-absorption differences. In addition, the generation by similar g-CHOTSs was performed
on aluminium, thereby modifying the absorption contrast in each case and illustrating the effect of
the substrate-dependent efficiency of the same g-CHOT materials. To provide sufficient differences
in absorption between the transducers and both substrates, and based on availability, silver (Ag),
copper (Cu) and chromium (Cr) were chosen as g-CHOT materials.

Due to thickness dependency of the absorption in metal films, the Fresnel coefficients [151]
describing the amplitude ratios for the reflected R and transmitted fields T', were used to determine
sufficient g-CHOT thickness and corresponding absorptance, calculated as A = 1— (T + R). Figure
6.18 shows example of the change in R/T/A ratios with thickness for Cr, and table 6.1 presents
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the estimated absorption contrast for the 80 nm-thick g-CHOTSs from selected materials on glass
and aluminium samples.

Unlike in metals, where absorption is localised to the skin depth, gradual absorption on glass
throughout its thickness (up to 3% for BK7, 10 mm at 1,064 nm) does not produce localised
heating and associated stresses. Its absorption input was therefore disregarded and absorption
contrast considered equal to the absorptance of the g-CHOT material itself. Absorption of 6% was
considered for aluminium substrate.

The transducer material offering the best generation efficiency on particular substrate can be
determined from the estimated absorption contrast (table 6.1) compared between the g-CHOT
materials on that substrate, with chromium expected to outperform silver and copper both on
glass and aluminium.

The change of substrate from glass to more absorbent aluminium shows different impact on the
alteration of absorption contrast and corresponding function of the transducer. In case of Cr, the
contrast reduction is expected to lower the generation efficiency, whereas a change of sign in case
of Ag and Cu indicates the roles of transducer and the substrate are swapped and the substrate
becomes the main absorbant. Additionally, the reversal of the comparative generation efficiencies
between Ag and Cu on different substrates is noteworthy as a less absorbent material provides
higher efficiency on a more absorbent substrate.

The 4 MHz g-CHOTs from Ag and Cu were fabricated using sputterer, and Cr g-CHOT de-

posited in the vacuum evaporator, with equipment calibration for each material performed prior

Reflectance Table 6.1: Absorptance for selected g-CHOT
0.8 ol Transmitiance | materials based on Fresnel coefficients for
] — Absorptance

normal incidence.

Material | Absorptance/
Contrast BK7 | Contrast Al

Cr 0.363 0.303
. Cu 0.028 -0.032

0 50 100
g-CHOT thickness [nm] Ag 0.017 -0.043

Figure 6.18: Thickness-dependent absorp-
tion of Cr on glass based on Fresnel coeffi-

cients, normal incidence and n=3.544, k = 4
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to deposition. The surface displacement was recorded at fixed distances from the g-CHOTs (con-
firmed by matching the pulse arrival times) and at fixed generation power of 470 mW, averaging 500
waveforms. The resulting PTP surface displacement produced on glass and aluminium substrates
is plotted in figure 6.19.

The comparison of the output on the same substrate seems to agree with the performance
expected based on the differences in material absorption between the g-CHOTSs (table 6.1) and
associated transducer/substrate contrast. As expected, Cr provided the strongest generation on
both substrates.

The reversal in the generation efficiency between the use of silver and copper on aluminium
substrate is also evident from the plot, in agreement with the expected behaviour. The estimated
negative contrast in this case supports the explanation of increased and reversed generation effi-
ciency due to higher absorption by the substrate. However, the experimental confirmation of this
effect would require observation of the phase shift in the detected signal from the same transducer
material used on two different substrates, requiring precise control of the measurement conditions
and test geometries, and was not be performed.

The test result on aluminium however contradicts the expected reduction in generation effi-
ciency by Cr associated with lower absorption contrast, demonstrating almost double the increase
in the output. Additionally, considering the relative magnitudes of the SAWSs reveals further dis-
proportionality of the generation efficiency with the respective absorption contrasts. For example,
the generation using silver on aluminium (high absorption by substrate) is close to half that of
chromium on the same substrate (high absorption by CHOT), despite its absorption contrast being

seven times lower.

0.12 T T
[ glass substrate
0.1 M aluminium substrate
0.08 1
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0.04
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Figure 6.19: Effect of the g-CHOT and substrate materials onto the SAW output magnitude
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The above observations from the test combined with disproportional and sometimes contradic-
tory increase in the generation gain lead to believe that a higher overall generation efficiency is
achieved on aluminium substrate. This allows to speculate that thermo-elastic material properties
(e.g coefficient of thermal expansion, thermal conductivity, heat capacity, material density, elas-
tic constants, etc.) should be considered during material selection besides the optical absorption
contrast.

Although showing close agreement between the materials on the same substrate, in some cir-
cumstances the value of the absorption contrast did not prove to be a reliable indicator of the
generation efficiency without consideration of the role of the transducer/substrate and other ma-
terial properties.

The development of a thermo-elastic g-CHOT /substrate model with more experimental work
is therefore suggested to explore this area further, and would be required to provide a reliable

selection of the g-CHOT material.

6.2 Performance evaluation: d-CHOT

The d-CHOT converts surface displacement into intensity modulation of light (figure 6.20). The
operation of the illuminated transducer can be considered to be comprised of two distinct states
that jointly define the overall transducer performance: static — in absence of the input SAW, and
sensing, when the d-CHOT is being deformed by the propagating wave.

In static mode the d-CHOT functions as a phase grating dividing the incident wavefront into
diffraction orders and creating required intensity distribution between them with the initial phase

contrast (see Chapter 3). The diffraction efficiency for each order in this state is fixed producing

Probing

power (mW)
Surface Intensity
displacement (nm) modulation (mV)

Sensing
Diffraction

Figure 6.20: Schematic diagram of the d-CHOT inputs and outputs
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constant signal output from selected order over time.

In sensing mode the time-varying phase shifts introduced by the passing SAW instantaneously
modify the base (static grating) performance redistributing the energy between the diffraction
orders. The signal detected from the chosen order in this case reproduces the corresponding
modulation of intensity and enables the detection of SAW. The height of the d-CHOT steps in
its static state (base operation point) establishes the rate of conversion between the phase and
intensity and determines signal modulation depth during sensing (figure 3.6).

Although fundamental in defining d-CHOT operation, the isolated assessment of the static
grating provides limited information on practical sensing performance, and was not analysed.
Instead, present work focused on the evaluation of transducer operation in sensing mode, directly
linked both to the underlying static performance and the input surface displacement.

Given the direct link with the order intensity, the magnitude of detected signal provides conve-
nient metric to characterise the output of the transducer. For a reliable assessment of the d-CHOT
performance it is important to recognise that the measured signal amplitude is not uniquely de-
termined by the transducer but is additionally affected by the elements and losses in signal chain
(Chapter 4) as well as the experimental arrangement and conduct. These factors are considered
alongside the results, and their effects were isolated or minimised where possible.

The illumination of the d-CHOT by the probing beam represents the second independent
input besides the SAW (figure 6.20) strongly contributing to the overall signal. In view of this,
performance tests of the d-CHOTs were carried out at a fixed level of probing power, transducer
sensitivity to which was evaluated separately with fixed input displacement (section 6.2.3). Any
residual effects from temporal instability of the illumination level are reduced by signal averaging.

The d-CHOT performance was analysed for both OS/SA d-CHOTS in a similar fashion as it
was done for the g-CHOTSs in section 6.1. The test layout is illustrated in figure 6.21, where the
input SAWs were produced using individual OS g-CHOTS, the displacement amplitude quantified
with the vibrometer, and d-CHOT output signal recorded.

6.2.1 Detected signal

The magnitude of the surface displacement detected by the d-CHOT determines signal modula-
tion depth and depends on the distance from the source (g-CHOT) at which the propagating SAW
is ‘intercepted’ by the transducer. As the wave propagates towards the d-CHOT, its amplitude
reduces as 1/+/r with distance r due to geometrical beam spreading, and is further affected by
material and surface quality of the sample with corresponding absorption and scattering (Chap-

ter 2). The measured d-CHOT performance thus becomes relative to the distance at which the
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Figure 6.21: Schematic diagram of the d-CHOT performance evaluation test setup

input displacement is measured entering the transducer, with the measurements taken nearer the
transducer resulting in a higher sensitivity than those performed farther away.

The measurements of input displacement carried out directly on the d-CHOT enable perfor-
mance evaluation and transducer comparison independent of these factors. However, due to the
presence of the carrier, the measurements on the SA d-CHOT do not accurately represent the
actual transducer input, but rather describe the effective displacement produced on the carrier
surface. In view of this, to enable fair performance comparison between the OS/SA d-CHOTs
and reveal the effect of the carrier, the surface displacement was measured at two locations: at a
fixed distance in front of the d-CHOT (as shown in figure 6.21) for performance and sensitivity

measurements, and directly on it — to assess the effect of the carrier.

Fabricated transducers

The primary grating efficiency and sensitivity of the d-CHOT both to amplitude and frequency
of the surface displacement are determined by the step height and spacing of the transducer (see
Chapter 3) and are affected by its fabrication.

To eliminate the effect of the fabrication errors, resulting in different initial sensitivities, both
the OS and the SA d-CHOTs used in performance evaluation tests were produced simultaneously
during the same deposition, ensuring equal fabrication conditions. The largest depth of intensity
modulation in the zero order and the highest sensitivity are achieved with the phase contrast in
reflection of 7/2 corresponding to the step height of 1/8\ (66.5 nm for A = 532 nm). The equipment
calibration described in Chapter 5 ensured accurate indication of the deposited layer thickness, and
the profile height of particular d-CHOTs was not measured after fabrication. The effect of the step

height on the grating performance was not separately evaluated as it is well-studied elsewhere and
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the base operation point of the transducer is sufficiently-well controlled during the fabrication.
As the mask design permitted only two transducers to be produced simultaneously, the cor-
responding frequency-matching g-CHOTs were made on the sample separately. The OS/SA d-
CHOTs were then fabricated/attached opposite, performing the best possible alignment with ex-
isting g-CHOTs. Due to separate fabrication, some signal amplitude reduction could be expected,
arising from possible misalignment between the directivity of the d-CHOT and SAW wavefront.
The step spacing of the d-CHOT is designed to spatially match the acoustic wavelength of the
propagating SAW for particular frequency. Generally, the frequency mismatch would reduce the
amplitude of the detected signal due to lower sensitivity of the d-CHOT to SAWSs at frequencies
outside of its fundamental. The amount of reduction depends on the frequency spectra of both,
the SAW and the d-CHOT, and their respective bandwidths. The use of the matching-frequency
CHOT pairs fabricated with the same masks minimised possible frequency mismatch in presented
work, and the step spacing of the fabricated d-CHOTs was not specifically measured, assuming

similarity to that of previously measured g-CHOTSs (figure 6.4).

Specific test considerations

The amplitude of the signal is further affected by the factors that determine the amount of light
reaching the detector (DC level), including the probing power level, surface roughness and reflec-
tivity, the separation of the orders, the relative order/iris sizes and further order alignment with
the photo-sensitive area of the detector.

Clear separation of the orders ensures full modulation depth from selected order is detected
without reduction by contributions from overlapping orders. It is initially determined by the CHOT
operation frequency (or step spacing A, as mA/A — sin o = sin §, Chapter 3) and further affected
by surface roughness. Sufficient separation of the orders was controlled experimentally by using
appropriate optics (lens) to expand the beam from the fibre bundle (Chapter 4) and by controlling
the diameter of the iris to isolate the order of interest. The iris diameter was then fixed during the
tests and the best possible alignment of the order achieved by finding the maximum output signal
in each case.

The effects of surface roughness are complex but generally affect both the amount of light
in a specular direction as well as the order size and separation due to scattering. This point is
further briefly discussed in section 6.2.4 where the operation of OS/SA d-CHOTs is compared on
rough surfaces, although the effect was not explicitly studied. The use of the glass samples with
smooth surface excluded the effects of the substrate surface condition in performance evaluation
tests. The contribution from the intrinsic roughness of the carrier film of the SA d-CHOT is part

of the transducer performance but could also be excluded from the results by normalisation to DC
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output from the photodetector.

The incidence angle of probing illumination with respect to the d-CHOT was previously shown
to have minimal impact on signal amplitude for angles up to 35° [1]. However, this estimation
is limited to the geometrical reduction of effective step height and relatively large surface dis-
placements (0.5 nm), without consideration of other factors such as conical diffraction or surface
condition. When operating with rough surfaces, the angle of incidence partially defines how rough
the surface appears to the incident radiation [152], and therefore is expected to have more signif-
icant impact on signal amplitude. Regardless of the surface condition, the illumination incidence
angle was fixed with respect to the samples during the tests where comparable results were desired.

Possible differences in detector sensitivity to the wavelength and modulation frequency of the
incident light affect the output from the photodetector (Chapter 4) and should be generally con-
sidered when comparable results are required. In this work they were eliminated by using the same

detector throughout the tests.

Results and discussion

Figures 6.22 and 6.23 show the input SAWs detected with vibrometer in front of and at the d-
CHOTSs, and their respective frequency spectra. The signals (shown windowed) were recorded
using no filters to preserve the original frequency content, averaging 500 waveforms at 5 GS/s
with 470 mW input generation power. Similar front measurement position for both samples was
confirmed by matching the arrival times of the corresponding wave packets (first-pass), whereas
equidistant positioning on the d-CHOTs was achieved by moving the vibrometer from the front to
the centre of the d-CHOT by the same number of steps controlled by the stages.

The differences in fabrication and quality of the g-CHOTs is the possible cause of the differences
in the amplitudes of SAWs detected in front of the d-CHOTs. The comparison of their frequency
spectra (figure 6.23, dashed red line) confirms poorer quality of the OS g-CHOT in the first case.
Although the difference in the input SAW amplitudes affect the amplitudes of the corresponding
d-CHOT signals, the sensitivity evaluation is not affected as the output is considered relevant to
the magnitude of input.

A striking difference in the frequency spectra of the surface displacement detected at the d-
CHOTs reveals the effect of the carrier onto the propagating wave in case of the SA d-CHOT
(figure 6.23 solid blue). The relative reduction of the amplitude at the central frequency of the
wave measured in front and at the d-CHOT (dashed red vs solid blue) is characteristic of the wave
attenuation, in the OS d-CHOT case (figure 6.23a) simply attributed to the propagation between
two measurement points. In the case of the SA d-CHOT (6.23b) it is additionally affected by

the presence of the carrier, dropping by almost 40% from the value where the carrier is absent
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Figure 6.22: Incoming SAWs detected in front of and at the d-CHOTs (470 mW generation power)
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Figure 6.23: Frequency spectra of the SAWs detected in front of and on the d-CHOTs

(comparing figures 6.23a and 6.23b, solid blue).

Whereas some wave attenuation by the carrier could be expected, the most interesting effect is
presented by the distinct split of the central lobe in the spectrum of the wave on the SA d-CHOT.
Corresponding wave energy transfer from the central frequency can also explain the additional
reduction of central frequency amplitude. Close examination of the signal in the SA case shows
what appears to be two arrivals at 6.4 us and 7.4 us, which when windowed separately correspond
to 7.3 MHz and 5.5 MHz components respectively.

Figures 6.24 and 6.25 show windowed signals detected from the d-CHOTs and their respective
frequency spectra (note the scale differences between the sub-figures). Similarly to the vibrometer
detection, signals were recorded using no filters or amplifiers, averaging 500 waveforms at 5 GS/s,

with 410 mW of input generation power and 310 mW of probing power.
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Figure 6.25: Frequency spectra of the d-CHOT output signals

The spectra of the d-CHOT signals show very good agreement with those of the input dis-
placement detected at the d-CHOT with the vibrometer. In particular — the clear split of the
wave energy between two components in the SA d-CHOT spectrum (figure 6.25b), replicating the
behaviour observed in vibrometer measurements on the carrier (figure 6.23b). Here, the analysis
of the corresponding time signal (figure 6.24b) similarly shows two arrivals at 6.2 us and 7.2 us,
associated with 6.7 MHz and 5.3 MHz spectral components. The bandwidth of the d-CHOT limits
its sensitivity to the SAW at 7.3 MHz detected on the carrier with the vibrometer, and explains
the shift from 7.3 MHz to 6.7 MHz in the spectrum of the CHOT signal.

Figure 6.26 shows frequency transition in the full vibrometer and d-CHOT signals when anal-
ysed using Cmor wavelet, and confirms previous analysis.

The ability of the d-CHOT to detect both frequencies suggests similar wavelengths A of both



CHAPTER 6. TRANSDUCER PERFORMANCE

€ 0.04 . . .
c
— 0.021 ]
E 0
o -0.02F ]
£ -0.04 : : :
0 5 10 15
time (uLs)
(a) SAW detected by the vibrometer
0.02000 0.04000 0.06000 0.08000 0.10000 0.12000 0.14000
[ S . I I I B
R -7
- Xx10
Lo
o
Q
°©
K
=
g 0 5 10 15
time (us)
(b) Vibrometer signal frequency content
> 0.05 . . .
E
3
3 0
f3
£ -0.05 : : :
0 5 10 15
time (us)
(c) SAW detected by the SA d-CHOT
0.00005 0.00010 0.00015 0.00020 0.00025 0.00030
[ — I T B
0
©
o
@
Q.
S
ke
=
g 0 5 10 15
time (us)
(d) D-CHOT signal frequency content
Figure 6.26: Detected vibrometer and d-CHO'T signals and their wavelet decomposition

133



CHAPTER 6. TRANSDUCER PERFORMANCE 134

waves, close to the d-CHOT spatial period. The velocity of the faster arrival Cr; can then be
found by solving the system of equations 6.3, where Cro = 3,127 m/s is the Rayleigh wave velocity

on glass.

A=C
fi R1 (63)

foA = Chro

Cgr1 = (f1/f2)CR2 = 1.32Cgry = 4,150 m/s

Noting the time difference between both arrivals At is 0.98 ps and 1 us for the detection with
vibrometer and the d-CHOT respectively, the difference in the path length of the faster 7.3 MHz

arrival is found as follows:
Al = ACrAt = (4,150 — 3,127)107% = —1.02 mm

Considering test geometry (the vibrometer detection at the centre of the d-CHOT, the size of the
d-CHOT = 10 mm), 1 mm path difference between the arrivals implies the origin of the faster
higher-frequency wave to be on the SA carrier.

One possible cause for the displayed effect is the dispersion and reflections within the carrier
region, although a significant amount of modeling and experimental work would be required to
fully explain and confirm the observed behaviour.

Due to the use of the 5 MHz BPF, the higher-frequency component is not observed in the
later measurements, and could potentially be reduced or eliminated by changing or removal of the

carrier material and tapering or angling of the carrier edges.

6.2.2 Transducer response: signal modulation vs surface displacement

The d-CHOT response in the previous section was analysed for the input SAW of a fixed magnitude.
By recording the output signal for a range of SAW magnitudes, the d-CHOT calibration curves
could be obtained, allowing the evaluation of transducer sensitivity and linearity of response, as
well as providing the means for transducer comparison.

The OS/SA d-CHOT response was measured on a glass sample in the layout shown in figure
6.21. The d-CHOT probing power was fixed at 310 mW and the SAW magnitude controlled by
changing the input power to the OS g-CHOTSs in the range of 0—-470 mW with 20 mW steps as
described in section 6.1. The resulting surface displacement (at each power level) was measured
with the vibrometer in front of the d-CHOT, equidistantly in both tests, and transducer output
recorded. Considering its effect on the signal amplitude, the DC light level on the photo-detector
was recorded during the measurement along with the RF d-CHOT signal.
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The measurement of the surface displacement and the d-CHOT output were not simultaneous,
performing the vibrometer measurement first and recording the d-CHOT output after. In both
cases, the signals were acquired averaging 500 waveforms at 2.5 Gs/s. The electronic system
including two 5 MHz BPFs and an amplifier (Chapter 4) was used with the d-CHOTSs, and a 5
MHz BPF was used with the vibrometer.

Figure 6.27 shows the input SAWSs generated at 470 mW and detected in front of the d-CHOTs.
The corresponding OS/SA d-CHOT signals are presented in figure 6.28 (note the scale differences
between the sub-figures). Despite maintaining the source-detector distance in both tests, a small
delay in the arrival of the SA d-CHOT signal (figure 6.28b) can be noted. Consistent with the
delay observed in the arrival of SAWs generated with the SA g-CHOTSs (section 6.1, figures 6.7a
and 6.7b), it appears to be caused by the presence of the carrier, with possible changes of wave
velocity and a delay in the grating carrier response to deformation.

To evaluate the presence of hysteresis, the inputs were varied in turn in opposite directions: the
increase of the SAW magnitude was followed by a decrease, and the loop repeated once to confirm
the transducer behaviour, resulting in four sets of measurements.

The SAW outputs of the individual OS g-CHOTs were characterised as described in section 6.1
by using the linear fit to the mean central frequency amplitudes (figure 6.29), using these values
as the surface displacement input in performance evaluation. The gradient difference between the
g-CHOT outputs confirms the poorer quality of the OS g-CHOT in the first case (noted previously).

The change in the magnitude of the d-CHOT signal with input surface displacement is il-
lustrated in figure 6.30, where the first-pass wavepackets are shown windowed for three levels of
surface displacement generated at 70 mW, 270 mW and 470 mW (using corresponding fit values).

The four data sets generated by plotting the PTP values of the detected waveforms against the
corresponding PTP surface displacement using the g-CHOT output fit are shown in figure 6.31.
Linearity of signal response to the input displacement during sensing, observed in these results,
indicates the base operation point of the d-CHOT in its static state is close to optimal. The
vertical data offset at zero surface displacement (especially visible in figure 6.31b) corresponds to
the noise floor of the CHOTSs detection system and determines its detection limits (in the present
setup). Comparing figures 6.31a and 6.31b, the smallest detectable PTP displacement with the
0S d-CHOT is 6 x 10~% nm in contrast to 54 x 10~* nm detectable with the SA d-CHOT.

Similarly to the analysis of the g-CHOTSs in section 6.1, the central frequency amplitudes
from the signal spectra can be used to generate the calibration curves. Figures 6.32 and 6.33
show the spectra of the signals from figure 6.28 and corresponding calibration curves generated
using the mean Fourier amplitudes between the four sets of measurements. The sensitivities of the

transducers determined from the slope of the calibration curves are 21.9 V and 1.9 V per nm for the
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Figure 6.27: d-CHOT input: surface waves detected in front of the d-CHOTs
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Figure 6.28: Signals detected from the d-CHOTSs as response to the surface displacement input

OS and the SA d-CHOTSs respectively, showing 11.5 times higher gain in the output signal per unit
of input displacement produced by the d-CHOT fabricated directly on sample. Considering equal
initial sensitivities of both d-CHOTs provided by their simultaneous fabrication, the differences
both in sensitivity and the minimum detectable displacement of the SA d-CHOT can be originally
attributed to the presence of the 35 pm-thick carrier with 15 pm-thick layer of adhesive. The
reduction of the layer thickness can then be expected to improve the transducer performance.
Looking at figure 6.31a, the four data points corresponding to the set of ‘decreasing power’
measurements are seen noticeably offset from the rest of the curve and other measurements. The
drop in signal amplitudes at these points during the measurements is the result of the temporary
decrease in the DC light levels on the photo-detector (figure 6.34a). Normalisation of the response

curve to the corresponding DC levels shows to remove the offset, confirming its cause (figure 6.34b).
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The normalisation to the DC output removes the effects of the light levels, determined by
external factors, on the signal amplitude, providing description of the independent d-CHOT light-
to-signal conversion efficiency. The calibration curves for the OS/SA d-CHOTSs normalised to
the corresponding DC light levels during the measurements plotted in figure 6.35 display very
similar conversion efficiencies by both types of d-CHOTSs, as could be expected from simultaneous
fabrication of both gratings. Taking into account different gain in the DC and RF channels (DC/RF
= 0.0112) and the use of the amplifier (Chapter 4), the sensitivity in terms of the signal modulation
depth per nm of surface displacement corresponds to 38.3 x 10~° and 41.4 x 10~° for the OS and
the SA d-CHOTSs respectively.

Although beneficial for comparison of the d-CHOT ‘goodness’, due to the removal of transducer
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Figure 6.32: Frequency spectra of d-CHOT signal at different surface displacement inputs
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performance-affecting operational differences between the OS/SA d-CHOTs (clearly demonstrated

in figure 6.33), the normalisation is not used further.

6.2.3 Probing power response

The second d-CHOT input contributing to the overall signal magnitude is the amount of probing
power illuminating the d-CHOT (figure 6.20). Independent evaluation of its effect on the output
signal allows to quantify signal gain from the probing power contribution in the overall system as

well as set the requirements to laser power instability based on permissible signal variation.
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The sensitivity of the output to the probing power was determined for both OS/SA d-CHOTs
from the previous section by recording the magnitude of the output signal for different levels of
probing power. The generation power provided to the g-CHOT was fixed at 470 mW, providing
a fixed SAW input to the d-CHOTSs during the test. The levels of probing power were changed in
the range 0-310 mW by placing an appropriate neutral density filter at the exit of the fibre, and
were restricted to the available filters. The signals were recorded in the same configuration and
with the same settings as in the previous section.

Figure 6.36 shows the d-CHOT response to the change of probing power using the PTP signal
magnitude at its central frequency. Similarly to the comparison between the OS/SA d-CHOT
response to the input surface displacement (figure 6.33), the SA d-CHOT demonstrated a 10.2
times lower sensitivity to probing power. This result is consistent and should be considered together
with the corresponding lower DC and signal levels produced by the SA d-CHOT as shown in the

previous section.
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Figure 6.36: Transducer response to probing power.

6.2.4 Effects of surface roughness

The operation of the transducers on the real surfaces, especially those of the metal parts, is affected
by the surface roughness, often associated with the part fabrication process. Whereas the laser
ultrasonic generation is likely to be enhanced by the surface roughness, recalling the operational
principle of the d-CHOT (Chapter 3), it is expected to be a significant limiting factor in the
transducer operation.

The surface roughness is not an intrinsic property of the object but a measure relative to the

wavelength and angle of the incident light as well as, in this case, the dimensions of the d-CHOT



CHAPTER 6. TRANSDUCER PERFORMANCE 141

features. A number of approaches can be adopted to describe the effects of the surface roughness
onto the incident light, which in general causes scattering around or from the specular direction
reducing the energy in the main beam. The detailed description of the scattered fields is however
complex, depending on particular surface realisation, and such a study is not intended in this work.
Nevertheless, an insight into the practical operation of the d-CHOTs on rough surfaces is provided
in this section and the comparison between the OS and the SA transducers is demonstrated.
Among other methods to characterise surface roughness, random rough surfaces can be de-
scribed in terms of the root mean square (RMS) of individual height deviations S(z) from a

smooth reference (the mean line p):

Srms = - Z (S(@m) — n)?

m=1

The spatial distribution of these deviations along the surface can be further described by their
correlation length L..

Most real surfaces are rough on multiple scales, and a particular surface realisation can be
represented as a superposition of the sinusoidal surfaces of different wavelengths and amplitudes.
Relating the surface description to the size of the d-CHOT features (D - lateral size of the whole
d-CHOT, h - step height, a - step spacing), the roughness effects of the following basic surface

realisations can be considered:

e low amplitude Sgys < h, low frequency L./2 >> D: may result in small transducer
curvature producing slightly converging/diverging wavefronts with little effect on d-CHOT

operation

e high amplitude Sgys > h, low frequency L./2 > D: could produce tilt and curvature

of the d-CHOT distorting the wavefronts with some operational impact

e low amplitude Sgj;s << h, high frequency L. << a: causes localised scattering of the
specular reflections affecting the order energy/size/separation but not impairing d-CHOT

functionality

e high amplitude Sgys > h, high frequency L. << a: results in surface self-shadowing

and reduced reflectivity, with considerable operational impact

e amplitude Sgrys ~ h and frequency L./2 ~ a comparable to d-CHOT features: the
worst case, with critical effect of the relative CHOT and surface—profile dimensions where

complete loss of functionality is highly—likely to occur
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Additional consideration of roughness should be given with respect to the wavelength of the
probing light A. The height variations within the correlation length of the ‘smooth’ surface produce
phase difference A¢ < 7/2 in the specular direction [152]. Averaged across the surface this criterion
becomes Sgass - cosf < A\/8, where 0 is the angle of incidence. For normal incidence and A\ = 0.532
wm this means RMS < 66 nm, where the height deviations above A/4 = 133 nm produce no
specular refection at all due to destructive interference in this direction (A¢ = 7). It could be
concluded that at roughness Sparg ~ A, where A << L., the operation of the d-CHOT is limited
by optical scattering irrespectively of the relative roughness/CHOT dimensions.

Limiting the discussion to the case of L. << a when the d-CHOT operation is only affected by
the diffuse roughness scattering but not impaired, figure 6.37 illustrates the impact on the intensity,
size and separation of the diffraction orders for the most common cases, and the associated effect
on the detected signal. The images in figure 6.38 show the black-screen projection of the diffracted
wavefront demonstrating the typical appearance of the diffraction orders from d-CHOTs fabricated
on different substrates.

Considering the fabrication of both d-CHOTS, a superior operation of the SA d-CHOT on the
rough surfaces can be inferred, as the roughness of the resulting transducer is mostly determined by
its substrate. The fabrication of the SA d-CHOT on a carrier film in this case limits the roughness
of the substrate to that of the polymer film, additionally smoothing the underlying surface profile.
Thus operational limits of the OS d-CHOTSs dictated by the surface roughness are expected to be
reasonably extended for the SA d-CHOTS, enabling operation on rougher samples.

To provide a comparison of operation capabilities of the OS/SA d-CHOTSs on rough surfaces,
both types of transducers were tested on three aluminium samples of different polishing quality: 1)
sufficiently-well polished surface, 2) same, sanded with 1,000 grit and 3) same, sanded with 800 grit.
Only half of the sample area was sanded, maintaining the original polishing quality of the other
half to exclude the effects of roughness onto the generation efficiencies. The frequency-matched
pairs of 4 MHz OS g/d CHOTSs were then fabricated placing the g-CHOT on the smooth side, and
the d-CHOT on the sanded side of the surface. The SA d-CHOTs were fabricated separately, and
then attached to the rough side of the sample in a similar configuration, with the generation by
the OS g-CHOT.

The produced surface quality was evaluated using optical microscopy and by performing an
80 x 80 pm surface scan with atomic-force microscope (AFM) to quantitatively describe the area
profile. Both, the sample surface and the clear SA carrier film attached to respective samples were
scanned, and the corresponding results are presented in table 6.2.

The following parameters are used for description of surface roughness: S, — mean height

deviations, S,.,s — rms height deviations, and S,, — the distance between the highest peak and
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Figure 6.38: Effects of the substrate roughness onto diffraction orders scattering: photographs of

the diffracted field projections on a black screen
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Table 6.2: Surface characterisation

Sample 1 Sample 2 Sample 3
polished grit 1,000 grit 800

Microscope images in reflection 5x

e

AFM surface scans (data in pm): sample

ForwardScan

&

ForwardScan ForwardScan

ZOutput: 0.31um
v

| Oum

Xt

S = 0.0445 Se = 0.0947 S, = 0.186
Srms = 0.0589 Srms = 0.122 Srms = 0.234
Sm = 0.00256 Sm = 0.00501 Sm = 0.00498

AFM surface scans (data in um): SA carrier film

ForwardScan
— —

ZOutput: 0.155um

S = 0.0369 Sa = 0.0598
Srms = 0.0503 Srms = 0.0817
Sm = 0.00151 Sm = 0.00193
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the lowest valley. Although the scan size, limited to 80 pum by the AFM capabilities, does not
provide information on roughness frequencies (correlation lengths) comparable to the d-CHOT
lateral dimensions L./2 ~ a, the RMS values of the area (compared to the phase difference criteria
of \/4 = 133 nm) indicate that the d-CHOT operation in most cases would likely be limited by
the localised optical scattering.

The scans of the SA carrier on the rough surfaces reveal the smoothing effect of the polymer
carrier onto the underlying surface profile (from S,,,s = 0.234 um to 0.0817 pm), as well as
characterising the intrinsic roughness of the carrier itself.

The fields reflected from the d-CHOT's were imaged onto the black screen, and the output signal
recorded averaging 1,000 waveforms at 470 mW generation and 310 mW probing powers. Although
possible efficiency differences arising from separate fabrication of CHOT pairs do not allow a direct
numerical comparison of the results, the SAW output from the g-CHOTSs was measured in each
case (at around 11 mm in front of the g-CHOT) to enable comparison with respect to the detected
wave magnitude. The corresponding test results are displayed in table 6.3.

Comparison of the field images clearly shows strong scattering effects of the surface roughness

in case of the OS d-CHOTS (table 6.3, top) and their appreciable reduction with the use of the

Table 6.3: Effects of the surface roughness onto diffraction orders and detected signals

Sample 1 Sample 2 Sample 3

Images of black-screen projection of the diffracted fields from OS d-CHOTs

PTP SAW in  PTP signal out PTP SAW in  PTP signal out PTP SAW in  PTP signal out
0.077 nm 0.314 mV 0.066 nm - 0.076 nm -

Images of black-screen projection of the diffracted fields from SA d-CHOT's

PTP SAW in  PTP signal out PTP SAW in  PTP signal out PTP SAW in  PTP signal out
0.078nm 0.179 mV 0.086 nm 0.307mV 0.080 nm 0.080 mV
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SA d-CHOTs (table 6.3, bottom), which agrees with the indications from the surface and carrier
AFM scans (table 6.2) and supports the suggestion of the smoothing action of the SA carrier. The
faint presence (only visible at full laser power, imaged with no filters) and complete absence of the
specular reflections from the OS d-CHOTSs on samples 2 and 3 correlates with the exceedance of
the expected RMS heights limit of 133 nm for the wavelength of the probing laser.

The OS d-CHOT showed successful operation only on sample 1, with no detection on samples 2
and 3. The SA d-CHOTSs performed rather well with reliable detection on all three samples (with
some additional signal amplitude differences attributed to d-CHOT fabrication).

The experimental results presented in this section demonstrated some effects and restrictions
imposed by the rough surfaces onto the d-CHOT operation and provided the first evidence of the
beneficial use of the SA d-CHOTSs to extend the range of d-CHOT applicability.

6.3 Coupled-CHOTSs system response

Considering the performance of the individual CHOTs and significant differences between the OS
and the SA types in particular, the evaluation of the coupled transducer operation is of additional
interest. A straight-forward performance comparison of the individual transducers is not easily
transferred to the coupled systems, as the jointly operated SA CHOTSs combine higher generation
efficiency with the lower sensitivity of detection, compared to a pair of coupled OS CHOTs. A
layer of carrier film is additionally present between the single-carrier SA transducers.

Using performance analysis similar to that provided in sections 6.1 and 6.2 for the individual
CHOTs, two pairs of coupled 5 MHz CHOTSs were tested on the glass sample: the OS CHOTSs
fabricated directly on glass and the SA CHOTs fabricated on a single carrier and attached to the
sample. As the mask design allowed simultaneous fabrication of a single pair of CHOTSs, the OS
and the SA CHOT pairs were produced separately and some differences in the initial d-CHOT
sensitivities are possible within the fabrication error.

A coupled-transducer performance was assessed with respect to the main system inputs and
outputs: the input generation power to the g-CHOT, and the detected output signal from the
d-CHOT. During the test, the probing power was fixed at 310 mW, the generation power was
reduced from 470 mW to 0 mW with 40 mW steps, and the output signal recorded averaging 500
waveforms at 2.5 MS/s using corresponding d-CHOT detection setup.

Figures 6.39 and 6.40 show coupled-transducer response in time and frequency domain at three
levels of input power (70 mW, 270 mW and 470 mW), and figure 6.41 presents the corresponding
response curves generated by plotting the signal PTP central frequency amplitudes against the

input generation power.
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A delay in signal arrival is again visible in the time trace from the coupled SA CHOTs (fig-
ure 6.39b), consistent with the previous observations during the separate SA g/d CHOTS tests.
Maintaining fixed source-to-detector distance throughout the tests, the appearance of the delay
exclusively in the SA CHOT tests allows it to be attributed to the presence of the carrier. Almost
3.5 times longer time-delay (about 1 us) is observed using single-carrier coupled-CHOT's compared
to that of the individual SA g/d CHOTs (0.3 us), most likely caused by the presence of additional
10 mm carrier between the transducers.

Despite the poorer sensitivity of the SA d-CHOT, signal amplitudes from the coupled CHOTs
do not differ as dramatically between the OS and the SA transducers, and their response curves
(figure 6.41) also suggest a comparable performance.

Although comparison of the coupled OS/SA CHOTs does not show significant differences in
the first-pass detection, the application to NDT in pulse-echo configuration makes it necessary
to consider the detection of echoes. Of particular interest is the use of the SA CHOTSs, where
considerable echo-amplitude reduction was noted during the previous tests (figures 6.9 and 6.26).
The comparison of the signals from the coupled OS/SA CHOTSs in a similar test geometry with
the corresponding detected echoes is shown in figure 6.42, where despite the comparable first-pass
detection amplitudes, the echoes are indeed seen affected. The echo amplitudes relative to the

direct wave are 21% and 12% for the OS and the SA coupled CHOTsS respectively, showing almost

0.3

amplitude (V)
amplitude (V)

5 10 15 20 25 5 10 15 20 25

time (us) time (us)
(a) Coupled OS CHOTSs (b) Coupled SA CHOTs

Figure 6.42: Operation of the coupled CHOTS in a pulse-echo configuration showing the detection
of echoes corresponding to the same sample geometry, where the first wavepacket is a direct first-

pass detected wave, and the second is the near-edge echo
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a 50% drop in echo amplitude where the coupled SA CHOT'Ss were used (figure 6.42b).
The consistent manifestation of this effect with the SA CHOTSs implies it is caused by the
carrier, which could present a serious drawback for their use in the pulse-echo configuration. More

comprehensive investigation of this effect is carried out in section 6.4.2.

6.4 Functionality tests specific to CHOTSs on film carriers

The focus of this section is on specific functionality tests of the transferable and self-adhesive
CHOTs, fabricated with methods described in Chapter 5, as well as the investigation of their
unique properties and effects associated with the use of the film carriers.

The functionality and the generation mechanism of the fabricated portable g-CHOTSs was first
confirmed to verify the effectiveness of the proposed concept and validate the chosen fabrication
method. A process for fabrication of the SA g-CHOTSs was then accordingly devised using the
conclusions from these tests.

The ability to reuse the transferable g-CHOTs due to the absence of adhesive layer was studied,
whereas the self-adhesive CHOTs were evaluated for bonding longevity and performance stability
over time and in continuous operation, restricting the test to the g-CHOTSs operating at higher
power inputs. Additional functionality was demonstrated for the SA g-CHOT modified by removal
of the top liner (CHOT carrier) after transducer attachment to the sample. The effect of the
d-CHOT carrier onto the amplitude of the propagating SAW was investigated to evaluate the
feasibility of its use in pulse-echo mode. The overall functionality of the SA g/d CHOTSs can be
seen from the tests in sections 6.1 — 6.2, and the results of their initial tests are not included.

The test setup shown in figure 6.1 was used, where the transferable g-CHOTSs were attached to
the sample using an industrial gel couplant, and the SA g/d CHOTSs — by removal of the protective

bottom liner to expose their adhesive layers prior to attachment.

6.4.1 Ultrasonic generation with transferable g-CHOTs
Functionality

The functionality of the fabricated transducers was demonstrated by performing detection of the
SAWs generated by the transferred SU8 g-CHOT structure under laser illumination (figure 6.3).
The 5 MHz g-CHOT's were tested on glass and aluminium samples, using both types of detection:
a vibrometer and the frequency-matching OS d-CHOT. The signals were recorded using 430 mW of
generation and 120 mW of detection power (d-CHOT detection), and averaging 1,000 waveforms.

The operation of the transferred g-CHOTSs is shown in figure 6.43, where the displayed results
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were selected to demonstrate both types of detection and a range of substrates. The signals
detected from the SU8 g-CHOT's under the IR illumination are presented in the middle, whereas
the top plots show comparable operation of a similar OS g-CHOT on the same substrate. The
bottom plots illustrate the absence of detected signal with blocked IR illumination, thus confirming

the ultrasonic generation by the g-CHOT structure.

Confirmation of the ultrasonic source

The origin of successful generation demonstrated by the transferred g-CHOT could be attributed
to two possible sources. In the first case the source is located on the carrier, with the g-CHOT
absorbing the laser radiation and acting as a transducer (the desired function). In the second,
the source is located on the sample of the surface with the g-CHOT spatially modulating laser
illumination and absorption by the sample, acting as a mask [98].

Although the detection of SAWs shown on the glass sample, transparent to the generation

0S g-CHOT 0S g-CHOT
0.04 .
— 0.02 s
£ )
£ 0 g
a 5
“ -0.02 £
-0.04 : :
0 5 10 15 0 5 10 15
time (us) time (us)
SU8 g-CHOT via gel couplant SU8 g-CHOT via gel couplant
0.04 " "
— 0.02 )
£ )
£ 0 g
2 5
? -0.02 £
-0.04 - .
0 5 10 15 0 5 10 15
time (us) time (us)
SU8 g-CHOT: no IR SU8 g-CHOT: no IR
0.04 " T "
_ 0.02 s 017
£ )
= 0 3 0
% 0.02 H
’ s -01r
-0.04
0 5 10 15 0 5 10 15
time (us) time (us)
(a) Generation on Al (vibrometer detection) (b) Generation on glass (d-CHOT detection)

Figure 6.43: Comparison of the ultrasonic generation by the OS g-CHOTSs and transferable g-
CHOTs on SUS8 carriers on Al and glass samples, using vibrometer and OS d-CHOT detection
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Figure 6.44: Isolation of the generation mechanisms on Al by reverse coupling of the g-CHOT.

Top: patterned surface coupled to the sample; Bottom: carrier coupled to the sample

wavelength, confirms the g-CHOT as the ultrasonic source, a further investigation performed on
an aluminium sample allows isolation of the two generation mechanisms. In this test the transducer
was in turn coupled to the sample by reversing its CHOT and the carrier sides, respectively changing
the role of the g-CHOT from a transducer to a mask (figure 6.44). The vibrometer detection
was used, averaging 1,000 waveforms. The clear detection of SAW in the first case (g-CHOT
= transducer, top plot) and its absence in the second (g-CHOT = mask, bottom plot) confirm
the preservation of the generation mechanism employed by the OS g-CHOTSs in their portable
alternative.

The test additionally indicated the importance of close contact of the portable g-CHOT features
with the sample, consequently directing the fabrication process of the SA g-CHOTSs (Chapter 5).

Repeatability

As the transferable g-CHOTSs do not contain a layer of adhesive and can be easily removed from
the sample, the possibility of their repeated application can be considered and was verified by
performing a series of test cycles on an aluminium sample.

The 5 MHz g-CHOT on an SUS carrier was attached to the sample using industrial gel couplant,
after which the PTP magnitude of the generated SAW was recorded with the vibrometer at a fixed
distance in front of the transducer (figure 6.3). The g-CHOT was then removed from the sample

and the carrier cleaned with IPA and a soft tissue. After this the cycle was repeated until the
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signal could no longer be distinguished from noise. Figure 6.45a shows the diagram of the test
cycle and figure 6.45b presents the corresponding test results plotting the PTP SAW amplitude
against the test number.

The distance between the generation beam and the detection vibrometer spot was fixed during
the tests (providing equidistant amplitude assessment) and the signal was recorded at 425 mW
generation power averaging 1,000 waveforms. Although the relative vertical positions of the gen-
eration beam and the vibrometer detection spot were aligned, the angular position of the g-CHOT
could differ with each attachment, introducing a small misalignment with corresponding effects
onto the measured signal amplitude. The inclusion of this effect into the measurement results
additionally characterises the effects of the CHOT portability.

The rapid drop of SAW amplitudes during the first third of the measurements resulted from
the build up of couplant on the surface of the sample. The confirmation of this effect is seen in the
immediate increase of signal levels after the aluminium sample surface was cleaned (points marked
with red square in figure 6.45). The overall slow decrease in the generation output ending with the
sharp drop is a consequence of the gradual pattern erosion by the chemical and physical cleaning
of the CHOT carrier between the tests.

Despite the eventual g-CHOT wear, the test demonstrated the ability to reuse the fabricated
transferable g-CHOT's multiple times. Although due to reduced generation such use would not be
considered for serious measurements, it could provide rather acceptable means for determination

of further transducer placement and alignment on the part.
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Figure 6.45: Reapplication of the transferable g-CHOTS: test cycle (a) and transducer output (b)
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6.4.2 Self-adhesive CHOT's

Functionality and stability over time

The localised heating and high power densities experienced during the ultrasonic generation can
be anticipated to impact the properties and bonding of the adhesive and the carrier layers, and
consequently affect the performance of the SA g-CHOT. To evaluate transducer bonding longevity
and adhesive integrity during use, the transducer performance was recorded over time and in
continuous operation.

A 4 MHz SA g-CHOT attached to a glass sample was continuously illuminated for the total
period of 5 hours. The transducer output was then characterised by the vibrometer, recording
the generated SAW in front of the transducer at 2.5-minute intervals (averaged 1,000 waveforms).
The original test was performed 7 days after transducer attachment, and then repeated later at
increased time intervals roughly in 2 weeks, 2 months, and 1 year.

Figure 6.46 shows the corresponding results where the PTP surface displacement in the gener-
ated wave is plotted against time for each test. Here the set of tests performed within 2 months
of the transducer attachment displays very similar output levels, and was performed at equal ex-
perimental conditions with the average generation power of 420 mW. Due to setup disruptions
between the tests over a longer time period and associated differences in test conditions, including
positional differences of the beam on the g-CHOT and vibrometer detection, it is hard to directly
compare these output levels with the output of a one-year test (performed at 430 mW). Neverthe-
less, the long-term test showed a similar output stability over time and did not indicate the loss
of functionality.

Overall, the transducer demonstrated a stable output in continuous operation (in individual
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Figure 6.46: Output of the 4 MHz SA g-CHOT on glass shown as peak-to-peak surface displacement

during continuous operation for 5 hours, and over time.
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tests as well as during a two-month period at equal conditions) without the loss of functionality
throughout the one-year time period. The average standard deviation in each test was 0.0017 nm
or 2.5%, comparable to the power fluctuation of the generation laser (Chapter 4).

The output stability in the individual tests indicates the coupling integrity of the g-CHOT to
the sample is not affected by possible absorption and temperature effects in the adhesive/carrier
layers resulting from continuous illumination. The consistency of this behaviour observed among
repeated tests illustrates bonding longevity and suggests no significant changes take place in the
adhesive over time (e.g. drying out). Provided the use of the same carriers, the conclusions

regarding transducer bonding can be applied to the SA d-CHOTs.

Ultrasonic generation with removed carrier

An additional capability permitted by the fabrication of the SA g-CHOT on the adhesive transfer
film (Chapter 5) is the removal of the top liner (CHOT carrier) after transducer attachment to
the sample, with the adhesive layer and the fabricated structure remaining in place (figure 6.47).
The removal of the surface loading will be shown to be desirable and beneficial in particular
circumstances (Chapter 7). The efficiency of thus modified transducer can be expected to be
affected by the removal of surface constrains (discussed previously), and functionality possibly
impaired as the result of the loss or weakening of the bond with the sample.

To investigate the effects on functionality of the transducer, the acoustic field of the 5 MHz SA
g-CHOT attached to a glass sample was scanned before and after the removal of the top liner. An
area of 20 x 22 mm in front of the g-CHOT was scanned with the vibrometer with 200 pm steps,
and the signal recorded at 50 MS/s averaging 500 waveforms, at 470 mW generation power. The
C-scans for both cases are shown in figure 6.48 where the maximum PTP SD at each measurement
position is colour-coded and presented in coordinates of the sample.

The comparison of the generated fields shows little effect of the layer removal onto their structure

or directivity patterns, where sufficient integrity of the g-CHOT structure/contact after the removal

Figure 6.47: Video frames showing the removal of the CHOT carrier (top liner) from the 4 MHz
SA g-CHOT attached to Al sample. The 4 MHz OS g-CHOT is seen on the left.
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Figure 6.48: Acoustic fields generated by the SA g-CHOT before and after the removal of the

carrier, demonstrating optional functionality of the transducer

of the carrier can be concluded. A considerable reduction of SAW magnitudes observed at the same
time brings the operation of the transducer to the levels comparable with the generation by the
OS g-CHOTs, additionally supporting the conclusions regarding the role of the top layer in the
enhanced generation by the SA g-CHOTSs. The optional modification of the SA g-CHOT has thus

been shown to offer still effective although reduced ultrasonic generation.

Effect of the carrier onto the amplitude of the propagating SAW

In a typical coupled-CHOTSs setup operating in a pitch-catch configuration, the d-CHOT is located
in the path of the generated SAW to perform its detection. Although this does not present a
problem for the operation of the OS CHOTs in the pulse-echo configuration, with portability of
the SA d-CHOTSs an adhesive/polymer loading is introduced at the place of transducer attachment
to the surface, and consequently into the path of the propagating wave. The alteration of behaviour
and characteristics of the propagating SAW by the presence of this extra layer could therefore be
expected, and was noted during the previous tests (section 6.1.2) as significant reduction in the
echo amplitudes. Consequently, the main concern with regard to the pulse-echo NDT application
of the SA d-CHOTs is the impact of the carrier on defect detection ability, in part determined by
the amplitude of the wave.

To investigate and quantify the effects of the carrier onto the amplitude of the propagating
SAW, three acoustic field scans were performed using 4 MHz SA g-CHOT on a glass sample. An
area of 20 x 22 mm in front of the transducer was scanned with 200 pum steps, using 420 mW
generation power and averaging 500 waveforms. The first scan (figure 6.49a) provided the baseline
SAW energy distribution without the surface alteration by the d-CHOT carrier. A 6.6 x 9 mm
(length x width) piece of clear SA carrier (no d-CHOT') was then attached to the surface in the path
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Figure 6.49: Acoustic fields illustrating the effect of the carrier onto the propagting wave.

of the SAW, representing the presence of the SA d-CHOT, and the second scan performed (figure
6.49b). Using additional capability of the SA carriers, the third scan (figure 6.49¢) was performed
after the removal of the top liner, with isolated layer of adhesive remaining on the surface.

The impact of the carrier is evident from comparison of the three scans, most notably — the
overall strong amplitude reduction of the SAW past the carrier (figure 6.49b) with a sudden increase
in amplitude at the carrier entry. At the same time, this effect appears reduced by removal of the
top liner (figure 6.49c), with some recovery of SAW amplitude towards the baseline levels.

The PTP SD in each scan was integrated across the wavefront, using only the central 2 mm
of the beam to exclude the beam spreading effects, and normalised to unity at the beginning of
the scan. The SAW attenuation can then be visualised and evaluated by plotting the integrated
field against propagation distance as shown in figure 6.50a. As noted from the corresponding C-
scans, a sudden amplitude increase occurs at the carrier entry followed by the rapid drop past the
carrier, with an average reduction from the base levels of approximately 36% and about 8% after

the SA carrier and the adhesive respectively (figure 6.50a, red and blue curves). The increase in
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Figure 6.50: Integrated and normalised PTP field of the propagating SAW along the sample
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the SD amplitudes on the carrier is likely caused by the differences of material elastic properties
of the polymer compared to glass. The sharp peaks at the edges of the carrier/adhesive are the
measurement artefacts which are excluded from further data analysis.

The degree of SAW amplitude reduction past the SA carrier is mainly determined by its
frequency-dependent attenuation and length. The exponential fit to the measured data (equa-
tion 6.4) is displayed in figure 6.50b and describes the attenuation of SAW on unaltered surface
and at corresponding modifying layers. The changes in attenuation rate are seen to occur at the
points marking the layer edges, with 2.28 and 1.46 times increase of attenuation coefficients on
the carrier and adhesive. The dotted lines represent the base rate of attenuation closely resem-
bling mean amplitude reduction measured after the layer. Due to strong interference with the

sample-edge echo in this area, the mean value is used.

Apase = 0.97 - exp[—0.0197 - L]
Acarrier =1.02- eXp[—00450 . L] (64)
Aqdhesive = 0.94 - eXp[*0.0288 : L]

where A is the wave amplitude, and L is the propagation distance (length) of the modifying layer.

Using the fitted attenuation curves, amplitude reduction of 36% can be expected by a 10 mm
SA d-CHOT (size used in this work) and 23% by the layer of adhesive of the same size.

From figures 6.50a and 6.50b, the actual drop in SAW magnitude after the carrier appears bigger
than expected from its sole attenuation. The anticipated reduction by the adhesive however agrees
well with the measured levels. The detailed scan of the central part of the sample with the carrier,
performed with 35 pm step (figure 6.51) reveals interference in the carrier and suggests additional
losses of wave energy via the internal reflections at the carrier edges. The removal of energy by
reflections is further supported by the examination of the central section of the corresponding B-
scan, shown in figure 6.52 where in-carrier reflections are revealed. A faint reflection observed at
the entry to the carrier in figure 6.52 combined with diffraction seen at the carrier edges in figure

6.49b suggest an additional consideration could be given to the shape and form of the SA carrier
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Figure 6.51: Section of a detailed scan of the SAW propagating across the SA carrier
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Figure 6.52: B-scans showing propagating SD (PTP) along the sample with attached SA carrier.

edges to reduce the losses.
A change in the wave velocity is also visible from the B-scan where the average group velocity
values in the areas before/on/after the carrier are 3,285 m/s, 2,840 m/s and 3,300 m/s. The slower

velocity on the SA carrier agrees with and explains the delay consistently observed in signal arrival

times from the SA CHOTs.

6.5 Summary and performance comparison

In order to lend support for practical applications of CHOTS, this chapter demonstrated the per-
formance, operation capabilities and selected limitations of the fabricated transducers for both
types of g/d-CHOTSs, providing comparison between the OS CHOTSs and their portable SA option
developed in this work. The previous work was thereby extended to provide quantitative descrip-
tion of transducer performance, and introduced the means for comparison not only between the
fabricated CHOTs but, more generally, with other conventional methods. The secondary findings
of the presented investigations opened new directions for further studies, including those not con-
sidered in previous works, potentially contributing to the wider field of ultrasonics. The key results
and implications from the studies presented in this chapter are summarised below.

The functionality of the portable CHOTSs, developed according to the proposed concept and
fabrication method, was first demonstrated for transferable SU8-carrier g-CHOTSs, confirming the
location of the ultrasonic source on the carrier and the preservation of the generation mechanism
employed by the OS g-CHOTSs in their portable alternative. Following the fabrication of the SA
CHOTs, the transducer performance was evaluated for both types of OS/SA CHOTSs, separately
assessing their generation and detection functions.

A considerably-higher generation efficiency of the SA g-CHOTSs was observed, with six-times
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higher output PTP surface displacement and closely-matching ratios in sensitivity to the power
input compared with the OS g-CHOTSs at equal conditions (31.7 x 107° vs 4.61 x 1075 nm per
mW). Surprising at first, considering weaker bond with the sample, this effect was concluded and
partially confirmed to be attributed to the presence of the SA carrier. Although this conclusion is
generally supported by other works demonstrating enhanced laser ultrasonic generation by the use
of transparent overlays or other modifications of the irradiated surface, the studies were mainly
restricted to longitudinal waves with few analytical models, to the knowledge of the author. The
determination of the generation-enhancement mechanism requires additional experimental work
and the development of the opto-acoustic g-CHOT model — a direction suggested for further work.
Building on the observed behaviour, a polymer coating or attachment of a clear SA carrier to the
OS g-CHOTs can be anticipated to increase their generation efficiency.

A functional difference arising from the nature of CHOT fabrication was manifested in the
absence of the third harmonic in the spectrum of the SA g-CHOT despite its presence in the OS
g-CHOT spectrum. The difference in the frequency content of the OS/SA alternatives could be
beneficial for application-appropriate selection of the transducer, whether the presence of additional
frequencies is undesirable or, conversely, the use of the higher harmonics can be made.

The acoustic fields produced by the g-CHOTSs were visualised for the first time and general
field characteristics such as near-field-distance and beam divergence were determined (NFD= 13.6
mm, 6/2 = 7.2°), enabling functional comparison with conventional transducers. The developed
SA g-CHOTSs were shown to produce fields of similar structure and directivity patterns to their
OS version.

The effect of the transducer material on the generation efficiency was investigated and showed
close agreement with the expected performance between different g-CHOT materials on the same
substrate. The discrepancies with the similar tests performed on a different substrate however
pointed out insufficiency of using material absorption contrast as the sole means to describe the g-
CHOT operation, disregarding substrate/g-CHOT material properties beyond absorption. As the
choice of the g-CHOT material is customised to provide the most efficient generation on material
of the sample, more knowledge is required on the effect of other material properties to enable
transducer practical application. This finding further supports the need for creation of a more
complicated g-CHOT model, as mentioned previously.

The optional modification of the SA g-CHOT by removal of the carrier after transducer attach-
ment was shown to offer effective although reduced ultrasonic generation (close to the OS g-CHOT
levels), without the loss of transducer functionality and with little effect onto the directivity pattern
of the acoustic field. The ability to remove surface loading will be shown to benefit SA CHOTs

applications in pulse-echo mode in Chapter 7.
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An eleven-times higher sensitivity to the input displacement was demonstrated by the OS
d-CHOTSs (21.9 V vs 1.9 V per nm) with comparable ratios of sensitivity to the probing laser
power. The minimal detectable PTP surface displacement was determined as 6 x 104 nm and 54
x 107 nm for the OS/SA d-CHOTSs respectively. The lower sensitivity of the SA d-CHOT can
be reasonably attributed to the lower light return provided by the SA d-CHOT, shown during the
transducer sensitivity tests to the probing power.

Despite the poorer sensitivity of the SA d-CHOT, its combination with more efficient generation
by the SA g-CHOT in the coupled system demonstrated performance comparable with the coupled
OS CHOTs in the pitch-catch configuration.

The methodology for numerical performance evaluation was developed and transducer cali-
bration curves describing its response for a range of inputs were produced and used to determine
individual transducer sensitivities quoted earlier. The use of the calibration curves provides a useful
tool for performance comparison of the fabricated transducers and analysis of their contributions
in the overall system. This can be used to set the requirements to the measurement system for
CHOTs integration or estimate the expected system performance when changes are introduced.
All tested transducers demonstrated linear response to the corresponding inputs and absence of
hysteresis.

The areas anticipated to be affected by the introduction of carriers were investigated and
associated effects quantified.

The high power densities and localised heating during ultrasonic generation with possible ab-
sorption and structural changes in the adhesive showed no measurable or visible impact on trans-
ducer output and bonding integrity in continuous operation, displaying 2.5% stability (within the
deviations in input power). The tests over extended time intervals during the twelve months after
transducer attachment did not show degradation of coupling or in output stability.

The impact of the d-CHOT carrier introduced into the path of the propagating SAW onto the
operation of CHOT's in pulse-echo mode and the corresponding defect-detection ability was inves-
tigated, revealing the alteration of amplitude, frequency spectrum and velocity of the propagating
SAW.

The comparison of the base acoustic field with those altered by the presence of the carrier and a
single layer of adhesive showed a rapid drop after the carrier reducing wave amplitude to 64% of the
base level, and some amplitude recovery to 92% after the removal of the carrier. The attenuation
coefficients were determined by performing exponential fit to the corresponding integrated acoustic
fields, displaying 2.28 and 1.46 times increase from the base level on the carrier and the isolated
adhesive accordingly.

Separately, the comparison of the SAW frequency spectra before and after the entry to the
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carrier uncovered the split of the wave energy between two distinct frequency components, a slower
5.5 MHz and a faster 7.3 MHz. This split was repeated in the spectrum of the SA d-CHOT signal,
indicating similar wavelengths of both arrivals which allowed to evaluate the velocity of the second
frequency component Cr; = 4,150 m/s and its origin on the carrier. The displayed behaviour
could be explained by possible dispersion and reflections within the carrier region (confirmed in
later investigations); however, a significant amount of experimental and modelling work would be
further required to confirm the cause.

The presence of internal reflections and interference effects within the carrier as well as weak
reflections at the carrier entry were demonstrated in the detailed scan of the propagating SAW. This
explained larger loss of energy observed after the carrier than expected from its sole attenuation,
and compared to the isolated adhesive, suggesting additional consideration should be given to the
shape/form of the carrier edges to reduce the losses.

Additionally, wave velocity reduction to 2,840 m/s was observed on the carrier, consistent with
the signal arrival delays noted throughout the tests of the SA CHOTSs.

The expected effects and restrictions imposed by the rough surfaces onto the d-CHOT oper-
ation were outlined. Comparative tests of the OS/SA d-CHOTSs on rough aluminium samples
demonstrated the predicted extended tolerance of the SA d-CHOTs to the surface roughness, still
performing on the samples where the OS d-CHOT operation was impaired by strong optical scatter-
ing. The presented evidence shows the potential to expand the applicability of CHOTSs to include
the range of parts with surface quality previously unacceptable for detection with OS d-CHOTs.
The reflectivity of the SA d-CHOT limited by the roughness of the carrier provides an additional

benefit by enabling operation on non-reflective rough surfaces as will be shown in Chapter 7.



Chapter 7

Ultrasonic NDT with endoscopic
CHOTs

This chapter demonstrates the NDT capabilities of CHOTSs combined with the endoscopic pulser.
The detection of machined slots representing surface-breaking flaws is shown both on controlled
and industrial samples, with comparison to the equivalent inspections by a conventional wedge
piezoelectric transducer of the same frequency. The operation in the pulse-echo and pitch-catch
configurations is shown on industrial samples with complex shapes and untreated rough surfaces.
Further potential was demonstrated with respect to continuous-pass inspection (sample in motion)
and structural health monitoring.

The tests presented in this chapter were performed using the endoscopic pulser (Chapter 4) in

configuration shown in figure 6.1.

7.1 Inspection on controlled Al samples with slots in pulse-
echo configuration

The flaw-detection capabilities were assessed using coupled 4 MHz OS CHOTs on Al samples, op-
erating in pulse-echo configuration. Rectangular-profile slots representing surface-breaking cracks
of different depths (table 7.1) were produced by milling on three, polished to a high degree, Al
samples (figure 7.1). The CHOTSs were then fabricated on the samples in alignment with the slots,
and the fourth, defect-free, sample was used for calibration measurements. A comparison with
conventional methods is provided by performing an equivalent inspection with a 4 MHz wedge

piezoelectric transducer coupled to the sample using industrial-type gel couplant.

162
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Table 7.1: Parameters of the manufactured slots

Sample # Slot depth Slot width Slot length
0 _ - -
1 2Asaw | 1.46mm | 1/3Agaw | 0.28mm 3mm
2 1Asaw | 0.75mm | 1/3Asaw | 0.24mm 8mm
3 1/2Asaw | 0.39mm | 1/3Asaw | 0.25mm 8mm

The test geometry and dimensions of the samples and introduced slots were designed with the
following considerations: sample thickness — to exclude generation of Lamb waves (10 mm, sufficient
at 4 MHz); inspection geometry and locations of slots — to allow clear resolution of the echoes,
and representative of the characteristic locations of cracks from the bottom surface of a blade
dovetail (~ 10 mm); slot dimensions — to represent the macroscopic appearance common to dovetail
fractures; fabrication of two slots — to enable equivalent comparative inspection with the wedge
transducer. The dimensions and quality of the slots were verified by white-light interferometry
(Appendix B), where two slots on a single sample were shown to be identical within the fabrication
tolerances.

The propagation paths determined by the corresponding test geometries during the CHOT /PZT
inspections are shown in figure 7.2, where the expected echoes are labelled accordingly ( ‘a’, ‘b’‘¢’
and ‘d’). The test of the clear sample provides the defect-free base signal for comparison with the
traces where the slots are present, and the echo detected from the top far edge (marked ‘d’) can
be used as a position marker, similar to establishing a time-gate for inspection area of interest.

The operation of the coupled CHOTS is equivalent to the use of two transducers in a pitch-catch
configuration placed next to each other. This produces an additional ‘direct-pass’ echo (marked

[P )

a’) corresponding to the outgoing wave picked up by the d-CHOT (figure 7.2a, note also the

Figure 7.1: Photograph of the Al sample with machined slots and coupled OS CHOTs.
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Figure 7.2: Propagation paths corresponding to the test geometries.

echo ‘b’ produced by the rearward-travelling wave). The first-pass detection represents a direct
system response and can be used as a means of self-calibration. The PTP value of the first pass
objectively characterises the coupled CHOTSs - sample system, including both, the generation and
detection efficiency, and can be used to normalise the data. Such normalisation allows elimination
of unavoidable differences in sample surface quality and efficiencies of the fabricated CHOTs from
sample to sample, enabling direct comparison of the results.

During the CHOT test, the generation laser energy measured at the exit of the fibre was 0.48
mJ/pulse. A different CW probing laser with a smaller power output than the one described in
Chapter 4 was used, providing 40 mW power at the exit of the fibre at 65% coupling efficiency.
Signal acquisition was performed averaging 1,000 waveforms. In an equivalent inspection with
a wedge transducer the signals were averaged over 64 measurements. Figure 7.3 presents the
corresponding experimental results from the four samples in both tests.

Comparing the CHOT A-scans from the samples with slots to that of the clear sample (bottom
trace, figure 7.3a), an additional echo (marked ‘c’) resulting from the introduced slots is clearly visi-
ble in all three tests, showing the ability to detect the slots down to depth Agaw /2. The magnitude
of the slot echoes plotted against the depth-to-wavelength ratio shows increasing echo amplitudes
for deeper slots (figure 7.4), conforming to the expected behaviour [28]. At the same time, in
the test with the wedge transducer (figure 7.3b) the differences in the coupling quality /pressure
between the tests are seen to affect the amplitudes of the detected echoes.

Replacing the OS g-CHOT in the same configuration with the SA g-CHOT shows the impact
of the carrier film onto the echo amplitudes. The effect is illustrated in figure 7.5. The near-edge
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Figure 7.3: Comparative results of inspection of controlled Al samples with slots at 4 MHz.
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Figure 7.5: Comparison of the inspection results from the coupled OS CHOTSs (dashed red) with
the same configuration where the OS g-CHOT was replaced with the SA g-CHOT with (top) and
without (bottom) the top liner, demonstrating the effects of the CHOT carrier.
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echo ‘B’ produced by the rearward-travelling wave and present in the original trace from the OS
g-CHOT (dashed red), is seen to be almost blocked with the introduction of the SA carrier (top)
and partially recovered after the removal of the top liner (bottom). This confirms the conclusions
in section 6.4.2 regarding the effects of the carrier, demonstrating its impact onto the inspection
results. As the g-CHOT carrier is not in the way of the forward-propagating wave, in this test the
slot detection is unaffected.

The comparison of the OS CHOTs inspection results with those from a conventional PZT
demonstrated the ability of the CHOT system to detect surface defects, producing easy-to-interpret
A-scans of a similar nature, with the benefit of self-calibration. Although the use of the SA CHOTs
in pulse-echo configurations is evidently limited by the presence of the carrier, the ability to remove
it without the loss of g-CHOT functionality opens the possibility to reverse the positions of CHOTs

to enable pulse-echo operation (section 7.2.2).

7.2 Inspections performed on industrial samples

The tests of controlled Al samples demonstrated the NDT capabilities of the endoscopic CHOTS.
However, the complex material structure, geometries and surface conditions of the real parts, as
well as the required inspection distances, introduce additional challenges for the inspection. The
CHOTs capability is therefore best demonstrated by a test of an industrial part, additionally
allowing exploitation of the full potential offered by the developed SA CHOTs.

7.2.1 Calibration Al-alloy sample: pulse-echo configuration

The first industrial sample for inspection was a 3 mm-thick highly-polished Al-alloy calibration
plate (figure 7.6) with two slots of different sizes/depths fabricated by EDM spark erosion (electrical
discharge machining). Such calibration samples are fabricated representative of the part to be
inspected, and used to set a time gate of the field inspection system to monitor the region of
interest [3]. The detection of the calibration slots is then performed with a wedge PZT transducer
in pulse-echo configuration, placing it at marked positions on the sample.

In this work, the procedure was replicated with the coupled CHOTs and the conventional (wedge
transducer) method to demonstrate comparative operation on an industrial part in a practically-
used inspection setting. Figure 7.6a shows the relative positions of the transducers during the

test.
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Figure 7.6: Photograph of the calibration Al-alloy sample with marked locations of the test geom-
etry (a) and two EDM slots (b) The marked scan area corresponds to the results of the acoustic

field scan shown in figure 7.8.

Sample characterisation

The acoustic material properties of the sample were evaluated using SRAS (spatially-resolved
acoustic spectroscopy) system developed at the University of Nottingham [153]. The results of
the scan in comparison to a conventional non-specific aluminium alloy (figure 7.7) revealed large
grain sizes (100400 pm) and a degree of material structure inhomogeneity, with the mean SAW
velocity of 2,925 m/s. The dimensions of the two EDM slots were measured with the stylus profiler
(Appendix C.1), where the slot width/depth/length were 100 um/110 pm/1 mm and 140 pm /180
pm/2 mm for the first and the second slot respectively. Due to the relative aspect ratios of the
slots and the size of the stylus tip, the bottom of the slots was not reached and the quoted depth

values represent a lower estimate.

Generated acoustic fields

The generated acoustic fields from 4 MHz OS g-CHOT, fabricated on the sample, and a 4 MHz
wedge piezoelectric transducer coupled to the sample via phenyl salicylate, were visualised (in two
separate tests) with an optical vibrometer, performing a scan of a 20 x 120 mm area in front of
the transducers (figure 7.6a) at 200 um steps. During the test, the wedge transducer was placed
at the positioning marker, whereas the g-CHOT, fabricated in a coupled configuration with the
d-CHOT, was located further back from the marker in an equivalent test. The thickness of the
sample was calculated to be sufficient for the excitation of the Rayleigh and not Lamb waves at
this frequency (Appendix C.3).

The traces from the PZT transducer were recorded averaged over 64 measurements at 100
MS/s. The size of the sample combined with the spatial scan resolution and the need to average
CHOTs waveforms for improved SNR resulted in very long scan times, to reduce which the g-CHOT

field was recorded at lower time-resolution of 50 MS/s, and averaged over 1,000 measurements.



CHAPTER 7. ULTRASONIC NDT WITH ENDOSCOPIC CHOTS 169

Non-specific Al Non-specific Al (high.res)

3 3000 = 3000
3 3

3 2

p 2950 @ 2950
N N

2 2

2 2900 2 2900
£ £

£ £

£ 2850 S 2850

-05 0 05
mm (pixel size: 50 um)
Industrial Al alloy Industrial Al allo

—_ '2 7.- l I-“. : .:-1. “ _ ; .

= ; 3000 =

3 3

3 - g

P 2950 @

N N

2 2

2 2900 =

£ £

£ S

S 2850 =

-1 0 1
mm (pixel size: 50 um) mm (pixel size: 25 um)

Figure 7.7: Comparison of the acoustic structures of a sample from non-specific Al with the
industrial Al-alloy calibration sample. Images were obtained using SRAS technique and illustrate
the velocity maps of propagating 164 MHz SAWSs (colorbar). Large grain size and inhomogeneity

of the industrial sample are evident.

The generation energy was 0.43 mJ/pulse. Figure 7.8 shows the corresponding C-scans for both
transducers, with the colour-map representing the maximum PTP surface displacement at each
point on the sample.

The propagating acoustic fields in both cases are seen to reach the slots (visible as short vertical
lines between 110-120 mm of the scan) despite the inhomogeneous grain structure of the sample
(figure 7.7), with the effects of diffraction clearly visible in figure 7.8a. Here the bright area in the
lower part of the scan past 100 mm is the artefact of detection, confirmed by recorded optical gain
(Appendix C.2), and is not a reflection from the notch. The scan region of the sample at around

20 mm in both tests shows the artefacts from the higher surface roughness in that area.
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Figure 7.8: Comparison of acoustic fields generated on a calibration Al-alloy sample (scan across

the area shown in figure 7.6, the notches are visible as vertical lines between 110-120 mm).

The acoustic field generated by the g-CHOT (figure 7.8b) displays similar diffraction effects at
the slot as with the wedge transducer in figure 7.8a. Their visibility is however obstructed by the
wave propagating back towards the transducers after being reflected from the edge of the sample.
Multiple reflections from the edges of the sample can be seen in the scan, appearing to be caused
by the side lobes of the generated filed. This marks a difference with the field generated by the
PZT. Additionally, the amplitudes of the generated surface displacement can be compared in both
cases, with the difference of over an order of magnitude between the two transducers.

More detailed interaction of the acoustic field generated with the g-CHOT with the calibration
notches was visualised by performing a scan of the ROI at increased spatial resolution. The 12
x 12 mm area around the slots was scanned with 50 pm steps, recording 1,000 waveforms at 50
MS/s. The resulting C-scan presented in figure 7.9 displays both, the effects of diffraction at the
slot and the interference with the returning echoes. The propagation of the wavefront across this
region is shown with more detail by a number of time frames in figure 7.10.

Overall, the field generated by the g-CHOT was shown to reach and interact with the slots in
a similar manner to the wedge piezoelectric transducer despite the inhomogeneous grain structure

of the sample and lower amplitude of the surface displacement.
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Figure 7.10: Propagation of the SAW wavefront across the ROI (4 MHz OS g-CHOT)

Slot detection

In this test, the wedge transducer was coupled to the sample using industrial gel couplant, and
the detected signal recorded by averaging 64 waveforms. In a similar inspection, the g and the
d-CHOT's were used in a coupled configuration, with the generation and detection powers 0.47
mJ/pulse and 315 mW respectively, averaging the detected signal over 25,000 measurements. The
results of both inspections plotted as a function of distance from the corresponding transducers
(based on the measured mean sample velocity of 2,925 m/s) are shown in figure 7.11 at the full
time-scale, and as a close-up of the region of interest (ROI) on the sample in figure 7.12.

The first three detected wave packets in figure 7.11a correspond to the direct pass and the rear
top/bottom edge reflections detected by the OS d-CHOT. The echoes marked ‘A¢, ‘B’ and ‘C’
corresponding to the two slots and the far edge of the sample (figure 7.6b) are hard to see due to
the amplitude differences with the direct pass. The close-up of the ROI in figure 7.12a shows the
three resolved echoes corresponding to the inspected geometry.

The comparison of the results with the PZT transducer inspection (figures 7.11b and 7.12b)
validates the detection of slots with the CHOTSs, although with markedly-higher SNR from the
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Figure 7.12: A close-up of the region of interest containing slots on the calibration sample

contact transducer, where the SNR of the CHOT inspection is limited by a coherent noise. At the
same time, considering the results of the acoustic field scans (figure 7.8), the surface displacement
produced by the g-CHOT is also over an order of magnitude lower.

Similarly, a pair of 5MHz SA CHOTs was used to perform the inspection in a pulse-echo
configuration. Considering the low amplitudes of the slot echoes obtained with the OS CHOTs at
marked propagation distance and substantial amplitude reduction by the d-CHOT carrier (section
6.4.2), the CHOTSs were positioned at reduced distance, within 25 mm from the first slot. The
signal detected at 0.47 mJ/pulse, 310 mW and averaged over 5,000 measurements is shown in figure
7.13, where the echoes corresponding to the slots and the edge of the sample can be identified and
are marked ‘A’; ‘B’ and ‘C’.

Despite the lower SNR, in the OS CHOT signal (where some allowance could be made consid-
ering longer propagation distance, non-flexible alignment and generally lower amplitudes of the
generated SAWs), the test demonstrated the CHOT system ability to fulfil the required inspection
on an industrial part with complex grain structure and large propagation distance (subject to ac-

tual inspection thresholds). Although functionality of the SA CHOTS in pulse-echo configuration
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Figure 7.13: 5MHz coupled SA CHOTSs in pulse-echo configuration

was limited by the propagation distances and attenuation by the d-CHOT carrier, the slots at close
proximity to the CHOTs were detected.

7.2.2 Section of a blade-root: SA CHOTs in reversed pulse-echo config-

uration

The second type of tested industrial samples was a section of the aeroengine blade root (Ti-64)
with the grain structure visible to the naked eye, and unpolished rough surface. This sample is
representative of the components with complex geometries and surface curvature, and its shape
and surface finish provided ideal opportunity to utilise the benefits offered by the SA CHOTs.
The test was performed with 5 MHz SA CHOT's placed on the sample in reversed pulse-echo
configuration (figure 7.14a). By placing the d-CHOT out of the way of the forward-propagating
wave (behind the g-CHOT), the effects of the carrier can be excluded by using the SA ¢-CHOT in

its modified state - with the top liner removed (section 6.4.2). In this case the reduced generation

(a) CHOT placement (b) surface profile

Figure 7.14: Photographs of the inspected blade root section: Ti-64.
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efficiency was preferred to the attenuation introduced by the d-CHOT carrier.

An example of a signal recorded at 0.47 mJ/pulse and 310 mW, averaged over 5,000 measure-
ments is shown in figure 7.15a, where the expected echo arrival times corresponding to the surface
profile (figure 7.14b) and the mean Ti velocity of 2,958 m/s are marked ‘A’ ‘B’ and ‘C’ accordingly.
Figure 7.15b shows the mean signal from 9 trials. The traces are plotted as a function of distance
from the farthermost transducer and give good agreement with the nearest reference points of the
sample geometry. The changing curvature of the reference features across the sample makes their
detection challenging as the angle of the returning SAW differs accordingly. Due to the genera-
tion laser beam illuminating only a part of the g-CHOT, its relative position on the transducer,
combined with the above effect of the sample geometry, determined the angle of the SAW arrival
and the magnitude of detected echoes. The mean of the 9 trials taken by varying position of the
generation beam on the g-CHOT averaged the detection of the same reference feature across the
transducer and enhanced SNR.

The low signal levels in the individual measurements are caused by the low light return to the
photodetector, partially due to the alignment difficulties of the fixed-mount optics with the curved
sample, but mainly resulting from high distortion of the returning field by the surface curvature,
producing astigmatic fields. A photograph of the diffraction orders taken at the iris (where selection
of the zero order takes place) illustrates the combined effects of the sample curvature and surface
roughness (figure 7.16), where the distortion of optical field is accompanied by the spread of energy
out of the diffraction orders and the associated loss in the signal levels.

This test demonstrated not only the functionality of the SA CHOTSs on a challenging industrial
part, but also the feasibility of operation in reversed pulse-echo configuration using the modified

SA g-CHOT, where potential agreement with the sample geometry could be observed in the de-
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Figure 7.15: Inspection results of the blade-root section with 5MHz SA CHOTs in reversed pulse-

echo configuration.
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Figure 7.16: The returning optical field containing diffraction orders and displaying the effects

from the surface curvature and roughness.

tected signal. It additionally confirmed the ability of the SA d-CHOT to operate on parts with
characteristic to the component surface roughness, and indicated practical effects from the sur-
face curvature onto the returning field as well as echo identification challenges presented by the

geometry of the sample.

7.2.3 Section of an aeroengine disk: SA CHOTSs in pulse-echo and pitch-

catch configurations

Another example of CHOT's application to real parts is operation on a section of the aeroengine
disk. One of the most challenging samples tested with CHOTSs in terms of surface conditions, it
demonstrated the benefits as well as the limitations of practical applications of the developed SA
CHOTs.

The test sample was a 7 mm-thick section of an aeroengine disk, with a dark, unpolished surface
and evident tooling marks. The large size of the sample would make it unsuitable for fabrication
of the OS CHOTS in the sputterer or vacuum evaporator (Chapter 5), providing a good example
where the use of portable CHOTSs would be beneficial. After the surface was wiped with TPA
and allowed to dry, 5 MHz SA CHOT's were attached to the sample in pulse-echo and pitch-catch
configurations shown in figure 7.17. The surface finish is visible in a close-up image of the g-CHOT
in the inset (figure 7.17b), and the effect on the surface of the d-CHOT - in the main frame of the
photo.

High generation efficiency was not anticipated on this sample as the alloy composition and
absorption at the generation wavelength were unknown, and the g-CHOT material was not changed
to tailor the absorption contrast with the sample (the Cr g-CHOT was used).

In terms of detection, such non-reflective rough surface is extremely challenging for most optical
detection methods including the d-CHOTs due to light absorption and scattering. The operation
of the SA d-CHOTSs on rough surfaces was shown to decrease the effects of roughness and extend

the range of d-CHOT applicability (section 6.2.4). Another advantage that becomes evident in
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Figure 7.17: 5 MHz SA CHOTSs on untreated section of an aeroengine disk (a) in pulse-echo
configuration on a single carrier, (b) in pitch-catch configuration, (inset) close-up of the g-CHOT

with exaggerated contrast showing surface roughness.

this test is the introduction of its own highly-reflective area by the SA d-CHOT, making optical
detection independent of the sample reflectivity and thus overcoming one of the main barriers for
application of all-optical LU systems in industry.

In the first test the single-carrier CHOTSs in a pulse-echo configuration (figure 7.17a) were used
to direct the wave along the sample profile shown in figure 7.18a, where the prominent geometry
features are marked with ‘A’, ‘B’ and ‘C’. The propagation distance from the g-CHOT to the
feature ‘C’ was approximately 143 mm, the generation and detection powers were 0.42 mJ/pulse
and 115 mW respectively.

Despite the possibility of low absorption contrast (e.g the absorption of Ti sample would be
very close to that of Cr CHOT), a clearly-detectable signal was obtained in direct pass (figure
7.18b, 30,000 waveforms averaged). The signal amplitude was also likely to be reduced due to the

amplitude (mV)

time (us)
(a) sample geometry (b) first-pass detection

Figure 7.18: The geometry of the sample (a) and the signal detected in the first-pass (b)
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difficulties in the alignment of such a large sample with the limited-articulation fixed-mount optics.

The detection of geometry echoes was strongly affected by combined attenuation introduced
by the carrier of the SA d-CHOT (section 6.4.2), high surface roughness and strong material
attenuation. Figure 7.19 shows a comparison of the signal detected with SA CHOTs (5 MHz,
30,000 waveforms) and a wedge piezoelectric transducer (4 MHz, 1,000 waveforms) from the same
area on the sample. The location of the wedge transducer was slightly closer to the feature ‘C’,
at approximately 112 mm. The expected echo times of arrival from the marked profile features
(figure 7.18a) are respectively indicated in the plots. The time arrivals from the same sample
region differ in two cases according to the differences in position and detection arrangement of the
coupled CHOT's and the wedge transducer. The result comparison between the inspections shows
similarly-detected echoes by the CHOTs and the wedge transducer, in agreement with the test
geometry. The lower SNR in the CHOTSs signal and the presence of additional echoes however
complicates signal interpretation compared to the wedge transducer and indicates corresponding

operational challenges.
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Figure 7.19: Signals detected from the area of interest on an aeroengine disk section

In the second test, the SA CHOTSs were placed at an angle to the edge of the sample (figure
7.17b) operating in a pitch-catch configuration with reduced propagation distances, simpler geom-
etry and excluding the effects of the d-CHOT carrier. The generation and detection powers were
0.47 mJ/pulse and 310 mW respectively. The signal detected by averaging over 15,000 waveforms
is shown in figure 7.20, where the echoes from the top and the bottom edge of the sample can be
easily identified (geometry shown in figure 7.17b).

The successful operation on this sample, particularly challenging for the d-CHOT, demonstrated
its functionality on untreated rough surfaces. This, combined with additional ability to inspect
non-reflective parts, minimises one and partly-overcomes another of the most common restrictions

on the applicability of the optical techniques.
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Figure 7.20: 5 MHz coupled SA CHOTS on a section of aeroengine disk in pitch-catch configuration:

15,000 waveforms

The inspection distances and operation in a pulse-echo configuration, however, proved chal-
lenging for the SA CHOTSs, with the test results indicating the best performance is achieved in a
pitch-catch arrangement. Additionally, the relative direction of the dominant roughness features
(directional tool marks) and the d-CHOT steps had to be considered prior to transducer placement.
Whereas the functionality of the d-CHOT was maintained when transducer features were parallel

to the tooling grooves, it was compromised when used with the orthogonal orientation.

7.3 Additional capabilities

7.3.1 Active structural health monitoring (NDT inspection)

The stationary locations of the transducers provide a fixed reference point on the sample that
could be used to perform high-fidelity monitoring of the region within the transducer coverage.
This allows CHOTSs to be considered for structural-health monitoring applications, in particular
of components where the location with high probability of fracture is known apriori.

The concept is demonstrated using coupled 4 MHz OS CHOTs on an Al sample in a pulse-
echo configuration. A surface defect in the form of a line/slot perpendicular to the propagating
wavefront was gradually introduced into the sample to simulate the growth of the flaw. The process
was performed manually using an engraving tool, and the sample in its holder had to be removed
from the system. After the flaw was introduced, the sample was returned and the signal recorded.
The test was performed at 0.47 mJ/pulse generation energy, 110 mW probing power, and averaging
1,000 waveforms.

Figure 7.21 shows the signals recorded in the absence of the defect and after a sufficiently-
deep flaw was introduced. The echoes corresponding to the sample geometry and the region of

interest are marked accordingly. The presence of an additional echo in the ROI is indicative of the
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Figure 7.21: Signals from coupled 4 MHz OS CHOTSs in a pulse-echo configuration on Al sample

before (a) and after (b) the introduction of the defect in the region of interest.

surface flaw. Besides indicating the defect initiation, by monitoring the amplitude of this echo over
time, the growth of the defect can be assessed and its rate determined for condition monitoring.
Figure 7.22 shows two examples of analysing the recorded data for this purpose — by monitoring
the increase of the echo amplitude (figure 7.22a), and using a differential B-scan (figure 7.22b)
where the difference of each successive measurement with the baseline signal is plotted against
time-of-flight (sample location) and time of inspection (defect depth).

The angular deviation of the introduced flaw during the test can be seen to reduce the echo
amplitudes in some measurements. Additionally, despite the fixed physical alignment, the phase-
sensitive differential detection was not optimal in this case: the removal of the sample combined

with partial illumination of the CHOT resulted in small phase shifts of the static geometry echoes
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Figure 7.22: Condition monitoring with coupled 4 MHz OS CHOT's on an Al sample, demonstrating

the initiation and growth of the flaw.
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making them appear in the differential signal. This can be avoided using a top-hat profile illumi-
nation covering the whole area of the CHOT, and by monitoring only the region of interest.

The experiment demonstrated the capability of the endoscopic CHOT system for active struc-
tural health monitoring by detection of the initiation and growth of the simulated surface flaw over

time, as well as the high repeatability of inspection expected from the fixed-transducer placement.

7.3.2 Automation and moving samples

The benefits of the non-contact excitation and fixed locations of the CHOT's on the sample enable
inspection of the moving parts, allowing potentially-automated continuous-pass inspection.

The concept was demonstrated using one of the controlled Al sample with slots (section 7.1)
mounted on a horizontal translation stage. The illumination from the endoscopic pulser was
initially aligned with 4 MHz coupled OS CHOTSs on the sample, and fixed. The sample was then
alternately moved out of/back into the illuminated zone, repeating the process and monitoring
the live signal on the oscilloscope at the same time. Figure 7.23 displays the video time-frames
illustrating the experimental arrangement.

The detected signal corresponded to the sample geometry shown in figure 7.2a where the extra
echo indicated the presence of the slot. As the CHOTSs moved into the corresponding generation
and probing beams, the signal gradually appeared on the oscilloscope, disappearing as gradually
when the sample was moved out. The response speed of the system depended both on the sample
velocity and the number of required trace averaging.

Although the signal was not recorded, the experiment showed practical capabilities of the
system for defect detection on the samples in motion, and the ease of the inspection. It has to be
said that the detection/appearance of the slot echo depended on the speed of inspection and signal

averaging (SNR).

7.4 Summary

The practical capabilities of the endoscopic CHOT system to perform ultrasonic inspection were
investigated on a set of controlled samples and representative industrial parts, using the OS and
the developed SA CHOTs.

The detection of the rectangular-profile slots of depths down to Asaw /2 by the 4 MHz OS
CHOTs in pulse-echo configuration was successfully performed on controlled Al samples and Al-
alloy industrial calibration plate with complex grain structure and at large propagation distances.
In both cases the results from a comparable inspection performed with conventional 4 MHz wedge

PZT transducer were presented.
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Figure 7.23: Video frames showing inspection of an Al sample in motion

Although providing lower SNR than the wedge transducer, the CHOTs demonstrated their
ability to fulfil the required inspection, producing easy-to-interpret A-scans of a conventional nature
with the additional benefit of self-calibration. One difference from the wedge transducer inspection,
evident in the A-scans, is the presence of the rearward-travelling wave that may cause unwanted
back reflections, which could complicate signal interpretation depending on sample geometry. This
effect is reduced when the g-CHOT is used with a carrier, and enables operation of the coupled
CHOTs with reversed transducer placements, shown to be beneficial during the use of the SA
CHOTs.

The acoustic fields generated by the g-CHOT and the wedge transducer on the calibration

plate were visualised, and a detailed scan of the g-CHOT field in the area of interest demonstrated
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wave interaction with the slots. Despite evidently-lower magnitudes of the surface displacement
produced by the g-CHOT, both fields displayed similar diffraction effects upon reaching the slots.
The presence of the side lobes in the g-CHOT field appeared to produce additional reflections from
the sides of the narrow sample, potentially contributing to the reduction in the SNR of detected
signal, and indicating factors for additional consideration.

The SA CHOTs displayed limited inspection functionality in the pulse-echo arrangement with
significant echo attenuation caused by the presence of the d-CHOT carrier, making pulse-echo
inspection with the SA CHOTSs impractical (for the current fabrication and carriers). However,
the pulse-echo operation with reversed transducer placements and modified g-CHOT produced
rather satisfactory results on a challenging sample. The best performance by the SA CHOT's was
demonstrated in a pitch-catch configuration with clear echo resolution.

The pulse-echo operation on the blade-root section displayed good correlation of detected signal
with the complex geometry of the sample profile. However, a further study is needed to determine
the practical limitations with regard to the resolution of the closely-located sample features, con-
sidering the extended wave-packet duration in time domain. Also, the tests in this work employed
limited TOF amplitude-based feature detection, whereas the use of more sophisticated signal pro-
cessing could prove beneficial.

The test performed on the blade root section showed CHOTSs operation on the curved surfaces
(challenging for the rigid PZT transducers and EMATSs), at the same time demonstrating the
effectiveness of the SA d-CHOT and the associated effects of curvature onto the returning optical
field. Despite the field spread and astigmatism resulting in low signal return, the functionality
of the d-CHOT was not impaired, although a more accurate alignment was required. Depending
on the surface curvature at the point of transducer attachment, the divergence/convergence of
the returning beam would place restrictions on operational stand-off distance. It is possible to
suggest that provided the shape of the component at the place of attachment is known, the design
of the d-CHOT transducer can accommodate optical correction of the reflected beam. The test
additionally confirmed the feasibility of operation in the reversed pulse-echo arrangement with the
modified SA g-CHOT.

Considering another aspect of testing, one of the most restrictive for optical detection, successful
d-CHOT operation was demonstrated on samples with varying degree of surface roughness — from
highly-polished controlled Al samples, well-polished Al-alloy calibration plate to the rough surface
of the blade root, and even on the most optically-challenging untreated machined surface of the
aeroengine disk. The surface conditions of the two representative aeroengine parts, not acceptable
for testing with the OS d-CHOTSs, provided excellent demonstration of the advantages of the

developed SA d-CHOTs, easing operational requirements to surface finish and extending the range
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of the testable parts and CHOTs applicability.

An additional benefit provided by the SA d-CHOTs, and evident from the test of the disk
section, is the ability to operate independently of the sample surface reflectance. The reflective
surface required for optical detection is introduced with the d-CHOT carrier, where the scattering
effects are further determined by the carrier roughness as shown in section 6.2.4.

Relatively low SNR, produced on industrial samples can be attributed to a number of factors:
generation efficiency of the g-CHOT, diffracted-field distortion by the surface curvature, roughness-
caused scattering, wave attenuation due to material properties and grain structure (combined
with large propagation distances), and some difficulties in alignment of the limited-articulation
fixed-mount optics. The improvement of signal levels can be expected from increase of the g-
CHOT generation efficiency by tailored selection of transducer material for material of the sample,
corresponding design of the d-CHOT to provide optical correction of the curvature-distorted field,
reduction of the d-CHOT carrier roughness, and increase in the probing power.

Additionally-investigated CHOT's’ capabilities included the application to the structural-health
monitoring and inspection of the samples in motion. The condition-monitoring potential was
demonstrated by observing the expected indications of the flaw initiation and growth displayed
in a sequence of signals recorded from the coupled CHOTSs as the simulated surface flaw was
introduced on Al sample. Placing the sample on the translation stage and monitoring live signal as
the sample was moved in and out of alignment with laser illumination showed practical capabilities
of the system for defect detection on moving parts (challenging for contact methods), and potential
for an automated inspection.

Overall, the first evidence of the CHOTs NDT and SHM capabilities was presented. The
promising results were shown by the SA CHOTSs on the representative aeroengine parts that varied
in material, geometry and surface conditions. The tests demonstrated the feasibility of operation
on the target industrial components and indicated further areas for improvement.

The displayed capabilities of the developed SA CHOTs on rough surfaces, combined with
the ability to inspect non-reflective parts, address both of the most serious restrictions on the
applicability of the optical techniques in general, and broaden the application range of CHOTs in

particular.



Chapter 8

Conclusions and suggestions for

further work

This work presented the instrumentation of the endoscopic CHOTSs pulser combining the use of
the Cheap Optical Transducers (CHOTSs) with fibre-optic light delivery in a compact, portable and
non-contact ultrasonic inspection system.

The work addressed four main areas associated with the development of the inspection system
for practical applications: the fibre-optic instrumentation, the upgrade of the fabrication method
to enable application of the transducers on large, curved components in-situ and complement the
endoscopic pulser for field applications, characterisation of the transducer performance to enable
comparison with conventional techniques and provide quantitative evaluation of the practical sys-
tem capabilities, and demonstration of the NDT potential of the system on representative industrial

samples.

8.1 Conclusions and main contributions of work

The main contributions of this work listed below achieved but are not limited to the initially set
goals, as the secondary finding opened new directions for study and provided additional capabilities

not anticipated at the start.

e The optical fibres were combined with the CHOT operation and composed a fully-optical
ultrasonic inspection system able to deliver laser-ultrasonic testing to components out of
direct line of sight, or with complex access. The compact optical arrangement and envi-

ronmental robustness offered by the use of CHOTs removes the need for excessive auxiliary

184
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optics required by most laser ultrasonic techniques to form the required ultrasonic source or
for environmental stabilisation of the interferometric detection. This maximised the benefits
of fibre-optic delivery by minimising the size of the instrumentation required to access the

sample.

e Portable CHOTSs were produced using film carriers to allow transducer fabrication in con-
trolled laboratory environment with further transfer and delivery to the component in-situ
to complement the endoscopic pulser for in-service testing. The portability of the trans-
ducer overcomes the restrictions on the size and shape of the test samples, imposed by the
laboratory-based direct on-sample fabrication used previously. Additionally, the use of the
carriers demonstrated greater tolerances of optical detection to surface roughness than the
OS d-CHOT, expanding the range of CHOTSs applicability. More generally, it overcomes
some of the main barriers of transition of the optical techniques to industry by reducing the
requirements to the surface finish of the test part and enabling operation on non-reflective

samples.

e Quantitative evaluation of the transducer performance was carried out, introducing the means
for comparison not only between the fabricated CHOTs but, more generally, with other

conventional methods and lending support for practical transducer applications.

e The potential of the endoscopic CHOTSs for non-destructive testing was demonstrated by
detection of surface features and sample geometry on representative industrial samples. Ad-
ditionally, the benefits of the developed SA CHOTs became evident by retaining the d-CHOT
functionality on an unpolished, non reflective surface of the aeroengine disk with visible tool
marks, which other optical detection techniques, including the OS d-CHOTs would find ex-

tremely challenging.

Limitations of study

The investigations in this thesis were concerned with demonstration of the CHOTSs capabilities in
particular context, where the study performed was limited to the use of the surface acoustic waves,
metal samples, and detection of surface-breaking defects, normal to the propagating wavefront.
The range of frequencies was 4 and 5 MHz, typical for type of inspection used for aeroengine blade
testing.

The combined diameters of the fibres used in the endoscopic pulser and the size of the colli-
mating optics currently exceed the acceptable size of the instrumentation able to use endoscopic

access inside the engine.
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The fabrication method used to produce the SA CHOTs is currently limited to the frequencies
below 20 MHz (for the SA g-CHOT, on aluminium). This limitation stems partially from the
presence of adhesive on the surface of the carrier, that excludes the ability to use photolithographic
fabrication, and partially from the use of the metal mask for material deposition, frequencies of
which are restricted by the physical ability to fabricate such finely-spaced slots in a thin metal
sheet.

The use of the developed SA CHOTSs in pulse-echo configuration has limited capabilities due
to high attenuation of the propagating wave by the carrier of the d-CHOT.

8.2 Thesis summary and key findings

Background

The use of the endoscopic CHOTs pulser was proposed in Chapter 1 to address the challenges of
in-situ testing of the aeroengine components by combining two of the routinely-used inspection
techniques with the addition of non-contact laser-ultrasonic operation. The motivation for and
the context in which the current work is viewed were described in the first two chapters, including
the review of the common inspection practices used in aerospace sector, the role of the ultrasonic
inspection in NDT with particular focus on the use of the Rayleigh waves. The common techniques
for ultrasonic generation and detection were reviewed where particular attention was given to the
laser-ultrasonic generation and detection methods for surface acoustic waves and previous work in
the field aimed to increase the efficiency of optical generation and detection.

This was followed by the description of CHOTSs operation principles, design and practical
considerations for selection of transducer and relevant instrumentation parameters based on the
previous CHOTs development and within the context of the practical application. Special atten-
tion was paid to the review of the established direct on-sample fabrication methods restricting
transducer-to-sample application to the laboratory environment. More recently developed laser-
based methods allowing fabrication of the transducers outside of the laboratory setting and on-site
were also reviewed, and the concept of the portable CHOT using film carriers proposed (Chapter

3).

Instrumentation

Chapter 4 presented the endoscopic pulser instrumentation, with the review of the system structure
and the role of its elements, separating them based on the performed function into the generation,

probing and detection channels. The properties and characteristics of the elements were presented.
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The concept for further system miniaturisation based on the reduction of the number of fibres used
to deliver the illumination to the test component was proposed. The use of the same fibre bundle
for delivery of the probing illumination and collection of the diffracted light was investigated, with
the results of the preliminary work demonstrating the ability to use a single core of the bundle for
delivery of probing illumination. Practical system use considerations and suggestions for further

system automation were presented.

Fabrication of portable CHOTSs

Two concepts to create portable CHOTs using film carriers were investigated in Chapter 5, de-
scribing the developed fabrication processes and the corresponding results and challenges. The first
concept consisted of creation of the CHOT pattern using sacrificial layers that can be chemically
removed releasing the transducer on a carrier film. The second concept involved the use of the
commercially-available adhesive transfer tapes to create self-adhesive CHOTs. Both concepts pro-
duced the CHOTSs on film carriers, with the first type being transferable and requiring a couplant,
and the second type being self-adhesive without the need for surface preparation. An important
capability of the g-CHOT was introduced by the use of the adhesive transfer films. It allowed the
transducer to be transferred onto the sample with the layer of adhesive by removal of the carrier
film after transducer attachment. This ability was later shown to compensate for the attenuation
introduced by the SA carrier and enabled the use of the SA CHOTSs in pulse-echo configuration
(Chapter 7). The functionality of the developed portable CHOTs was tested and the ultrasonic

generation mechanism confirmed in Chapter 6.

Performance characterisation

The characterisation of the CHOT's operation, specific capabilities and limitations were discussed in
Chapter6 for both types, the OS and the SA CHOTSs, and where possible compared between them.
The calibration curves were obtained for the transducers describing their response to the corre-
sponding inputs and providing the means for transducer comparison, and acoustic fields visualised
and compared.

Considerably higher generation efficiency was observed from the SA g-CHOT that was at-
tributed to the presence of the carrier providing the surface constraint. Although it was partially
confirmed, further work is required to model the ultrasonic source. The comparison of the gener-
ated acoustic fields showed that the use of the carrier did not alter the structure or the directivity
of the generated wavefront. Additional functionality of the SA g-CHOT was demonstrated in a
modified state — when transducer was transferred to the sample and the carrier film removed. Sim-

ilarly, the structure of the generated acoustic field was not changed by the removal of the carrier,
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although the generation efficiency was reduced. The SA g-CHOT tests performed over time and
in continuous operation showed the temperature effects from the laser illumination or possible dis-
integration of adhesive over time did not affect the stability of performance or transducer bonding
integrity.

As the choice of the g-CHOT material is customised to provide the most efficient generation on
material of the sample, the effect of transducer material onto generation efficiency was investigated.
It showed the discrepancies with the expected performance when evaluated simply based on the
differences in absorption between the CHOT and the substrate material. The development of the
CHOT generation model would be required to enable material selection for the best generation
efficiency on particular substrates.

The OS d-CHOT demonstrated significantly higher detection sensitivity than the SA d-CHOT
that was attributed to the higher light return from the OS d-CHOT, confirmed by sensitivity tests
to the probing power. Despite the poorer sensitivity of the SA d-CHOT, its combination with
more efficient generation by the SA g-CHOT in the coupled system demonstrated performance
comparable with the coupled OS CHOTS in the pitch-catch configuration.

The areas anticipated to be affected by the introduction of carriers were investigated and
associated effects quantified. The main impact potentially affecting the use of the SA CHOTSs for
NDT application is the attenuation of the propagating SAW by the SA carrier of the d-CHOT in the
pulse-echo configuration, with significant amplitude reduction past the transducer, and some wave
velocity alteration. Comparison of the acoustic fields propagating across the surface without the
SA carrier with those where the carrier was placed in the path of the wavefront allowed determine
the attenuation of the film. It similarly showed that if the transducer carrier is removed with the
layer of adhesive remaining on the sample, the attenuation is significantly reduced. This provided
the means to enable operation of the SA CHOTS in pulse-echo configuration by reversing their
relative positions and using the g-CHOT in its modified state, with the carrier removed.

Separately, the comparison of the SAW frequency spectra before and after the entry to the
carrier (measured with a vibrometer) displayed the split of the wave energy between two distinct
frequency components propagating with different velocities, and repeated in the spectrum of signal
detected with the d-CHOT. The displayed behaviour could be explained by possible dispersion and
reflections within the carrier region (confirmed in later investigations), however a significant amount
of experimental and modelling work would be further required to confirm the cause.

Comparative tests of the OS/SA d-CHOTs on rough aluminium samples demonstrated the
extended tolerance of the SA d-CHOTSs to the surface roughness expanding the applicability of
CHOTs to include the range of parts with surface quality previously unacceptable for detection

with OS d-CHOTs.
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NDT capabilities

The feasibility to use the endoscopic CHOTs pulser for practical NDT applications was demon-
strated on a number of controlled and representative industrial samples, where the OS and the
SA CHOTSs were used in a coupled configuration in a pulse-echo and a pitch-catch arrangement
(Chapter 7). The defect detection capabilities were shown by both OS and the SA CHOTS, and
comparison with the wedge transducer provided.

The functionality of the SA CHOTs was shown on the sections of the blade root and the
aeroengine disk with surface conditions challenging to conventional optical techniques, and even
the OS d-CHOTs, providing evidence of the ability to inspect actual parts and the suitability of
the CHOTs use for the considered inspection task. Potential use of the system for active structural

health monitoring and inspection of samples in motion was demonstrated.

8.3 Suggestion for further work

A number of investigations performed in this work indicated the need for development of a com-
prehensive model of the g-CHOT ultrasonic generation. The model development was started in
Comsol, and when completed should confirm the mechanism of the enhanced ultrasonic genera-
tion observed from the SA g-CHOT and would help to model the effect of the carrier. It would
additionally enable determination of the most suitable material of the g-CHOT for particular sub-
strate. The effects of the carrier onto the frequency and velocities of the propagating wave should
be investigated further.

Although the SA CHOTS performed rather well on the industrial sample, further work could be
performed with regard to selection of the carrier and its parameters to further enhance ultrasonic
generation and increase the light return from the d-CHOT.

The design of the d-CHOT can be customised to correct the distortion of the returning beam
in order to increase signal levels.

Other methods to fabricate the transducers can be investigated to expand their capabilities.

To support the transition of the system to practical use, the suggested automation of alignment
should be performed with further system miniaturisation. Further investigation of the started work
on the joint use of the same fibre bundle to reduce the diameter of the endoscope can provide the
basis for future prototype designs. The use of the robotic and crawling systems can be combined
with the CHOTs or CHOTSs’ endoscopic pulser to deliver the transducers to test components and
guide the endoscope, or combined with the operation of the crawling laser welding systems for
inspection and repair of the part.

Although the use of the system was described within the context of NDT and simple pass/fail
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detection, other inspection techniques can be investigated such as coating thickness monitoring or

chemical testing.

8.4 Final remarks

The evidence provided in this work supports the concept of the practical application of the endo-
scopic CHOTSs system for industrial NDT applications, with the work carried out to enable the
transition of the technique to industry. It is hoped that further development of the system will
be realised in a prototype and tested in an aeroengine environment and the work presented here
will encourage confidence in further adoption and development of optical inspection methods in

industry.
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A.2 Filter characteristics

Figure A.1: Characteristics of the 5MHz BPF used in detection channel.

A.3 Amplifier characteristics

(a) Before amplifier (b) After amplifier

Figure A.2: Determination of gain from two Minicircuits ZFL500-LN amplifiers used with the
CHOT system.
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Controlled aluminium samples:
rectangular slot characterisation

with white light interferometry
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Appendix C

Industrial Al-alloy calibration

sample

C.1 Measured profiles of the slots
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Figure C.1: Profiles of the EDM slots on calibration Al-alloy sample measured with surface profiler;

due to the aspect ratios of the slot profiles, the stylus could not provide the full depth measurement.

C.2 Optical gain data for transducer acoustic field scan

scan width (mm)

scan length (mm)

Figure C.2: Optical gain data from the acoustic field scan of the 4 MHz wedge transducer.
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C.3 Lamb wave dispersion curves for aluminium
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Figure C.3: Lamb wave velocities of the fundamental zero-order modes for aluminium.
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