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Abstract

High temperature (HT) integrated (IUTs) and flexible ultrasonic transducers
(FUTs) for potential aerospace applications in the area of nondestructive testing (NDT)
and structural health monitoring (SHM) are developed. The main merits are that [UTs can
be fabricated on-site and FUTs are feasible and attractive for on-site installation. The
piezoelectric composite films of these HT ultrasonic transducers (HTUTs) are made by
sol-gel spray fabrication. Lead-zirconate titanate composite (PZT-c), bismuth titanate
composite (BIT-c), or lithium niobate composite (LiNbOs;-c) films were coated onto
metallic substrates with planar and curved surfaces and investigated as IUTs. Their
maximum operating temperatures were demonstrated at up to 150°C, 400°C, and 800°C,
respectively. PZT-c or BIT-c films were coated onto 75 um or 38 um thick metallic
membranes and were investigated as FUTs. They can be bonded onto flat or curved
surfaces for NDT and SHM. An FUT made of BIT-c film coated onto a stainless steel
membrane glued onto a steel plate was performed at up to 300°C. Besides being coated
onto metallic materials, sol-gel sprayed composite films were also coated onto
graphite/epoxy (Gr/Ep) plates as IUTs and 50 um thick polyimide films as FUTs for the

thickness and delamination evaluation.

Using acoustic mode conversion techniques, HTUTs for shear (S) wave, surface
acoustic wave (SAW), and plate acoustic wave (PAW), have been developed. HT
ultrasonic probes simultaneously producing one longitudinal (L) and two orthogonally
polarized S waves were demonstrated in metallic and Plexiglas probes. The potential
applications of these probes were discussed. Also applying mode conversion approaches,
HT symmetrical, anti-symmetrical, and shear horizontal (SH) PAWs UTs for NDT and
SHM were developed. The results showed that the SH PAWs may be the best candidate
for NDT and SHM purposes for plate structures. Generation and detection of guided
acoustic waves for NDT were demonstrated by using IUTs or FUTs with metallic
wedges, mechanical gratings or interdigital transducers as well. The experiments with

these three approaches were performed at up to 300°C.



Furthermore, two non-contact ultrasonic measurement techniques by sol-gel
sprayed composite films were presented in this thesis. One is using lasers to generate
ultrasound and IUTs as receivers, and the other is using induction-based non-contact
ultrasonic measurement technique with IUTs. NDT of bonded composite patches on
aluminum plates was performed using laser generated ultrasound and IUT receivers. The
induction-based ultrasonic measurement of a Gr/Ep composite plate rotated at 1000 rpm

was demonstrated.

The IUTs and FUTs developed in this thesis are able to provide signals with good
signal-to-noise ratios at elevated temperature on structures and parts having a curved
surface. They are light weight and miniature in size. They may be used for real-time, in
situ, nondestructive local and global (large area) damage detection and assessment in

aerospace NDT and SHM applications.
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Résumeé

Des capteurs intégrés (CIU) et flexibles (CFU) ultrasonores a haute température (HT)
on ¢été développés pour des applications potentielles en aérospatiale dans le domaine des
¢valuations non destructives (END) et la surveillance de la santé structurelle (SSS). Le
principal avantage des CIUs et des CFUs est leur capacité a étre fabriqués sur site. Ces
capteurs ultrasoniques a haute température (CUHT) sont fabriqués a partir de la technique
sol-gel qui consiste a déposer une mince couche d'un composé piézo-¢lectrique. Ces
couches peuvent étre constituées de zirconate titanate de plomb (PZT-c), ou de titanate de
bismuth (BIT-c), ou encore, de niobate de lithium (LiNbO3-c), déposées sur des substrats
métalliques plats ou courbes et évaluées comme CFUs. Les températures maximales
d'opérations de ces capteurs furent évaluées et sont respectivement de 150°C, 400°C et
800°C. Les couches de PZT-c ou de BIT-c furent déposées sur des membranes
métalliques d'épaisseurs de 75 um ou de 38 pum et furent évaluées comme CFUs. Ils
peuvent étre collés sur des surfaces plates ou courbes pour de 'END et de la SSS. Un
CFU fait a partir de BIT-c déposé sur des membranes d'acier inoxydable et collé sur une
plaque d'acier fut démontré jusqu'a une température de 300°C. De plus, ces composés
piézo-¢électriques peuvent étre déposés sur des plaques de graphite/époxy (Gr/Ep) et étre
traités comme des CIUs, ou encore, sur des films de polyimide comme CFUs pour

mesurer des épaisseurs et évaluer le délaminage.

En utilisant la technique de conversion de mode acoustique les ondes de
cisaillement (C) des CUHTSs, les ondes acoustiques de surface (OAS) et les ondes
acoustiques de plans (OAP) ont été développées. Les capteurs ultrasonores a HT
produisent une onde longitudinale (L) et deux ondes perpendiculaires polarisées (S). Ces
deux types d’ondes furent démontrés pour des palpeurs métalliques et en « Plexiglass ».
De plus, en utilisant cette technique acoustique pour des CUHTs des OAS symétrique,
antisymeétrique et cisaillement horizontal (CH) pour ’END et la SSS furent développés.
Les résultats démontrent que les CH d’OAS sont probablement les meilleurs candidats
pour END et la SSS de structures plates. La génération et la détection d’ondes

acoustiques guidées pour I’END furent démontrées en utilisant des CUIs et des CFUs

111



avec des coins métalliques, des grilles mécaniques ou bien des capteurs interdigitaux. Les

expériences avec ces trois approches furent faites jusqu’a une température de 300°C.

En plus, deux méthodes de mesures ultrasoniques sans contact pour des capteurs
ultrasoniques faits a partir de la méthode sol-gel sont présentées dans cette thése. L’une
est ’utilisation de LASER pour la génération d’ultrasons et des CIU comme receveurs.
L’autre est 1’utilisation sans contact d’une technique de mesure ultrasonore basée sur
I’induction qui utilise des CIUs comme receveurs. L’END de plaques de composites
déposées sur des plaques d’aluminium fut effectué en utilisant le LASER comme
générateur et des CFUs comme receveurs. La mesure ultrasonique basée sur I’induction

d’une plaque composite de Gr/Ep tournant a 1000 RPM fut démontrée.

Les CFU et les CIU développés dans cette thése ont de trés bons ratios signal sur
bruit a température €élevée sur des structures et des surfaces courbes. Ils sont 1égés et
miniatures. Ils peuvent étre utilisés en temps réels, in situ et pour la détection de
dommages sur de petite ou large surfaces en END pour les domaines de 1’aérospatial et

pour des applications en SSS.
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CHAPTER 1

INTRODUCTION

At present many commercial and military airplanes have exceeded or reached their
designed life time, and it is crucial to extend their usage life span. In 2000, the service life
span of 75% of US Air force aircrafts was 25 years beyond their initial design [1][2].
Also, emerging airplanes are subject to stringent requirements of increased intelligence in
flight control and light weight for fuel consumption minimization which reduces the
global green house effect. Therefore there is an urgent need for light weight and miniature
integrated sensors for real-time, in-situ, non-intrusive, nondestructive local and global

(long distance) damage detection and assessment in aerospace applications.

Ultrasonic techniques are often used to perform nondestructive testing (NDT) and
characterization of aerospace structures and materials because of the simplicity, speed,
economy and capability to probe the interior of opaque metallic and graphite/epoxy
(Gr/Ep) composite materials such as airplane structures and components. They are one of
the promising candidates for structural diagnostic and health monitoring. Also, ultrasonic
techniques employing piezoelectric ultrasonic transducers (UTs) have been widely used
to carry out NDT and structural health monitoring (SHM) on metallic structures such as
airframes, engines, pipes, nuclear power plant structural parts, etc, because of the above

mentioned subsurface inspection capability, simplicity and cost-effectiveness [3][4][5].



Many ultrasonic technique applications such as corrosion, erosion, defect detection,
etc, are required at high temperatures (HT) [6][7]. Therefore HT ultrasonic transducers
(HTUTs) [8][9] are needed. The limitations of the current HTUTs are that they are (1)
complicated to be used for curved surfaces, (2) difficult to be applied in pulse-echo mode
due to noises caused by imperfect damping in backing materials at HT and (3) not
efficient at temperatures higher than 400°C. Such demands initiated this study to develop
HTUTs which are able to perform NDT and SHM for aerospace parts and structures

having curved surfaces and at HT.

Most existing HTUTs can generate and receive longitudinal (L) waves. However,
shear (S) waves may be in certain situations superior to L waves for NDT and
characterization of materials because liquid and gas medium do not support S waves. In
addition, for the evaluation of material properties, sometimes it is necessary to measure
shear modulus and viscoelastic properties in which S wave properties are a requisite. For
example, the combination of L and S waves can measure the Youngs’ [10] and shear
modulus [11], axial load of screws [12][13][14] having isotropic properties. Furthermore,
L and two S waves of orthogonal particle displacement may provide the residual stress or
texture in the textured steel [15][16] or aluminum (Al) plates. Therefore, there is a need to

develop HT ultrasonic probes simultaneously producing L and S waves.

Recently, guided acoustic waves have drawn much attention for NDT and SHM
applications because they may inspect parts or structures of a large area within a short
time period using a few UTs [5][17][18]. For aerospace industry such NDT and SHM
may require that the UTs operate from -80°C to 100°C. In other areas such as power
plants, oil and gas industries, the operation temperatures may be required to be higher.
Guided waves may be surface (SAW) or plate acoustic waves (PAWs). Thus there is

considerable interest to develop HT guided acoustic wave UTs.

To achieve fast NDT and SHM of rotation components, non-contact ultrasonic
measurement approaches are desired as well. Using pulsed lasers to generate ultrasound is
an attractive and effective non-contact method in which the pulsed laser and the object

may be meters away [19][20][21][22]. Other non-contact detection techniques such as



electromagnetic acoustic transducers [23], micro-machined capacitive [24], piezoelectric
air-coupled UTs [25], and inductively coupled transducers [26], have been also
demonstrated. The merits of most of these non-contact methods include the ability to
perform NDT or characterization of materials having curved surfaces and at HT, but may
not be suitable for SHM due to being bulky in size or expensive in cost. It may be useful
to develop miniature, light weight and inexpensive non-contact ultrasonic measurement

techniques for SHM of aerospace industry.

Sol-gel sprayed piezoelectric films have been demonstrated to be able to be coated
onto planar and curved surfaces such as UTs [27][28][29][30][31]. The objective of this
study is to explore the merits of combing the sol-gel sprayed piezoelectric composite
films, mode conversion and non-contact techniques, and to develop HT integrated UTs
(IUTs) with on-site fabrication capability and flexible UTs (FUTs) with on-site

installation capability in the areas of NDT and SHM for aerospace applications.

1.1 NDT and SHM in Aerospace Industry

NDT and SHM are major concerns of the aerospace community when considering
aging aircrafts whose growing maintenance costs can reduce their life extension and
safety [2][32]. Also, emerging new airplanes are increasingly required to be equipped
with intelligence for improved diagnostics of their structural health condition and safety
of the critical parts and structures [1][33]. Therefore, there are demands for miniaturized,

lightweight, integrated, and in situ sensors for local and global damage diagnostics.

The common inspection methods used in aerospace industry are visual and optical
testing (VT), penetrant testing (PT), radiographic testing (RT), magnetic particle testing
(MT), electromagnetic testing (ET), and ultrasonic testing. They are briefly described

below.

(1) VT [34][35] may be carried out by an inspector’s eyes or by computer

controlled camera systems. The main advantage of VT is that it is fast when
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surface imperfections are visible, but VT may not be used for subsurface

inspection.

PT [36][37] is to coat the test object with a visible or fluorescent dye solution,
then remove the excess solution from the surface of the object but leave the
solution in the surface-breaking defects, and finally to apply developer to draw
the trapped penetrant out of imperfections open to the surface. PT is a low-cost
inspection method to locate surface-breaking defects in all non-porous

materials.

RT [38][39] uses short wavelength electromagnetic radiation to penetrate
various materials and to examine materials’ and products’ defects. An X-ray
machine or a radioactive source is used as a source of radiation, and radiation
is directed through a specimen and onto film or a radiation detector. The
resulting shadowgraph may show the internal features of the specimens.
Sensitivity decreases with increasing thickness of specimens, and radiation

hazards need to be considered.

MT [40][41] uses the tendency of magnetic lines of flux of an applied field to
pass through the metal rather than through the air. A defect at or near the metal
surface distorts the distribution of the magnetic flux and some of the flux is
forced to pass out through the surface, so the field strength is increased in the
area of the defect, which will attract the applied fine magnetic particles and
form a pattern around the defect. The pattern of particles provides a visual
indication of a defect. MT may inspect ferromagnetic materials only and

detect surface or slightly subsurface flaws.

ET [42][43][44] uses electromagnetic induction to detect flaws in conductive
materials. Electrical currents (eddy currents) are generated in a conductive
material by a changing magnetic field, and variations in the electrical
conductivity or magnetic permeability of the test object, or the presence of

flaws, will cause a change in eddy current flow. By measuring the change in



the phase and amplitude of current, flaws in the materials may be detected. ET

can detect small cracks in or near the surface of material.

(6) In ultrasonic testing [3][4][5], ultrasonic (or acoustic) waves with a frequency
greater than the upper limit of human hearing (20 kHz) and normally between
1 MHz and 20 MHz are transmitted into a material to detect imperfections or
to locate changes in material properties, due to the different velocities,
attenuations and scattering of acoustic waves in different materials. With high
penetrating power and high sensitivity, ultrasonic testing may allow the
detection of flaws deep in the specimens and permits the detection of small

flaws compared with the other NDT methods.

In general, ultrasonic methods have been widely used for real-time, in sifu or off-
line NDT and evaluation of large metallic and polymeric composite structures and parts
including those of airplanes and automobiles, because of their subsurface inspection
capability, elastic property characterization ability, fast inspection speed, simplicity and

cost-effectiveness.

1.2 Ultrasonic Testing for NDT and SHM

A typical ultrasonic testing system consists of a pulser/receiver, UTs, and display
devices. The pulser generates high voltage electrical pulses onto UTs. The receiver
amplifies the received electrical pulses from UTs and shows the signal on the display
devices. The UT converts these electrical pulses into ultrasonic pulses (vibrations)
propagating to the material and also converts them, e.g. mechanical or elastic waves,
transmitted through or reflected from the defects or any boundaries in or of the material,

into electrical pulses.

Electromagnetism, thermoelasticity, magnetostriction, electrostatics, and
piezoelectricity, etc are common physical mechanisms to generate ultrasonic pulses for

NDT. Some mechanisms generate ultrasonic pulses in the inspected parts directly, and



some generate ultrasonic pulses in standalone transducers and then coupled to inspected

parts.

(1)

(2)

3)

An electromagnetic acoustic transducer (EMAT) [45][46][47] generates
ultrasonic pulses in the inspected parts directly with two interacting magnetic
fields. A relatively high frequency magnetic field, generated by electrical
coils, interacts with a low frequency or static field generated by magnets to
create ultrasonic pulses in the surface of the test material. EMATSs are also
used to detect reflected or transmitted ultrasonic pulses. EMAT is one of the
non-contact ultrasonic testing where the transducers may be several
millimeters (mms) away from the object to be inspected. However, EMAT is
only applicable for inspection of conductive materials, and with its electronic

system may be bulky.

Thermoelasticity and ablation are the two mechanisms for generating
ultrasound by lasers, and both of them are using laser beams to impact test
materials directly. In the thermoelastic regime, ultrasound is generated by the
sudden thermal expansion due to the absorption of the heating of a tiny surface
of the test material by laser pulse. If the energy density of the laser pulses
reaches the threshold where the surface starts to melt and then to be vaporized,
ultrasound is then generated by the recoil effect produced by the vaporized
material, and this is called ablation. To detect ultrasound, the surface of the
test material can be illuminated by a laser beam, and then an optical receiver is
used to collect the scattered or reflected light. In laser ultrasonics (LU)
[19]{20][21][22], transduction is made by light, and the test material is
actually the emitting transducer of ultrasound. Laser ultrasonics is a non-
contact ultrasonic testing and has been noted for the complexity of the
technique, which makes it generally a high cost solution, but in spite of that, it

turned out to be cost effective for several applications [48].

Magnetostriction is the changing of a material's physical dimensions in

response to changing its magnetization [49]. Magnetostrictive acoustic
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transducers (MSATSs) utilize the magnetostrictive property of a material to
convert the energy in a magnetic field into mechanical energy. The magnetic
field is provided by a coil of wire which is wrapped around the
magnetostrictive material. When a flow of electrical current is supplied
through the coil of wire, a magnetic field is created, and the magnetic field
causes the magnetostrictive material to contract or elongate and ultrasonic
pulses are generated. When test material is magnetostrictive, the test material
may be used as part of the MSAT, and non-contact ultrasonic testing can be

carried out [50][51][52].

The fundamental mechanism of electrostatic transduction is the vibration of a
thin plate under electrostatic forces. It can be used for generating and
receiving ultrasonic waves [53][54]. The simplest form of an electrostatic
acoustic transducer (ESAT) is a thin metal membrane stretched above a back
electrode forming a small gap, and it constitutes a capacitor, which is charged
by a DC voltage. If the biased membrane is driven by an AC voltage,
ultrasonic pulses are generated, and vice versa. Recent advances in the silicon
micromachining techniques enabled the fabrication of microelectro-
mechanical systems (MEMS) based electrostatic transducer, and it is called
capacitive micromachined UT (CMUT) [55][56]. As ESAT has a better
inherent impedance match between the transducer and air, it is usually used

for non-contact ultrasonic testing.

Piezoelectricity is the physical mechanism of a material to generate an electric
potential with a applied mechanical stress, and piezoelectric materials also
have the opposite effect called reverse piezoelectric effect, where the
application of an electrical field creates mechanical deformation of
piezoelectric materials. The transduction from electrical field to the dimension
change of piezoelectric materials is used to generate ultrasound, and that from
the dimension change of piezoelectric materials to electrical pulses is used to

detect ultrasound.



Historically, piezoelectric materials, e.g. piezoelectric crystals, ceramics, polymers,
and composite materials [57][58][59][60][61][62][63][64][65], have been used to
generate and detect ultrasound due to its high electromechanical factor and low cost.
Quartz crystals were the first commercially exploited piezoelectric material [57].
However, when piezoelectric ceramics were introduced, they soon became the dominant
materials for UTs because of their good piezoelectric properties and ease of manufacture
into a variety of shapes and size [58]. Both piezoelectric crystals and ceramics are
nonconformable. Piezoelectric polymer, such as [65][66][67], polyvinylidene fluoride
(PVDF) UTs have become popular in recent years because of their flexibility and better
acoustic impedance match with liquids, polymers, composites, biomaterials and tissues,
but PVDF UTs may not work at HT since PVDF has a Curie temperature (Tc¢) of only
around 100°C. Many different types of piezoelectric composite materials [59][60][63]
[64][67][68] have been investigated for UT applications because of the need for a
combination of desirable material properties that cannot be obtained in signal-phase
materials. Piezoelectric ceramic-polymer composites, combining piezoelectric ceramic
and non-piezoelectric polymer, have been developed for the past three decades, and have
promising ultrasonic performance but may still not be suitable for HT operation due to the

nature of the polymer involved.

Recently piezoelectric sol-gel composites including piezoelectric ceramic powder
and piezoelectric sol-gel solution, instead of non-piezoelectric polymer, have been
reported [27][28][62][63][69]. As the piezoelectric sol-gel composites have good
ultrasonic performance at elevated temperatures, and the capability to be fabricated by
sol-gel spray technique at a curved surface, this type of piezoelectric composite has been

chosen to fabricate HT IUTs and FUTs in this thesis.

1.3 Sol-gel Sprayed Piezoelectric Composite UTs

Sol-gel techniques [70][71][72][73][74] are commonly used for the fabrication of
thin films because of its low capital equipment costs and processing temperatures. A sol

is a solution with materials dissolved into an appropriate solvent, and a gel is formed



when the dissolved materials in the sol form long polymers and span the entire sol. In the
sol-gel process, the sol-gel solution may be coated onto the substrate by dip [73], spin
[70], or spray coating [74]. The solvent in the coated film is removed by a drying process.
A further thermal treatment, firing process [70], is used to transform the gel to an
amorphous ceramic film. An annealing process, an additional thermal treatment with a
higher temperature, is applied to enhance mechanical properties and structural stability.
Coating and thermal treatments are multiplied till the film achieves the desired thickness
which relates to operating frequencies of the UTs [75]. As UTs operate in the thickness
mode, at least a 14 um thick film is required for NDT applications, and it is difficult to
achieve by the sol-gel technique because of added internal stress caused by increased film

thickness.

D.A. Barrow, et al. invented the sol-gel composite technique to fabricate thick
films up to 200 pum [27][76]. In the sol-gel composite fabrication, selected ceramic
powders are added to the sol-gel solution and coated onto the substrate, and then thermal
treatments follow as the same as those used in the traditional sol-gel techniques. The
adding of ceramic powders in the sol-gel solution introduces pores into the composite
film. The porosity of the composite film reduces the ultrasound velocity in the film, and
thus the required film thickness for a desired UT operation frequency. The porosity of the
film also increases the UT frequency bandwidth due to increased ultrasonic loss
(damping) in the film, but deteriorates the piezoelectricity. Kobayashi and Jen further
developed this technology by using spray coating instead of spin coating, and used corona
discharge poling instead of traditional contact poling, and different piezoelectric materials
[28][77]. These improvements enhanced the piezoelectricity of films and enabled the on-
site UT fabrication. The spray coating method may increase the porosity but also increase

the flexibility of the piezoelectric films, and thermal durability.

In sol-gel spray composite film, the sol-gel solution serves as adhesive material not
only among adjacent powders, but also among powders and substrate. Therefore the sol-
gel sprayed composite UTs can be integrated onto substrates and no couplant is required
even at elevated temperatures. Compared with conventional piezoelectric UTs, which

require bulky backing materials to damp the ultrasound and increase the frequency



bandwidth, sol-gel sprayed composite UTs do not need such backing material because of
the porosity of the films. Ultrasonic signals with a broad frequency bandwidth can
achieve improved ultrasonic transit time resolution which is closely related to measured
range, distance or thickness. The lack of the requirements of backing material and
couplants makes sol-gel sprayed composite UTs feasible for the NDT and SHM
applications at elevated temperatures. The sol-gel sprayed composite UTs are also
feasible for the measurements at low temperatures [30]. /n situ ice and structure thickness
monitoring using integrated and flexible UT has been carried out and repored in [82], and
will not be included in this thesis. Such sol-gel sprayed composite UTs are further studied
and improved in this thesis. The intended center operation frequency for NDT and SHM
purposes ranges from several hundred kHz to 40 MHz.

1.4 Mode Conversions of Acoustic Waves

Ultrasonic waves used in NDT and SHM of materials are mechanical (or elastic)
waves, composed of oscillations of discrete particles of material. According to the
relations between the directions of particle movement and wave propagation, and material
geometry, ultrasonic waves are defined as various modes. L waves, in which the particle
movement direction is aligned with the wave propagation direction, are the most widely
used wave mode in ultrasonic NDT because L waves could be generated and received
efficiently by piezoelectric UTs, which have a high electromechanical factor and are low

cost.

S waves, in which the particle movement direction is perpendicular to the wave
propagation direction, is also important in ultrasonic NDT because S wave can not
propagate in liquid or gas, and this feature can be used, for instance, to detect the liquid-
filled or gas-filled small cracks in solid materials with high reflection or scattering
coefficients. S waves are often directly generated by a piezoelectric plate vibrating in a
direction perpendicular to the plate thickness. It is rather difficult to fabricate broadband
MHz S wave UTs for HT operations. Since the mode conversion from L to S wave due to

reflection at a solid-air interface has been reported [78][79], the L wave HT UTs together
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with L-S mode conversion techniques will be developed as HT broadband S wave probes

in this thesis.

1.5 Guided Acoustic Waves

It is known that SAWs and PAWs can be used for NDT and SHM of metals such as
steel and Al alloys in the range of hundreds of mms depending on the attenuation
characteristics of the materials tested. In common practice the L or S UTs and wedges are
used to generate and receive the desired SAW and PAW with the proper mode conversion
inside and through the wedge. There is a requirement of an ultrasonic couplant between
the wedge and the object under test. It is difficult to apply these UTs and wedges on
curved surfaces and, in particular, at HT. Therefore additional purposes of this study are
to develop (a) HT wedges together with HT couplants and (b) integrated transducers
directly coated onto desired parts having planar or curved surfaces without the need of
couplant to generate and receive SAW and PAW for NDT and/or SHM applications at

HT and room temperature.

1.6 Overview of Thesis

Since conventional planar UTs show poor inspection performance on curved
surfaces and at HT, the design, fabrication, evaluation, and application of IUTs directly
coated onto desired metallic structures for NDT and SHM applications at HT and room
temperature environments are one major study of this thesis. I[UTs have the merit to be
possibly fabricated on-site. In addition, the design, fabrication, evaluation and application
of FUTs, which may be bonded onto structures of complex shapes, are another major
investigation direction. FUTs may be fabricated in mass volume in the lab or factory, and
have the very attractive on-site installation capability by using permanent or temporary

gluing and bonding techniques.

This study will use the IUTs and FUTs fabricated by the sol-gel spray techniques,

mode conversion methods, HT L wave, S wave, SAW, and PAW UTs to demonstrate
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potential local and global NDT and SHM applications for aerospace industry. Two non-
contact techniques, one using laser generation of ultrasound and IUTs as receivers of
ultrasound, and other using induction-based ultrasonic measurements, will be explored for

such demonstration as well.

In Chapter 2, sol-gel sprayed piezoelectric composite films as HTUTs are
presented. Three different types of piezoelectric powders will used, and the maximum
working temperature can be up to 800°C. The fabrication processes and ultrasonic
performances of two types of HT UTs, e.g. IUTs and FUTs, will be also described. Metal
membranes and polyimide membranes of thickness 38 um, 50 pm, or 78 um, will be used
as the substrates of FUTs. Besides metallic materials, light weight Gr/Ep composite
laminates, which are recently becoming the materials of choice for aerospace structures to

reduce the fuel consumption, will be examined by IUTs and FUTs.

In Chapter 3, using acoustic mode conversion and L wave IUTs and FUTs,
ultrasonic S wave probes, L and S wave probes and L and two orthogonally polarized S
wave probes which are able to operate at temperatures up to around 350 °C, will be
presented. The energy mode conversion efficiencies for all bulk wave mode conversion
experiments will be evaluated. The measurements of temperature, Young’s modulus,
shear modulus, Poisson’s ratio, material anisotropy and thickness of materials or

manufactured parts at elevated temperatures will be demonstrated or discussed.

Chapter 4 demonstrates HT piezoelectric SAW and PAW UTs using acoustic mode
conversion and IUTs and FUTs. A preliminary comparison between symmetrical, anti-
symmetrical and shear horizontal (SH) PAWs for NDT and SHM of metal plates will be
made from study. Each guided acoustic wave mode in plates used for the experiments
will be identified by using the theoretically calculated dispersion curves comparing with
the experimentally measured group velocities. The generation and detection of guided
acoustic waves for NDT using HT wedges will be also presented. In this Chapter
analytical analysis of the coupling coefficient from the S waves in the wedge to the SH
PAWs in the plate will be presented. Additional types of guided acoustic wave

transducers using mechanical gratings together with mode conversion will be also given
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in this chapter. HT interdigital transducers (IDTs) fabricated by sol-gel spray technique
will be also introduced in this chapter to generate and detect SAW and PAW. Several
experimental results to verify the guided acoustic wave NDT capability will be compared
with the numerical simulation results carried out by commercially available software

based on a finite difference method.

In Chapter 5, two types of non-contact ultrasonic measurement techniques will be
introduced. One is using laser to generate ultrasound and using IUTs as ultrasonic
receivers. Using this technique the demonstration will be carried out at room temperature
and 400°C. NDT of bonded composite patches on Al beams will be also presented as one
potential application. The other type of non-contact ultrasonic measurement technique
using the induction-based method will be also introduced. The measurement setup and

ultrasonic performance of IUT on a rotated part will be shown.

Finally, the conclusions and claims of originality of this study, and future works,

will be presented in Chapter 6.
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CHAPTER 2

SoL-GEL SPRAYED COMPOSITE FILMS AS HTUTS

Two types of HTUTs made of sol-gel sprayed thick (> 14 pm) piezoelectric
composite films [27][28] are presented. Piezoelectric powders to be used are PZT, BIT
and LiNbO; which have Tc¢ of 350°C, 675°C and 1210°C, respectively. One type is that
these films are directly deposited onto the parts to be tested, and called IUTs [28]. Such
IUTs do not require an ultrasonic couplant. In certain situations parts or structures to be
tested cannot be exposed to HT generally used during certain fabrication procedures of
the IUT. In such cases another type of HTUTs, named FUTs, can be fabricated off-line
and applied with a HT ultrasonic couplant between the FUT and the object to be tested.
FUTs are that piezoelectric films are coated onto thin substrates such as 75 pm thick

stainless steel (SS) or titanium (Ti) membranes or 50 um thick polyimide membranes.

Corrosion and erosion are general safety concerns for metallic parts and structures.
In particular, stress corrosion cracking, corrosion pitting and exfoliation corrosion are
commonly found in aircraft structures [80][81]. There is a critical need to perform in situ
quantitative thickness measurements to determine the degree of corrosion and erosion and
provide correlation to component’s remaining useful life time. One of the objectives in
this chapter is to develop HT IUTs and FUTs having good ultrasonic performance in
pulse-echo mode which only requires one side access, so that corrosion or erosion can be
detected clearly and high thickness measurement accuracy can be obtained at HT [82].

Since composite materials such as Gr/Ep laminates are becoming the materials of choice
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for aerospace and other transportation structure because of the high strength to weight

ratio, NDT and SHM of these materials will also be performed.

Another objective of this chapter is to fabricate HT IUT onto one end of an
ultrasonic delay line (or buffer rod) [83][84][85], and use the probing end (opposite to the
IUT end) to perform at temperatures which can be higher than the maximum temperature
of the HT IUT. The evaluation of the ultrasonic strength of all IUTs and FUTs in this
chapter will be based on commercially available pulser-receiver devices EPOCH LT
which is nearly daily used in the NDT industry, or Panametrics 5072PR which is
commonly used in NDT lab. In all experiments performed in this thesis the excitation
pulses generated by EPOCH are negative 100 V(olts) spike pulses with a pulse width of
34 ns, and negative 120 V spike pulses with a pulse width of 37 ns for Panametrics
5072PR. The bandwidth of the receiver of EPOCH LT and 5072PR are 20 MHz and 35
MHz, respectively. Besides these two pulser-receiver devices, Panametrics 5073PR will
be used for the 40 MHz IUT evaluation only in this chapter because a short pulse width
(6.2 ns for 5073PR) and a broad bandwidth receiver (75 MHz for 5073PR) are required
for IUTs of high operation frequency. For convenience in the measurements at HT, the
electrical contacts during the majority of the measurements will be obtained using a
spring-loaded two-pin probe. However, reliable connections will be carried out and

presented for certain samples.

2.1 Sol-Gel Spray Fabrication Process

The sol-gel based UT fabrication process consists of six main steps [27][28][29]:
(1) powders and solution preparation, (2) mixing and ball milling, (3) spray coating, (4)
heat treatment, (5) electrical poling, and (6) top electrodes fabrication. Steps (3) and (4)
are used multiple times to produce optimal film thickness for specified ultrasonic
operating frequencies. The flow chart of the general fabrication process is shown in
Figure 2-1. The fabrication process was firstly reported by Barrow, ef al [27], and further
developed by Kobayashi and Jen [28][77], but in this thesis induction heating is
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introduced during the heat treatment process (4) to improve ultrasonic performance and

reduce fabrication time of the sol-gel sprayed composite films.

Powders and Solution Preparation

Mixing and Ball Milling

!

Spray Coating

A

Heat Treatment

'

No

Desired Thickness

Electrical Poling

!

Top Electrodes Fabrication

Figure 2-1 Flow chart of sol-gel based UT fabrication process

2.1.1 Step 1: Powders and solution preparation

Three piezoelectric powders, PZT, BIT and LiNbO;, which have T¢ of 350°C,
675°C and 1210°C, respectively, and high dielectric constant PZT solution are selected in
this thesis to fabricate HTUTs. High dielectric constant PZT solution acts as bonding
material among piezoelectric powders, and between powders and substrates. As the PZT
solution has high dielectric constant, most of the voltage applied across the piezoelectric
films of the IUTs or FUTs will fall onto the piezoelectric powders and enable efficient
ultrasonic performance. Most piezoelectric materials operate up to one half of their Tc¢ but
some can function up to a higher degree due to their specific phase diagram. At
temperatures above the T¢ of PZT solution the piezoelectric strength of the composite

film entirely depends on the powders of the film. Therefore piezoelectric powders BIT
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and LiNbO; which have high T are chosen in this thesis for NDT or SHM at
temperatures higher than 150°C when PZT starts to lose or reduce its piezoelectricity.

Figure 2-2 shows the purchased piezoelectric powders and the sol-gel made in the lab.

Figure 2-2 Piezoelectric powder and prepared sol-gel solution before mixing. The first

step of sol-gel based UT fabrication process shown in Figure 2-1.

2.1.2 Step 2: Mixing and ball milling

To ensure a homogeneous composite film, piezoelectric powders need to be of
small sizes and dispersed uniformly in sol-gel solutions. Small particle size and
appropriate powder concentration should be used to obtain a good quality composite film.
The powders and solution have a selective amount ratio for mixture depending on the
desired properties such as piezoelectricity, flexibility, the thickness of the film, and the
bandwidth of the UT. Based on the concept of composite materials, the composite
material is called as powder composite (POWDER-c) in this thesis. For instance, PZT
composite (PZT-c) represents PZT powders with PZT solution, and BIT-c and LiNbOs;-c
represent BIT powders with PZT solution and LiNbO; powders with PZT solution,
respectively. Ball milling is a grinding and mixing method to realize fine powders of
diameters of less than 1 um, and to enhance the uniformity of powder dispersion in the
sol-gel solution. The length of time required for ball milling depends on the purchased
particle size and the desired particle size of the piezoelectric powders.The larger the
purchased particle size, the longer the ball milling time required. A picture of one

homemade ball milling machine is shown in Figure 2-3.
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Figure 2-3  Ball milling of the mixture of powder and sol-gel solution in Figure 2-2. The

second step of sol-gel based UT fabrication process shown in Figure 2-1.

2.1.3 Step 3: Spray coating

Slurries well mixed from Steps 1 and 2 are coated onto the substrate by a spray
coating method to produce a layer of wet slurry film with a thickness between 5 and 20
um. Compared with other coating methods, spray coating has capability to coat
composite films onto substrates in various size, shape, and weight, and onto narrow or
small size locations such as edges of thin metallic plates. In this study, well-mixed
composite slurries are sprayed onto the substrate surface using a small and light weight
air brush, as shown in Figure 2-4. As the spray coating is performed at room temperature,
paper, plastic tape or metal foil can be used as masks to fabricate films in the desired
areas and shapes. Several parameters of the spray coating, including air pressure, distance
between the air brush nozzle and substrate surface, moving speed of the air brush, coating
angle, and coating times, will affect characteristics such as porosity and piezoelectricity
of the sprayed film and need to be controlled and optimized. With multiple coatings, film
thicknesses range from 14 to 125 um in this investigation, and up to 200 um in refs. [26],
[27] and [28]. Films of thickness less than 14 pm or larger than 200 um may be also
achieved by the spray technique. It is noted that all film thicknesses are measured by
micrometers in this thesis. Spray coating used in this thesis produces porous film, which
results in, for example, broadband UTs but also reduces piezoelectric strength of UTs.

Such phenomenon will be further explained later in the thesis.
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Figure 2-4 Spray coating operation by hand using an air brush. The third step of sol-gel
based UT fabrication process shown in Figure 2-1.

2.1.4 Step 4: Heat treatment

Heat treatment is a crucial step for the slurry to become a solid composite film in
which PZT films transformed from the gel portion realize their high dielectric constants.
It affects the piezoelectricity of the PZT-c film because PZT powder and PZT films
solidified by the gel can both function as piezoelectric films under 150°C. In this thesis,
heat treatment is divided into two steps: drying and annealing. Drying is carried out at
around 120°C to evaporate water and solvent inside the composite slurry. Annealing is
normally done at around 650°C for the film to crystallize. However, sometimes a
temperature of 650°C can harm or oxidize the substrate, so a lower temperature was
applied in certain cases to be specified later. Heat treatment of lower annealing
temperature will produce composite films with lower dielectricity, and normally with
lower piezoelectricity. Besides the annealing temperature, the annealing speed will also
affect the ultrasonic performance of the composite film. Rapid annealing can produce
denser films with higher ultrasonic frequencies and higher ultrasonic signal strengths.
However, it will reduce the flexibility of the composite film. Induction heating, as shown
in Figure 2-5, is the rapid annealing apparatus used in this thesis. This may be the first
time in the literature to use induction heating for the heat treatment of sol-gel spray
fabrication process of composite films. The other apparatuses for heat treatments applied
in this thesis are hot plates, furnaces, propane torches, and heat guns. The induction
heatings used in this study focus on localized heating and only near the substrate surface.
It takes a short time to reach the desired temperature of the substrate to be coated with

piezoelectric composite film. A temperature controller is used to maintain the temperature
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in a certain period of time; then the heating is turned off. Due to localized heating, the

require time to cool the sample for the next spray is greatly reduced.

Induction
_Heating
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Figure 2-5 Heat treatment by induction heating. The forth step of sol-gel based UT

fabrication process shown in Figure 2-1.

2.1.5 Step 5: Electrical poling

Electrical poling is a step to induce piezoelectricity for polycrystalline piezoelectric
film by applying high electric field at a temperature near but lower than the T¢ of the
powder material. A corona poling technique is used in this thesis; however, a few
composite films were poled by traditional poling for comparison purposes. Corona
poling, as shown in Figure 2-6, applies a high DC positive voltage to a sharp needle, and
then corona discharge is generated by strong electric fields associated with the needle.
During corona poling, positive ions produced by electron impacts are transported to the
grounded metal plate, so that the corona discharge from the sharp needle is sprayed onto
the top surface of the film and creates a strong electric field on it. Corona poling can be
applied to large and curved areas, and the composite film [UTs or FUTs can be figured
flexibly by fabricating top electrodes after the poling. As no electrode on the surface of
the film is required during corona poling, there will be no electric shorting at weak spots,
such as locations of composite films having too thin thickness or too high porosity or
both, compared with traditional poling. In traditional poling, a high electric field is
applied across the top and bottom electrodes sandwiching the piezoelectric film, and

dielectric breakdown occurs sometimes at weak spots of the film. A few samples poled by
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traditional poling will be described in the later part of this chapter, and all other samples
in this thesis without special notes were poled by corona poling. The important
parameters for corona poling are the shape of the needle, poling temperature, poling time,
electric field, and the distance between the needle and composite film. No top electrode
required during corona poling offers a unique advantage providing convenience and
flexibility to fabricate top electrode with specific patterns, in particular, for array

configuration.

Needle

Connected
To High
Voltage
DC Power

Figure 2-6 Corona poling using a sharp needle with a high DC voltage. The fifth step of

sol-gel based UT fabrication process shown in Figure 2-1.

2.1.6 Step 6: Top electrodes fabrication

For IUTs or FUTs, ultrasound waves are generated by applying electric voltage
across the top and bottom electrodes which sandwich the piezoelectric composite film.
When the piezoelectric composite films are fabricated on metal substrates, which
comprise most of the cases in this thesis study, the metal substrates can serve as bottom
electrodes, and only top electrodes are needed to be fabricated. Colloidal silver, silver
pastes, platinum pastes, and aluminum, are used to fabricate top electrodes in this study
by spraying, painting, pasting, or vacuum deposition. The silver top electrode can work
well at temperatures up to 300°C and platinum one up to 800°C. As the active areas of

IUTs or FUTs are defined by electrodes, a transducer array or an IDT, as shown in Figure
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2-7, can be conveniently achieved by suitable top electrode configuration with

appropriate masks made of paper, plastic or metallic foils.

Figure 2-7 Top electrode of IDT configuration made by colloidal silver spray. The sixth
step of sol-gel based UT fabrication process shown in Figure 2-1.

2.2 Fabrication and Ultrasonic Performance of IUTs on
Metal Substrates

In this section piezoelectric PZT-c, BIT-c and LiNbOs-c films which will operate at
temperatures up to 150°C, 400°C and 800°C will be presented.

2.2.1 IUTs made of PZT-c films for applications at temperatures
up to 150°C

Figure 2-8 shows an IUT made of a 62 um thick PZT-c film deposited onto a 12.7
mm thick steel plate and measured by a handheld EPOCH model LT pulser-receiver
(from Olympus-Panametrics, USA) at room temperature. The highest heat treatment of
the sample in a furnace was 650°C. This particular type of handheld device is used daily
for NDT in industrial environments and has dimensions of 238 ¢cm by 138 cm by 38 mm
and a weight of 1 Kg. EPOCH LT are mainly used by NDT industrial engineers. It does
not have the functionality of signal averaging and filtering and only displays raw

ultrasonic measurement data. Performance levels which will be demonstrated on this
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handheld device with the fabricated IUTs on flat and curved surfaces help to demonstrate
the applicability of such IUTs under current industrial NDT and SHM settings. It is noted
that in this thesis all the ultrasonic measurements performed by this EPOCH LT will use
the excitation pulses of negative 100 V spike pulses with a pulse width of 34 ns even
though larger voltage spike pulses can be generated by this device. A typical value of ds;3
measured for the PZT-c film on steel substrates is 30 x 10" m/V, the K, 0.2, the relative
dielectric constant 320, the density 4400 kg/m’ and the L wave velocity 2200 m/s [77].
The porosity of the piezoelectric films, which are controlled during film fabrication
mentioned in Section 2.1., achieves the frequency bandwidth of the IUTs to be presented.
It means that IUTs presented here do not need backing which may be bulky and not
convenient for curved surfaces, in particular, at HT, to broaden the frequency bandwidth.
Figure 2-9 shows a typical scanning electron microscope picture of a PZT-c film. This
picture demonstrates that the average sizes of the PZT powders are sub-micron. Certain

porosity exists in the composite film which is desired in NDT applications.

L": nth trip echo
through the thickness

PZT-c IUT

Figure 2-8 Measurement setup for an IUT made of PZT-c film using an EPOCH LT in

pulse-echo mode.
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Figure 2-9 SEM image of PZT-c film made by sol-gel spray

The diameter of the silver paste top electrode of this IUT was 5 mm which
achieved the maximum signal strength in pulse-echo mode for this PZT-c film at room
temperature. It is noted that the diameters of the top electrodes of IUTs throughout the
studies were chosen so that the electrical impedance of the IUT can suitably match to that
of the pulser/receiver used. The measured ultrasonic data in pulse-echo mode is also
presented in Figure 2-10, where L" is the nth trip L echo through the plate thickness. The
center frequency and the 6 dB bandwidth of L? echo are 14.6 MHz and 14.0 MHz
respectively. In Figure 2-8 the pulse energy used (100 V negative pulses with a pulse
width of 34 ns) was the lowest available from the EPOCH LT and 0 dB gain (i.e. no
amplification) out of the available 100 dB receiver gain was used. The signal-to-noise
ratio (SNR) of the L? echo is 46 dB. The SNR is defined as the ratio of the amplitude of

the first echo (here L?) over that of the surrounding noises.

2.2.1.1 Performance comparison between PZT-c film IUTs and commercial
UTs at room temperature

When commercial broad bandwidth UTs with a center frequency at 5 MHz and 10
MHz are used at the other side of the steel plate shown in Figure 2-8 together with the
necessary commercially available ultrasonic couplant, as shown in Figure 2-11, the
measured results are shown in Figure 2-12(a) and Figure 2-12 (b), respectively, where L"
is the nth trip L echo through the plate thickness. The receiver gains used by the EPOCH
pulser/receiver were 2 dB and 4.5 dB, respectively. These show that while using the

EPOCH LT, the signal strength of the IUT shown in Figure 2-10 was at least as good as
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those of the two commercially purchased broadband UTs. The center frequency and the 6
dB bandwidth of L? echo in Figure 2-12 (a) are 5.5 MHz and 5.3 MHz and those in Figure
2-12 (b) are 8.7 MHz and 8.1 MHz, respectively. Figure 2-12 indicates that the
bandwidth of the commercial broadband width UTs is higher than that of the IUT shown
in Figure 2-8. Further comments on the sufficiency of the bandwidth of IUTs for certain

NDT and SHM applications will be given in the next sections.
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Figure 2-10 Measured ultrasonic data for the setup in Figure 2-8 in (a) time and (b)

frequency domain.

PZT-c IUT
No Couplant __ !
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Broad band UT

Figure 2-11 Measurement setup of commercial UTs in pulse/echo mode at the opposite

surface of the steel plate coated with IUT shown in Figure 2-8
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Figure 2-12 Measured ultrasonic signals of commercial UTs with a center frequency of (a)
5 MHz and (b) 10 MHz operated in pulse/echo mode at the opposite surface of

20

the steel plate coated with IUT shown in Figure 2-8.

2.2.1.2 IUT array configuration

As mentioned in Section 2.1.6 that the active areas of IUTs are defined by the top
electrodes, IUT array can be configured flexibly by fabricating top electrodes after the
corona poling. Figure 2-13 shows an IUT array made of a 71 um thick PZT-c film
deposited onto a 12.7 mm thick steel plate. The array was configured by five silver top
electrodes with the diameters of 0.31 mm, 0.65 mm, 0.85 mm, 1.21 mm and 5.5 mm. The
measured signals in the time domain of this UT array are shown in Figure 2-14, where L"

is the nth trip L echo through the steel plate thickness.

Figure 2-13 PZT-c IUT with array configuration. The top electrode of IUT_1, IUT_2, IUT_3,
IUT_4 and IUT_5, are 0.31 mm, 0.65 mm, 0.85 mm, 1.21 mm and 5.5 mm in

diameter, respectively.
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Figure 2-14 Measured ultrasonic signals of the array configuration PZT-c IUT shown in
Figure 2-13. (a) is the signals in time domain from IUT_1, (b) IUT_2, (c) IUT_3,

(d) IUT_4 and () IUT_5.

Because the design operation frequency of this IUT array was around 11 MHz,

IUT 5 with the top electrode of 5.5 mm diameter shown in Figure 2-13, achieved the
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maximum signal strength in pulse-echo mode at room temperature with the SNR of 45
dB. The signal strengths of the other IUTs having a smaller size of top electrodes than 5.5
mm diameter were weaker than IUT 5, but they still had good SNRs. The SNRs of
IUT 4, IUT 3,IUT 2 and IUT 1, are 43 dB, 42 dB, 31 dB and 27 dB, respectively. The
signal strength of UT4, UT3, UT2 and UTI, are 20.6 dB, 28.2 dB, 38.5 dB, 57.8 dB,
respectively, smaller than the one of IUT 5. More discussion about the optimum size of
the top electrode was reported in [28], but basically the IUTs having higher operation

frequency have smaller optimum size of top electrodes.

50.8 mm
IUT 1 IUT 3 |

A

(a) (b)
Figure 2-15 (a) IUT array having the center frequency of 40 MHz. (b) IUT array with
connection.

Figure 2-15 (a) shows an IUT array with a small optimum size of top electrodes,
because its high operation frequency of 40 MHz. Five | mm by 2 mm top electrodes were
fabricated on a 14 pm thick PZT-c film. Five insulated wires with 0.5 mm diameter were
connected from the five top electrodes to a ten-pin connector glued on the edge of the Ti
plate, and the other five insulated wires were connected from the ten-pin connector to the
Ti plate which works as IUT bottom electrode. Then five BNC connectors were
connected from the other side of the ten-pin connector through five coxial cables. The
IUT array with connections was shown in Figure 2-15 (b). Ti plate, instead of steel, with
the thickness of 6.7 mm was chosen because some aerospace materials are made of Ti. In
order to generate and receive high frequency ultrasound, Panametrics 5073PR which can
generate negative 85 V excitation pulses with a pulse width of 6.2 ns and have 75 MHz
receiving bandwidth was used. The measured signals in pulse-echo mode of IUT 1 in

time and frequency domains were shown in Figure 2-16 where L" is the nth trip L echo
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through the Ti plate thickness. The SNR of the L* was 30.7 dB. The measured signals of

the other IUTs were similar with IUT 1 and were not shown here.
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Figure 2-16 Measured ultrasonic signals in pulse-echo mode in (a) time and (b) frequency

domain.

The results here show IUT array may be easily achieved by making an array
configuration in the sol-gel spray fabrication process. Top electrode size will affect the
IUT performance. The ultrasonic signal strength variation due to the top electrode size
changing from 5.5 mm into 0.31 mm diameter reaches 57.8 dB. Therefore the top
electrode size should be optimized according to the IUT operation frequency. An array
IUT with ~40 MHz center operation frequency was demonstrated by five small top
electrodes (1 mm by 2 mm) on a sol-gel sprayed PZT-c film (14 pm thick). It is noted
that in Section 2.3.3, a FUT array with a 2.6 MHz center operation frequency will be
demonstrated by five top electrodes of average 11 mm diameter on a sol-gel sprayed 120
um thick PZT-c film. Therefore these PZT-c film IUTs or FUTs fabricated by the sol-gel
spray technique can operate from a center frequency of 2.6 MHz up to 40 MHz.

2.2.1.3 Performance of PZT-c IUTs at 150°C

An IUT made of a 90 um thick PZT-c film and deposited onto a 12.7 mm thick
steel plate and measured by a handheld EPOCH LT pulser-receiver at 156°C is shown in

Figure 2-17. The highest heat treatment temperature for this sample in the furnace was
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650°C. The diameter of the silver paste top electrode of this [UT was 6.0 mm, which was
optimized for room temperature applications. In Figure 2-18 L" is the nth trip L echo
through the steel plate thickness. The SNR of the L? echo at 156°C is 28 dB. In this
measurement at 156°C 9.9 dB gains out of the available 100 dB receiver gain was used.
This result indicates that this L wave IUT is efficient. At 156°C the center frequency and
the 6 dB bandwidth are 8.0 MHz and 7.8 MHz respectively.
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Figure 2-17 Measurement setup for an IUT made of PZT-c film at 156°C using an EPOCH
LT.
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Figure 2-18 Measured ultrasonic data in pulse-echo mode at 156°C in (a) time and (b)

frequency domain.
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It is noted that PZT-c IUT can function up to at least 150°C. #375 thermal cycles of
such IUTs have been carried out. Each thermal cycle consisted of 5-10 minutes heating
from room temperature to 150°C, 30 minutes remaining at 150°C and 10 to 30 minutes
cooling from 150°C to room temperature. There was no deterioration of the ultrasonic
performance after these cycles. It means that the adhesion between the PZT-c film and the
steel substrate is strong even though their thermal expansion coefficients have a large
difference. #200 hours of electrical fatigue testing with 1 kHz pulse repetition frequency
(PRF) of 125 V p-p excitation pulses on a PZT-c film IUT was performed, and there was

also no deterioration of the ultrasonic performance.

2.2.2 IUTs made of BIT-c film for applications at temperatures up
to 400°C

An IUT made of a 79 pm thick BIT-c film and deposited onto a 12.7 mm thick
steel plate which is the same as the one used in Section 2.2.1 and measured by the
EPOCH LT at 400°C as shown in Figure 2-19. The BIT-c film was made by sol-gel spray
fabrication process as described in Section 2.1. The highest heat treatment temperature for
this sample in a furnace was also 650°C. The dimension of the top rectangular silver paste
electrode of this IUT is 8.0 mm by 8.0 mm. At 400°C 47.4 dB out of the available 100 dB
receiver gain of EPOCH LT was used for producing the L* echo reflected form the end of
the substrate. The measured ultrasonic data at 400°C in pulse-echo mode after passing
through a high pass filter is presented in Figure 2-20 (a) for time domain and in Figure
2-20 (b) for frequency domain, where L" is the nth trip L echo through the steel plate
thickness. At 400°C the center frequency and the 6 dB bandwidth of L* echo are 5.5 MHz
and 4.6 MHz respectively, and its SNR is 23 dB. It is noted that BIT-c IUT can function
up to at least 500°C [28]. However, when above 200°C the contribution of the
piezoelectricity mainly comes from BIT powders and not from PZT film solified from the
PZT sol-gel. #375 thermal cycles of such IUTs have been carried out. Each thermal cycle
consisted of 15 minutes heating from room temperature to 400°C, 30 minutes remaining
at 400°C and 20 to 45 minutes cooling from 400°C to room temperature. There was no
deterioration of the ultrasonic performance. It also means that the adhesion between the

BIT-c film and the steel substrate is strong even though their thermal expansion
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coefficients have a big difference. #1500 hours of electrical fatigue testing with 1 kHz
PRF of 125 V p-p excitation pulses on a BIT-c film IUT was performed, and there was
also no deterioration of the ultrasonic performance. The measured relative dielectric
constant of the BIT-c film was about 80. The d;; measured by an optical interferometer

was 10 x 10" m/V [77].

Figure 2-19 Measurement setup for an IUT made of BIT-c film at 400°C using an EPOCH

LT.
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Figure 2-20 Measured ultrasonic data in pulse-echo mode at 400°C in (a) time domain and

(b) frequency domain.
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2.2.3 IUTs made of LINbOs-c film for applications at temperatures
up to 800°C

Figure 2-21 shows an IUT made of a 125 pum thick LiNbOs-c¢ film and deposited
onto a 25.4 mm diameter 26.3 mm long Ti rod and measured by the EPOCH LT at room
temperature, and the measured ultrasonic data in pulse-echo mode is shown in Figure
2-22. The Ti rod is chosen because of less oxidation at temperatures higher than 500°C.
The heat treatment procedures used here are different from the one used in Sections 2.2.1
and 2.2.2. A specially designed induction heating device, as shown in Figure 2-5, was
developed to perform the local heat treatment. The maximum temperature is higher than
700°C. The dimensions of the square top platinum paste electrode of this IUT are 10 mm
by 10 mm. The heating setup of an IUT made of LiNbOs-c film using a propane gas torch
is shown in Figure 2-23, and the measured ultrasonic data at 800°C in pulse-echo mode
after passing through a high pass filter is shown in Figure 2-24 where L" is the nth trip L
echo through the Ti rod length. The center frequency and the 6 dB bandwidth of the L*
were 4.4 MHz and 3.2 MHz, respectively. At 800°C 90.0 dB out of the available 100 dB
receiver gain of EPOCH LT was used for producing the L* echo reflected from the end of
the rod. The SNR of the L? echo at 800°C is 20.3 dB. It is noted that LiNbOs-c IUT can
function at even more than 800°C and its relative dielectric constant is ~2. Ten thermal
cycles of such IUTs from room temperature to 800°C were performed using a gas torch
heating method. Each thermal cycle had a total duration of 40 minutes. There was no
deterioration of the ultrasonic performance after ten cycles. It also means that the
adhesion between the LiNbOs-c film and the Ti substrate is strong even though their
thermal expansion coefficients have a large difference. #1000 hours of electrical fatigue
testing with 1 kHz PRF of 125 V p-p excitation pulses on a LiNbO;-c film IUT was

performed, and there was also no deterioration of the ultrasonic performance.
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Figure 2-21 Measurement setup for an IUT made of LiNbOs-c film at room temperature
using an EPOCH LT.
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Figure 2-22 Measured ultrasonic data at room temperature in (a) time domain and (b)

frequency domain.
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Figure 2-23 Heating of a LiNbOs-c IUT at temperatures up to 800°C.
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Figure 2-24 Measurement data of an IUT made of LiNbOs-c film in pulse-echo mode at

800°C in (a) time domain and (b) frequency domain.

2.2.4 Performance comparison of IUTs made of PZT-c, BIT-c and
LiNbOs-c films

Figure 2-25 (a) and Figure 2-25 (b) show the signal strength variation and SNRs,
respectively, of one PZT-c film IUT on a steel plate, one BIT-c film IUT on a steel plate
and one LiNbOs-c film IUT on a Ti rod in pulse-echo mode at different temperatures
using an EPOCH LT. Figure 2-25 (b) indicates that IUTs made of PZT-c, BIT-c and
LiNbOs-c¢ films mentioned above have SNR more than 45 dB, 23 dB and 20 dB,
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respectively at all temperatures displayed. Their signal strengths and SNRs may be
sufficiently strong for many NDT and SHM applications.
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Figure 2-25 (a) Signal strength variation and (b) SNR of PZT-c film on steel, BIT-c film on
steel and LiNbOs-c film on Ti in pulse-echo mode at different temperatures
using an EPOCH LT.

2.2.5 IUTs deposited onto clad buffer rods

As mentioned in the beginning of this chapter, another objective of this study was
to deposit HT IUT onto one end of a long ultrasonic delay line (or buffer rod)
[83][84][85], the probing end (opposite to the IUT end) can perform NDT at temperatures
even higher than the maximum temperature of the HT IUT (e.g. 800°C). Figure 2-26 (a)
presents IUTs made of ~106 pm thick PZT-c film and deposited onto two clad steel
buffer rods [84][85] measured by an EPOCH LT system. The temperature at the [UT end
is 151°C and that at the other rod end (probing end) is 182°C. The heat treatment
procedures used here are also different from the one used in Section 2.2.1 and Section
2.2.2. A specially designed induction heating device, as shown in Figure 2-5, was
developed to perform the local heat treatment and the maximum temperature was higher

than 700°C.

36



12.7mm 25.4mm
Cre ia.

Core Dia. I

L

Figure 2-26 Measurement setup for an IUT made of PZT-c film at 150°C using an EPOCH
LT.
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The clad steel buffer rod [84][85] consists of a steel core and a stainless steel (SS)
cladding made by a thermal arc spray process. As shown in Figure 2-26 (b) the clad steel
rod shown on the left has a core diameter of 12.7 mm and another shown on the right has
a core diameter of 25.4 mm. Both rods have ~1 mm thick SS cladding and a length of 102
mm. The clad steel rod is chosen because of its high SNR, in particular, in pulse-echo
mode which provides advantages for in-line ultrasonic monitoring of industrial material
manufacturing such as polymer extrusion [86] and molten metal processes [85]. The
diameter of the silver paste top electrode of the IUT is 6.5 mm and 7.0 mm, respectively,
on the small and large diameter. When the IUT was at room temperature, 50°C, 100°C
and 150°C, only 5.0 dB, 5.5 dB, 7.1 dB and 10.1 dB gain, respectively, out of the
available 100 dB receiver gain were used for the small diameter clad steel rods for
producing the same signal strength of the L? echo reflected from the end of the rod. L" is
the nth trip L echo through the rod length. At the probing end (the rod end opposite to the
IUT) the measured temperature was 182°C which is 31°C higher than 151°C. It is noted
that the length of the probe can be made much longer because of the high signal strength
of the IUT and SNR, the temperature at the probing end can be much higher than 151°C.
For the large diameter clad buffer rod IUT at room temperature, 50°C, 100°C and 150°C
18.0 dB, 18.1 dB, 18.3 dB and 20.0 dB gains, respectively, were used. The relative

dielectric constants of the IUT for small and large diameter clad rods are 290 and 190,
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respectively. The difference between the relative dielectric constants of the PZT-c
deposited on the clad rods shown in Figure 2-26 (b) and that of the steel plate shown in
Figure 2-17 comes from the different heat treatment procedures. The measured ultrasonic
data at 150°C in pulse-echo mode for the small and large diameter rods shown in Figure
2-26 (b) are shown in Figure 2-27 (a) and Figure 2-27 (b), respectively. At 150°C the
center frequency and the 6 dB bandwidth of the L? echo were 7.0 MHz and 5.9 MHz,
respectively for the small diameter rod and 6.8 MHz and 3.7 MHz, respectively for the
large diameter rod. The SNRs of the L* echoes for IUTs at 150°C are 26 dB and 30 dB,
respectively, for the small and large diameter clad rods. In Figure 2-27 (b) the reason of
the amplitude of L® echo is larger than that of L* echo is due to the diffraction effect.
Figure 2-27 (a) and Figure 2-27 (b) confirm that PZT-c IUTs have attractive performance
at 150°C. It is expected that these IUTs deposited onto these clad steel rods will perform
the same during thermal cycles as the PZT-c film coated onto steel substrate as mentioned

in Section 2.2.1.
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Figure 2-27 Measured ultrasonic data of IUT at 150°C in pulse-echo mode for (a) small

and (b) large diameter clad steel rod shown in Figure 2-26 (b).
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2.2.6 Thickness measurement accuracy estimation

As mentioned at the beginning of this chapter, corrosion monitoring is an important
NDT application. Therefore an example of the thickness measurement accuracy at high
temperatures is presented here using the two clad steel rods shown in Figure 2-26 (b). The
clad steel rod may represent thick steel samples. The temperature at the IUT side is 151°C
and that at the other end of the rod is 182°C. Assuming these two clad rods are under a
constant temperature of 150°C, Eq. 2-1 (Eq. 19 in reference [87]) is used here for the
estimation of the measurement accuracy for the time delay and then length of the clad
steel rod using IUTs, where f, is the center frequency, 7 the time window length for the
selected echoes, e.g. L? and L*, for the cross correlation, B the fractional bandwidth of the
signal (the ratio of the signal bandwidth over f;), p the correlation coefficient used in
cross correlation, SNR; and SNR, the SNR of the st echo (e.g. L* in Figure 2-27 (a) and
Figure 2-27 (b) for small and large clad rod) and 2nd echo (e.g. L'inF igure 2-27 (a) and
Figure 2-27 (b) for small and large clad rod), respectively, o(Af - Af’) the standard
deviation of the measured time delay (Az the true time delay; A#’ the estimated time
delay), and ¥V, (5884 m/s) the measured L wave velocity in the steel core. Since a
sampling rate of 100 MHz is used in the experiment, with the use of cross correlation
method including interpolation [11] the time measurement error which may be
additionally introduced is estimated to be around 2 ns. The best estimated rod length
measurement accuracies (assuming under the constant temperature of 150°C) for small
and large clad steel rods with a length of 102 mm using the above parameters given in
Table 2-1 are 32 pm and 40 pum, respectively. This evaluation demonstrates that IUTs
having broad bandwidth and high SNR can be used for accurate corrosion or erosion

evaluation which may be in certain aspects considered as a thickness reduction.

o(At-Ar)> |—— 33 LZ 1+ 12 1+ 12 -1
2/27°T(B* +12B)| p* | SNR SNR? o)

39



Table 2-1: Parameters for Eq. 2-1 and digitization resolution.

Parameters Small dia. Buffer Rod Large dia. Buffer Rod
@ 150°C @ 150°C
fo 7 MHz 6.8 MHz
T 0.6 ps 0.6 us
B 5.9/7 3.7/6.8
2, 0.68 0.7
SNR, 26 dB 30dB
SNR, 19 dB 25dB
o(At—At") 9.0 ns 11.7 ns
Digitization resolution (100 MHz) together
with interpolation 20 20
Total time delay
) 11 ns 13.7 ns
Uncertainty
VL 5884 m/s 5884 m/s
Thickness measurement accuracy 32 um 40 pm

2.3 Fabrication and Ultrasonic Performance of FUTs on
Metal Membranes

The other type of sol-gel sprayed HTUTs used in this thesis is FUTs, which can be
made off-line and then installed on-site. Since in certain situations parts or structures for
NDT cannot be exposed to high fabrication temperatures required for IUTs, then such HT
FUTs may be alternatively used for HT NDT or SHM. For HT NDT applications HT
ultrasonic couplant must be used between the FUT and sample to be tested, and for HT

SHM applications HT FUT may be bonded onto the samples using HT glues.

It is noted that FUTs can be made of piezoelectric polymers such as PVDF [66] and
piezoelectric ceramic/polymer composites [67][65][88][89]. However, both materials
include polymer which prevents the use of such FUTs at an elevated temperature. For
instance, PVDF shows significant piezoelectric deterioration above 65°C. Several
copolymers have superior temperature stability compared to PVDF, however, operational
temperature is limited to around 90 - 100°C. In addition, piezoelectric polymers have low

electromechanical coupling coefficients. Recently piezoelectric PZT paint [90] has been
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also reported. At present, such flexible paint transducers only operated up to several
hundreds of kHz which is low for certain NDT applications and also suffer low
electromechanical coupling coefficient. The operation temperature limit of such

piezoelectric paint has not been reported.

The HT FUTs [63] made of sol-gel sprayed piezoelectric films are able to work at
HT and are used in this thesis. The sol-gel sprayed film FUTs, called FUTs in this thesis,
consist of a metal membrane, a piezoelectric composite film and a top electrode, as shown
in Figure 2-28. The flexibility of the FUTs is achieved because of the thinness of metal
membrane and the porosity in the composite film. Metal membranes are used as the
substrates because they could sustain the heat treatment in the sol-gel srpayed fabrication
process described in 2.1 and HT applications. In order to ensure flexibility of FUTs, the
thickness of the metal membrane should be small. SS membranes with thickness of 38
pum and 75 pm, and 75 pum thick Ti membranes were used for FUTs in this thesis.
Compared to SS membranes, Ti ones have better flexibility and less oxidation after the
heat treatment in the sol-gel spray fabrication process. The reduced oxidation between the
piezoelectric composite film and Ti membranes seems to improve the FUT ultrasonic
performance according to the experimental results, but SS membranes are still worthy of
testing due to their ability to be brazed onto steel for aerospace applications [91].
Theoretical calculations showed even thinner membranes can be used [63]. However, the
robust properties would be of concern when thinner membranes were used. The other
contribution to the FUT flexibility was the porous piezoelectric film made by the sol-gel
spray process. The porosity of the sol-gel sprayed PZT-c film mentioned in Secion 2.1
was estimated at more than 20 volume percent [77]. In this section, the PZT-c and BIT-c
films with thickness from 50 um to 120 pum were presented. As the bonding of FUTs at
temperatures above 500°C is not easy to be achieved, no FUTs made of LiNbOs-c films

for application at temperatures up to 800°C is presented in this thesis.
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Figure 2-28 Schematic diagram of an FUT made of a sol-gel sprayed piezoelectric film.

2.3.1 FUTs made of PZT-c films for applications at temperatures
up to 150°C

An FUT made of a 74 pm thick PZT-c film deposited onto a 75 um thick Ti
membrane was shown in Figure 2-29. The diameter of the silver paste top electrode of
this FUT was 5 mm which could achieve the maximum signal strength in pulse-echo
mode at room temperature. The FUT was pressed onto a 12.7 mm thick steel plate with a
commercially available ultrasonic couplant between them as shown in Figure 2-30, and
then measured by a handheld EPOCH LT at room temperature for the performance
comparison between the FUT and commercial UTs. The measurement setup is the same
with the one performed in 2.2.1.1, except there was no couplant between IUT and steel
plate. The measured ultrasonic data in pulse-echo mode is presented in Figure 2-31,
where L, is the nth trip L echo through the steel plate thickness. The center frequency and
the 6 dB bandwidth of L, echo are 9.8 MHz and 9.3 MHz respectively. 2 dB gain out of
the available 100 dB receiver gain of the EPOCH LT were used. The SNR of the L, echo
is 36.6 dB. The SNR is defined as the ratio of the amplitude of the 1* echo (here L,) over

that of the surrounding noises.
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Figure 2-29 FUT made of 5 mm diameter top electrode, 74 pm thick PZT-c film, and 75 pm
thick Ti membrane.
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Figure 2-30 Measurement setup of the FUT shown in Figure 2-29 and commercial UTs in

-

pulse/echo mode at a steel plate for ultrasonic performance comparison.
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Figure 2-31 Measured ultrasonic data of the FUT in Figure 2-29 in pulse/echo mode in (a)
time and (b) frequency domain for a 12.7 mm thick steel plate.
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2.3.1.1 Performance comparison between PZT-c film FUTs and commercial
UTs at room temperature

The performance comparison between PZT-c film FUTs and commercial UTs was
carried out by pressing the commercial broad bandwidth UTs with a center frequency at 5
MHz and 10 MHz at the same steel plate together with the necessary ultrasonic couplant,
as shown in Figure 2-32. The measured data of the commercial UTs has been shown in
Section 2.2.1.1 for the performance comparison between IUTs and commercial UTs, but
was described here again for the performance comparison between FUTs and commercial
UTs. The receiver gains used by the EPOCH LT were 2 dB and 4.5 dB, respectively. The
center frequency and the 6 dB bandwidth of L? echo in Figure 2-11 (a) are 5.5 MHz and
5.3 MHz and those in Figure 2-11 (b) are 8.7 MHz and 8.1 MHz, respectively. These
results show that while using the EPOCH LT, the signal strength of the FUT shown in
Figure 2-31 was at least as good as those of the two commercially purchased broadband
UTs. Moreover, the NDT or SHM applications of FUTs on a curved surface and at HT
will be demonstrated in later chapters of this thesis, which may not be achieved easily by

commercial broadband UTs.

PZT-c FUT
Couplant -, |

Steel Plate
/ 12.7 mm thick
\Couplant

“Commercial
Broad band UT

Figure 2-32 Measurement setup of commercial UTs in pulse/echo mode at the same steel

plate for ultrasonic performance evaluation of the FUT shown in Figure 2-29.

2.3.1.2 FUT array configuration

Since we have mentioned in Section 2.1.6 that the active areas of [UTs are defined

by the top electrodes, an IUT array has been presented in Section 2.2.1.2. Figure 2-33
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shows an FUT array made of an 82 pum thick PZT-c film deposited onto a 75 um thick SS
membrane. The array was configured by eight silver top electrodes with the diameter of 4
mm. In order to keep the flexibility of the FUT array, the connections from the top
electrodes to the edge of SS membrane were made by sprayed colloidal silver layer, and
then connected to coxial cables and BNC connectors. To prevent the short circuit between
the colloidal silver connection and the SS membrane, and to prevent the colloidal silver
connection directly contacting the PZT-c film and changing the active areas of the FUT,
an electrical insulation layer was first deposited onto the SS membrane and PZT-c film
except the top electrode areas. This insulation layer was painted by using a small brush
and was cured at room temperature for about two hours. Then the colloidal silver was
sprayed onto this insulation layer as an electrical connection. Finally, the same insulation
material was again painted onto the the whole surface and cured as a protection layer. The
schematic drawing of the FUT array was shown in Figure 2-34. Although the connections
for eight FUTs were available at the edge of the SS membrane Figure 2-33 (a), only
FUT 2 and FUT_7 were connected to BNC connectors for the demonstration purpose as

shown in Figure 2-33 (b).

FUT 2 FUT. 4

FUT 8 FUT 6

(a) (b)
Figure 2-33 (a) PZT-c FUT with array configuration. (b) FUT array with connections for
FUT_2 and FUT_7. A 40 mm x 25 mm x 75 pum SS membrane was used as

substrates. The eight top electrodes are all 4 mm in diameter.

The measured signals in pulse-echo mode of FUT 2 and FUT 7 on a 13.1 mm
thick Al plate were shown in Figure 2-35 where L, is the nth trip L echo through the Al
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plate thickness. The center fequency and the 6 dB bandwidth of FUT 2 and FUT 7 are
8.7 MHz and 8 MHz, 9.6 MHz and 8.7 MHz, respectively. The results here show FUT
array can be easily achieved by making array configuration in the sol-gel spray

fabrication process.

Sprayed colloidal silver  Sprayed colloidal silver
| connection | top electrode

Transparent
electrical insulation
and protection layer

Sol-gel sprayed piezoelectric film
Metal membrane

Figure 2-34 Schematic drawing of the FUT array shown in Figure 2-33 (a).
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Figure 2-35 Measured ultrasonic signals of the array configuration PZT-c FUT shown in
Figure 2-33 on a 13.1 mm thick Al plate. (a) is the signals in the time domain
from FUT_2 and (b) FUT_7.
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2.3.1.3 Performance of PZT-c FUTs at 150°C

Figure 2-36 shows the measurement setup of an FUT on a 13.8 mm thick SS plate
at 150°C. This FUT was made of a PZT-c film deposited onto a 75 pum thick SS
membrane. The entire FUT was sandwiched by polyimide film excluding the probing side
of the membrane (the side opposite to the PZT-c film), and copper strips were used for
electrical connections. HT oil couplants were placed between the probing side of the SS

membrane and the SS plate during the measurement.
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Figure 2-36 Measurement setup for an FUT made of PZT-c film on a 13.8 mm thick SS
plate at 150°C. A steel rod was used to make the FUT a good contact with the
SS plate for ultrasound propogation. HT oil couplants were placed between
the probing side of the FUT and the SS plate during the measurement.

Figure 2-37 and Figure 2-38 show the measured ultrasonic data in pulse-echo at
room temperature and at 150°C, respectively. Ly, Ly and Ly, are the 1%, 2™ and 3™ round
trip echoes through the thickness of the SS plate. The center fequency and the 6 dB
bandwidth of the L, are 3.3 MHz and 3.1 MHz, respectively.
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Figure 2-37 Ultrasonic signals of the measurement setup in Figure 2-36 at room
temperature in (a) time and (b) frequency domain for a 13.8 mm thick SS

plate.
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Figure 2-38 Ultrasonic signals of the measurement setup in Figure 2-36 at 150°C in (a)

time and (b) frequency domain for a 13.8 mm thick SS plate.

2.3.2 FUTs made of BIT-c film for applications at temperatures
up to 400°C

As BIT has Curie temterature of 675°C, FUTs made of BIT-c films on thin metal
membranes are used for applications at temperatures of more than 150°C. In this study, a
BIT-c film was deposited onto a 38 pm thick SS membrane as an FUT. The BIT-c film
was made by the sol-gel spray fabrication process. The sol-gel spray fabrication process
was described Section 2.1. The BIT-c FUTs have been examined after a one thousand
times bending test with a curvature of 25 mm diameter. There is no observable damage
both in visual appearance and ultrasonic performance. Such FUT was bonded onto a 12.7
mm thick steel substrate using a metallic adhesive (from Cotronics Corp., Brooklyn, NY.)
cured at 300°C for two hours. Figure 2-39 (a) shows the measurement setup at 303°C for
the BIT-¢c FUT bonded onto a 12.7 mm thick steel substrate, and the measured ultrasonic
data after passing through a high pass filter is presented in Figure 2-39 (b) where L, is the
nth trip L echo through the steel plate thickness. The center frequency and the 6 dB
bandwidth of the L, echo at 303°C were 10.7 MHz and 8.2 MHz, respectively. The SNR
of the L, echo is 22 dB. The 303°C test temperature is limited due to the HT bonding
material used. When the FUT was operated at 303°C, 69 dB gain +1 dB out of the

available 100 dB receiver gain were used. Since the bonding material is used as the HT
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ultrasonic couplant, one desires such bonding material which not only provides good
ultrasonic coupling between the FUT and the surface of the sample to be tested at HT, but

also such that does not induce high noises.
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Figure 2-39 (a) Measurement setup using an EPOCH LT for an FUT made of BIT-c film
deposited onto a 38 um thick SS membrane and bonded onto a 12.7 mm thick
steel substrate; (b) Measurement data of the FUT in pulse-echo mode at
303°C.

It is noted that such an FUT or FUT array itself can function at least up to 400°C. It
is expected that these FUTs made of BIT-c film and deposited onto SS membrane will
perform the same during thermal cycles as the BIT-c film coated onto steel substrate

mentioned in Section 2.2.2.

2.3.3 Using PZT-c FUT Array as immersion UT probe

Figure 2-40 illustrates two views of a 120 um thick PZT-c film with five FUTs
array directly fabricated onto a 75 um thick SS membrane. The five top electrodes have
an average diameter of 10 mm and are made by silver paste of about 20 um thick. Like
the FUT presented in Section 2.3.1.3, here the entire transducer array structure was
sandwiched by polyimide films excluding the probing side of the membrane, so that it
may be protected from the moisture in the environment and could be used as an

immersion UT probe. Ultrasonic performance of the array configuration FUT (FUT _3) in
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time and frequency domains for NDT of a 13.8 mm thick steel plate at 150°C was shown

in Figure 2-41 where L, is the nth trip L echo through the steel plate thickness. The center

frequency, 6 dB bandwidth and SNR of the L, echo are determined to be 2.6 MHz, 2.6

MHz and 22 dB, respectively.

FUT 5
FUT 4
FUT_3
FUT 2
FUT_1

(a)

(b)

Figure 2-40 A five UT array FUT with 120 um thick PZT-c film using a 75 um thick SS

membrane as substrate.
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Figure 2-41 Ultrasonic performance of the array configuration FUT (FUT_3) in (a) time and
(b) frequency domains for NDT of a 13.8 mm thick steel plate at 150°C.

To demonstrate that this FUT array could be used as an immersion UT probe, the

FUT array shown in Figure 2-40 (a) was completely immersed in water for three days and

operated as immersion ultrasonic probes for NDT of Al plate. The measurement setup is

shown in Figure 2-42. Figure 2-43 shows the ultrasonic performance of the FUT 3 as

shown in Figure 2-40 (a) when placed 46 mm away from a 25.5 mm thick Al plate in a
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water tank, where L, is the nth trip L echo reflected from the front side of the Al plate and
L, is the one reflected from the back side of the Al plate through the plate thickness. The
center frequency, 6 dB bandwidth and SNR of the L, echo, are determined to be 2.4 MHz,
2.1 MHz and 10 dB, respectively.

46mm| | |255mm

Distance between Al plate
Flexible HTUT and thickness
Al plate

Figure 2-42 Measurement setup for an FUT array operated as an immersion probe for

NDT of Al plate.
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Figure 2-43 Ultrasonic performance of the FUT_3 in (a) time and (b) frequency domains at
22°C immersed in water for NDT of a 25.5mm thick Al plate.
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Due to the flexibility of these flexible probes it is our expectation that the
inspection of curved objects may be easier than those planar commercially available UTs.
The proper curvature of the SS membrane may lead the FUT to become a cylindrically or
spherically focused ultrasonic probe as well. In addition, polymer based coating as a

water protective layer is also being further developed for immersion FUT applications.

2.3.4 Comparison of FUTs fabricated by sol-gel spray, tape
casting and screen printing

Although the sol-gel techninque was used to fabricate the piezoelectric composite
films for FUTs and IUTs in the thesis, FUTs made of films fabricated by tape casting
[92][93] and screen printing [94][95] were explored and compared with the FUTs made
of sol-gel sprayed films. The fabrication process of tape casting and screen printing used
in this investigation are briefly described in this section and a comparison of the
ultrasonic performances of the FUTs made by these three techniques at room temperature
and 150°C is also presented. The objective is to evaluate the alternative methods for FUT

fabrication.

2.3.4.1 PZT films made by tape casting and screen printing

Alcohol based solvent and organic binder was first added to the purchased PZT
powders. Then the ball milling was operated to achieve the appropriate viscosity as PZT
slurry for tape casting and/or screen printing. SS membranes of 75 um thick, 25 mm wide
and 52 mm long were used as substrates for tape casting. Rectangular masks of 23
mmx45 mm square patterns were cut from 120 um thick masking tapes and placed onto
the above mentioned SS membranes. PZT slurry was then applied to the exposed SS
surfaces. A straight edge was held at around a 20° angle and manually dragged along the
long side of the mask. The PZT slurry was also screen printed in a mesh screen onto the
same substrate with the same mask as tape casting. The masked metal strips were fixed
slightly below a screen. The PZT slurry was applied on top of the screen. A blunt plastic

knife was pressed on the screen and then dragged manually. The fabrication of PZT films
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by tape casting and screen printing were carried out at the Institute for Fuel Cell

Innovation, NRC.

After tape casting or screen printing, heat treatments of up to 650°C were
performed at IMI, NRC. It is noted that the films without further sintering at temperatures
higher than 1000°C were used as piezoelectric films in order to assure the flexibility and
to avoid microstructure change of SS membranes. Such an approach is the main
difference between the reported tape casting and screen printing techniques and our
approach presented here. Figure 2-44 and Figure 2-45 show the PZT films onto 75 pm
SS membranes fabricated by tape casting and screen printing, respectively. By the tape
casting and screen printing, 50 um thick piezoelectric films were fabricated only by one
coating. It was found that these PZT films, especially made by screen printing, had poor
mechanical strength and chemical resistance. Chemical treatments will be added for the
tape casting and the screen printing process to improve the mechanical strength and

chemical resistance but without increasing process temperature.

52 mm

25 mm

Figure 2-44 Photograph of a a 50 pm thick PZT film coated onto a 75 pm thick SS

membrane by tape casting.

52 mm

25 mm

Figure 2-45 Photograph of a a 50 um thick PZT film coated onto a 75 um thick SS

membrane by screen printing.

53



2.3.4.2 Corona poling and traditional poling

Films of 50 pm thickness were then electrically poled using a corona discharging
technique [96]. The corona poling method was chosen here again because it could pole
the piezoelectric powder mixed with low dielectric constant material efficiently over a
large area with low risk of short-circuits during poling. It should be mentioned that the
traditional poling using two (top and bottom) electrodes were also attempted. But all
samples made by tape casting and screen printing were electrically short circuited after
such traditional poling. Empirically it was found that during the traditional poling of
piezoelectric composite consisting of PZT powders and low dielectric constant material,
the leakage current was relatively high, and dielectric breakdown often occurs in a short
period. In this study sol-gel sprayed PZT-c films were poled both by corona and
traditional poling methods. The sample poled by corona poling had about 15 dB higher
signal strength than that poled by traditional poling and the reason could be the

limitations of the equipments used in the lab or others.

2.3.4.3 Characterization and ultrasonic performance comparison of the
FUTs

The capacitances of every film were measured by a Hewlett Packard 4192A LF
Impedance Analyzer at 1 kHz in order to calculate the relative dielectric constant. The
diameter of the top electrode was 9 mm for each sample. The relative dielectric constants
of 50 um thick FUTs made by tape casting, screen printing, and sol-gel spray technique
were about 55, 20, and 130, respectively. The dielectric constants of PZT bulk powder
and sol-gel are 1800 and 300, respectively. The lower dielectric constants of PZT FUTs
made by sol-gel spray, tape casting and screen printing compared with that of bulk PZT
may reflect higher porosity and existence of bonding material. It is noted that the bonding
material of the sol-gel spray technique is PZT sol-gel and it may result in higher dielectric
constant than tape casting and screen printing because the dielectric constants of organic

residue used in tape casting and screen printing are much lower than that of PZT sol-gel.

The SEM images of the PZT film made by sol-gel spray, tape casting, and screen

printing show that the grain size is less than 1 pm and the film was not dense. Due to the
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porosity in the piezoelectric film, thin metallic membrane substrate and thin top
electrodes, all FUTs made by tape casting, screen printing, and the sol-gel spray
technique achieved certain flexibility. This porosity also shows the good agreement with

the low dielectric constant results.

In order to compare the ultrasonic performance of the FUTs using the sol-gel spray
technique, tape casting and screen printing, the FUTs were pressed onto a 13.8 mm thick
SS plate at room temperature. The ultrasonic couplant was placed between the probing
side of the SS membrane and SS plate. Figure 2-37 (a) and Figure 2-37 (b) show the
transducer response made by the sol-gel spray technique in time and frequency domains,
respectively. The center frequency, the 6 dB bandwidth and SNR of the L, echo are
determined to be 3.3 MHz, about 3.1 MHz and 25 dB, respectively. Figure 2-46 (a) and
Figure 2-46 (b) show the transducer response made by tape casting in time and frequency
domains respectively, in pulse-echo mode at room temperature. L,, Ly and Lg are the 1%,
2" and 3" round trip echoes through the thickness of the SS plate. The center frequency,
the 6 dB bandwidth and SNR of the L, echo are determined to be 3.7 MHz, 3.3 MHz and
20 dB, respectively.
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Figure 2-46 Ultrasonic performance of the FUT made by tape casting at room temperature
in (a) time and (b) frequency domain for a 13.8 mm thick SS plate.
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Figure 2-47 (a) and Figure 2-47 (b) show the transducer response made by screen
printing in time and frequency domains respectively, in pulse-echo mode at room
temperature. The center frequency, the 6 dB bandwidth and SNR of the L, echo are
determined to be 3.4 MHz, 3.2 MHz and 20 dB, respectively. It was found out that the
signal strengths of the FUTs made by sol-gel spray was 31 dB higher than that of the FUT
made by tape casting, and was 50 dB higher than that of the FUT made by screen
printing. The low capability of the tape casting and screen printed FUT may be related to
the high existence of organic residue and the high porosity. In the observation, the low
signal strength and the broadband characteristic indicate that the film will suffer high
ultrasonic loss. As it has been mentioned before, further research of chemical treatment of

the film may be required to improve the performance.
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Figure 2-47 Ultrasonic performance of the FUT made by screen printing at room
temperature in (a) time and (b) frequency domain for a 13.8 mm thick SS

plate.

In order to demonstrate the performance of the FUT made by the sol-gel spray
technique and tape casting at an elevated temperature, the FUTs were pressed onto the
same SS plate, which was used in the previous experiment but heated up to 150°C here.
HT oil couplant was placed between the probing side of the SS membrane and SS plate.
Figure 2-38 (a) and Figure 2-38 (b) show the transducer response made by the sol-gel

spray technique, in time and frequency domains respectively, in pulse-echo mode at
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150°C. The center frequency, the 6 dB bandwidth and SNR of the L, echo are determined
to be 3.3 MHz, 3.1 MHz and 25 dB, respectively. Figure 2-48 (a) and Figure 2-48 (b)
show the transducer response made by tape casting, in time and frequency domains
respectively, in pulse-echo mode at 150°C. The center frequency, the 6 dB bandwidth and
SNR of the L, echo are determined to be 3.7 MHz, 3.5 MHz and 20 dB, respectively.
Both FUTs were about 5 dB weaker than the measurement results at room temperature. It
means that at 150°C the signal strength of the FUT made by the sol-gel spray method is
still 31 dB stronger than that made by the tape casting method. The sol-gel spray process

has therefore been chosen for the remaining part of this thesis.
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Figure 2-48 Ultrasonic performance of the FUT made by tape casting at 150°C in (a) time
and (b) frequency domain for a 13.8 mm thick SS plate.

2.4 Fabrication and Ultrasonic Performance of FUTs on
Polyimide Membranes

Instead of using metal membranes as FUT substrates presented in Section 2.3, a 50
um thick polyimide membrane was chosen due to its promising flexibility, better acoustic
impedance match with composite material than with a metal membrane, and the
capability to sustain heating at up to 350°C. The HT capability of polyimide is important
at the fourth step (heat treatment) of the sol-gel spray fabrication process. The flow chart
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of the sol-gel based UT fabrication process for non-conductive substrates is shown in
Figure 2-49, which consists of the same six main steps: (1) powders and solution
preparation, (2) mixing and ball milling, (3) spray coating, (4) heat treatment, (5)
electrical poling, and (6) top electrodes fabrication, described in Section 2.1.1, but an
additional step is required when the substrates are non-conductive. Because the polyimide
membrane is non-conductive, it is required to fabricate the bottom electrode layer before

spray coating of piezoelectric composite film.

Powders and Solution Preparation

'

Mixing and Ball Milling

. N
/ \
[ \
' '
' '
' '

No

Conductive Substrate

Conductive Bottom
Yes Electrode Coating
]

Spray Coating |«

{

Heat Treatment

{

No

Desired Thickness

Electrical Poling

!

Top Electrodes Fabrication

Figure 2-49 Flow chart of sol-gel based UT fabrication process for non-conductive
substrates. The steps enclosed by the red dashed line are added for non-
conductive substrates and are different from the process described in Figure
2-1.

In this thesis, two methods, spray coating and electroless plating, were chosen to

build up bottom electrode layer. For spray coating, silver colloid was sprayed directly
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onto polyimide membrane by using an airbrush and cured around 120°C. The thickness of
the sprayed silver layer was ~2 um. Colloidal silver spray is a direct coating approach.
For electroless plating, nickel plating is chosen because of simplicity. First, polyimide
membranes were immersed in electroless nickel bath containing nickel salt, reducing
agent, and complexing agent for nickel. Then the electroless bath was heated at 90°C and
the immersion time was about 10 minutes. The thickness of electroless plated nickel alloy
layer was less than 1 um. After the conductive layer was coated onto the polyimide as the
bottom electrode, the following steps were similar to the ones to fabricate sol-gel sprayed

film onto metal substrates presented in Section 2.3.

2.4.1 Ultrasonic performance of FUTs onto metal materials

Figure 2-50 shows an FUT array using polyimide membrane coated with colloidal
silver. First an approximately 2 um thick colloidal silver layer is sprayed onto the
polyimide membrane as the bottom electrode. Then a 60 um thick PZT-c film was
fabricated onto the bottom electrode. The schematic diagram and an actual four-
transducer FUT array used for this study are shown in Figure 2-50 (a) and Figure 2-50
(b), respectively. The top four electrodes have an average diameter of 8.5 mm and they
are made by silver paste of about 20 um thick. The flexibility of such FUTs is achieved
due to the thin polyimide, porous PZT-c ceramics (~20% porosity) and thin electrodes

[28][63].

Top Electrode Bottom Electrode
(~20 pm) (~2 pm)

60 pum thick PZT-c Film

2

3
Ve ] .
“|

» |

|© 50 pm thick polyimide membrane Polyimide Membrane Electrode
(a) (b)

Figure 2-50 (a) Schematic diagram and (b) an actual FUT using 50 um thick polyimide

membrane as the substrate. A ~2 um thick colloidal silver layer was sprayed

onto the polyimide membrane as the bottom electrode.
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The FUT array shown in Figure 2-50 (b) was then pressed onto a 13.8 mm thick SS
plate at room temperature and 150°C. HT oil couplant was placed between the probing
side of the polyimide membrane and the SS plate. Figure 2-51 shows the measured
signals in time and frequency domains, in pulse-echo mode at room temperature. Ly, Ly
and Ly are the 1%, 2™ and 3™ round trip echo through the thickness of the SS plate. The
center frequency, 6 dB bandwidth and SNR of the L, echo were 11.3 MHz, 5.1 MHz and
24 dB, respectively. The measured signals at 150°C are shown in Figure 2-52. It is
observed that the signal strength of the L, echo at room temperature was decreased by

about 5 dB as the FUT operated at 150°C.
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Figure 2-51 Ultrasonic performance of the FUT shown in Figure 2-50 pressed onto a 13.8
mm thick SS plate in (a) time and (b) frequency domain at room temperature.

Pulse-echo mode was used.
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Figure 2-52 Ultrasonic performance of the FUT shown in Figure 2-50 pressed onto a 13.8
mm thick SS plate in (a) time and (b) frequency domain at 150°C. Pulse-echo

mode was used.

Figure 2-53 shows an FUT using polyimide membrane with electroless nickel alloy
layer as bottom electrode. The thickness of electroless nickel alloy layer was less than 1
pum, and the PZT-c film was about 61 pm thick. Then this FUT was also pressed onto a
13.8 mm thick SS plate for ultrasonic performance evaluation at room temperature and
150°C. The measured signals in pulse-echo mode at room temperature in time and
frequency domains were shown in Figure 2-54, where L, is the nth trip echo through the
thickness of the SS plate. The center frequency, 6 dB bandwidth and SNR of the L, echo
is 13.8 MHz, 5.5 MHz and 17 dB, respectively. The measured signals at 150°C were
shown in Figure 2-55. It is observed that the signal strength of the L, echo at room

temperature was decreased by about 6 dB as the FUT operated at 150°C.

Figure 2-53 An FUT using polyimide membrane as the substrate with electroless coated

nickel alloy layer as bottom electrode.
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Figure 2-54 Ultrasonic performance of the FUT shown in Figure 2-53 pressed onto a 13.8

mm thick SS plate in (a) time and (b) frequency domain at room temperature.
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Figure 2-55 Ultrasonic performance of the FUT shown in Figure 2-53 pressed onto a 13.8

mm thick SS plate in (a) time and (b) frequency domain at 150°C.

According to the data observed in this section, the FUTs using polyimide
membranes coated by colloidal silver spray or electroless nickel plating have similar
ultrasonic performance. Compared to the FUTs using metal as substrates presented in
Section 2.3.1, the FUTs using polyimide as substrates are about 30 dB weaker in
ultrasonic signal strength for NDT of metal materials, due to the lower fabrication

temperature of the FUTs on polyimide membranes. However, the FUTs on polyimide
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membranes have promising flexibility, and acoustic impedance match with composite
materials. The ultrasonic performance of FUTs onto Gr/Ep composites will be presented

in the following section.

2.4.2 Ultrasonic performance of FUTs onto Gr/Ep composites

Due to its promising flexibility, the FUT can be wrapped around a human thumb.
Here the FUT shown in Figure 2-50 (b) is attached to the cylindrical tube made of braid
Gr/Ep composite of 3.3 mm thickness with a commercially available ultrasonic couplant
as shown in Figure 2-56. The inner diameter of the cylinder is 76 mm. Figure 2-57 shows
the measured ultrasonic signals using one of the four FUTs in Figure 2-50 (b). The gain
was 51 dB out of the available 100 dB receiver gain when the EPOCH LT was used. The
center frequency and 6 dB bandwidth of the L, echo are 1.9 MHz and 3.0 MHz,

respectively.

Figure 2-56 An FUT shown in Figure 2-50 (b) was attached onto the external surface of a

cylindrical braid Gr/Ep composite of 3.3 mm thickness.
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Figure 2-57 Measured ultrasonic signals in time domain at room temperature using the

measurement setup shown in Figure 2-56.

FUT can be also used to evaluate thick Gr/Ep composite. Figure 2-58 shows that
the same FUT shown in Figure 2-50 (b) is attached to a 27.9 mm thick 0° and 90° cross
plies Gr/Ep composite with a normal ultrasonic couplant. The measured ultrasonic signals
using one of the four FUTs in the FUT array are given in Figure 2-59. The center
frequency and 6 db bandwidth of the L, echo are 2.2 MHz and 1.6 MHz, respecrively.

Figure 2-58 An FUT shown in Figure 2-50 (b) was attached onto the top surface of a 27.9
mm thick 0° and 90° cross plies Gr/Ep composite plate.
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Figure 2-59 Measured ultrasonic signals in time domain at room temperature using the

measurement setup shown in Figure 2-58.

A 6.9 mm thick Gr/Ep sample with delaminations caused by impact damage is used
for the demonstration of the defect detection capability of FUT as shown in Figure 2-60.
This sample was firstly inspected by an ultrasonic C-scan and the locations of the good
and delaminated regions were identified. Then the same FUT shown in Figure 2-50 (b) is
attached to the Gr/Ep composite plate with a normal ultrasonic couplant. The measured
ultrasonic signals gone through a 1 MHz high pass filter using one of the four FUTs at the
region without and with delaminations are given in Figure 2-61 (a) and Figure 2-61 (b),
respectively. The center frequency and 6 dB bandwidth of the L, echo, the first echo
through the plate, are 6.8 MHz and 6.6 MHz, respectively. The center frequency and 6 dB
bandwidth of the L, echo, the first echo reflected from the delamination, are 9.9 MHz &
7.8 MHz, respectively. The gain was 55 dB out of the available 100 dB receiver gain
when the EPOCH LT was used. It is clearly demonstrated that FUTs may be used for
NDT and SHM of Gr/Ep composites.
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Figure 2-60 An FUT shown in Figure 2-50 (b) was attached onto the top surface of a 6.9

mm thick Gr/Ep composite plate having impact damages.
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Figure 2-61 Measured ultrasonic signals in time domain at room temperature at a region
(a) without and (b) with delaminations using the measurement setup in Figure
2-60. L, is the first round trip echo through the plate, and Ly is the first round

trip echo reflected from the delamination.

The FUT using a metal membrane as substrate and presented in Section 2.3.1.1 was
also pressed onto the Gr/Ep cylindrical tube shown in Figure 2-56 and the Gr/Ep plate
shown in Figure 2-58. The wave forms of the signals measured by that FUT are similar,
(and about 20 dB strong in signal strength, but about 2 dB weaker in SNRs), to the ones
shown in Figure 2-57 and Figure 2-59 measured by the FUT using a polyimide membrane
as substrate. However, the FUT on polyimide membrane is easily conformed to curved

surfaces due to its promising flexibility.

66



2.5 Fabrication and Ultrasonic Performance of IUTs on
Composite Substrates

Composite materials such as Gr/Ep laminates are becoming the materials of choice
for aerospace structures because of the high strength to weight ratio. NDT and SHM
technologies are increasingly being investigated by the aerospace industry to enable
condition-based maintenance for cost-effective increased safety and eco-efficient designs
[31[5][17][97]. Ultrasonic techniques are frequently used for NDT and SHM purposes
because of their subsurface inspection capabilities, fast inspection speed, simplicity and
ease of operation. In this thesis FUTs used for NDT of Gr/Ep composites have been
presented in Section 2.4.2. Here IUTs will be presented for NDT and SHM of Gr/Ep
composite of the thickness ranging from 1 mm to 12.7 mm with planar or curved surface.

All measurements will be carried out in pulse/echo mode.

IUTs as piezoelectric PZT-c films of thickness greater than 30 um will be deposited
directly onto planar and curved Gr/Ep composite surfaces. These composite substrates
may have high or low electrical conductivity and their resistivity will be measured using a
standard four-point-probe. For high electrical conductivity material, the Gr/Ep will be
used as the bottom electrode of the IUT. For low electrical conductivity material, a thin
conductive layer will be coated onto the Gr/Ep as the bottom electrode. The sol-gel based
UT fabrication process for low electrical conductivity Gr/Ep is the same process for the
polyimide membrane as described in Section 2.4. In this study, electroless plating of
nickel layer is used for one poor conductive Gr/Ep composite and colloidal silver spray
for two poor conductive Gr/Ep composites. The thickness of electroless plated nickel
alloy layer was about 1 um. For spray coating, silver colloid was sprayed directly onto
poor conductive Gr/Ep composites and cured around 120°C. The thickness of the sprayed
silver layer was about 2 um. Another airbrush was then used to spray the PZT-c sol-gel
directly onto bottom electrodes of the Gr/Ep composites. The detailed fabrication process
of the sol-gel spray technique has been described in Section 2.1. PZT-c IUTs can operate
in the temperature range between -100°C and 150°C and can be made on site. In this

study L wave UTs are used.
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2.5.1 Ultrasonic performance of IUTs on Gr/Ep Composites

Figure 2-62 illustrates two PZT-c film IUTs that are directly deposited onto planar
and curved surfaces of a Gr/Ep composite with a thickness of 12.7 mm and a radius of
50.8 mm. The composite shown in Figure 2-62 was made of 0° and 90° cross plies. The
measured resistivity of this composite on the top surface was 0.72 Q-m which is low
enough to serve as the bottom electrode of IUT. For the IUT coated onto the planar
surface (IUTp) the thickness of the PZT-c film was 96 um and the top circular electrode
has a diameter of 8 mm, defining the IUTp active area. The thickness of the PZT-c film
for the IUT sprayed onto the curved surface (IUT¢) was 99 pm and the top rectangular
electrode had an area of 6 mm by 7 mm. The choices of circular and rectangular
electrodes were carried out arbitrarily. It is noted that since the PZT-c film has a large
area, several I[UTs with diameters of 7.5 mm may be made within the same film area. The
advantages of such IUTs are that they can be directly deposited or coated onto curved

surfaces without the need of a couplant.

Figure 2-62 IUTs deposited onto the planar and curved surfaces of a 12.7 mm thick and a

radius of 50.8 mm Gr/Ep composite plate.

The maximum fabrication temperature of the IUTs shown in Figure 2-62 was
175°C, which was the maximum fabrication temperature of the Gr/Ep composites used in
this study. Such low temperature fabrication is to avoid material damages during the heat
treatment process during IUT fabrication. However, the lower the fabrication
temperature, the weaker the ultrasonic signal strength of IUTs. These IUTs can be
employed in operational temperatures, ranging from -80°C to 150°C, commonly

experienced in aircraft environments.
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Figure 2-63 shows the IUTp deposited onto a 12.7 mm thick Gr/Ep composite plate
and measured by the commercial handheld pulser-receiver EPOCH LT. L" is the nth trip
L echo through the plate thickness. In this measurement 70 dB out of the available 100
dB receiver gain and no averaging was used. It indicates that this L wave IUTp is efficient

even though the IUTs have been fabricated below the temperature of 175°C.

EPOCH LT
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S | ness
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Figure 2-63 Measurement setup for the IUTp shown in Figure 2-62 at room teamperature
using an EPOCH LT.

Figure 2-64 (a) and Figure 2-64 (b) show the measurement results of IUTp and
IUTC, respectively. In Figure 2-64 (a) L?, L*and L° traveled a distance of 25.4 mm, 50.8
mm and 76.2 mm, respectively in the thickness direction of the composite. The ultrasonic
velocity and attenuation in the thickness direction are 2883 m/s and 6.3 dB/cm,
respectively. However, the L?, L*and L® shown in Figure 2-64 (b) traveled a distance of
101.6 mm, 203.2 mm and 304.8 mm, respectively in the radial direction of the composite.
The ultrasonic velocity and attenuation in the radial direction are 6350 m/s and 0.8
dB/cm, respectively. It means that the anisotropy introduced by the 0° and 90° cross plies
can be evaluated. The low ultrasonic attenuation observed in these ultrasonic signals
indicates that this Gr/Ep composite has good quality (high density). The center
frequencies and 6 dB bandwidth of the L? signal in Figure 2-64 (a) and Figure 2-64 (b)
are 1.8 MHz & 2.1 MHz and 1.3 MHz & 1.2 MHz, respectively.
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Figure 2-64 Measured ultrasonic signals in time domain at room temperature using the (a)
IUTe and (b) IUT¢ shown in Figure 2-62.

For the experiments a 1 mm thick uni-directional Gr/Ep composite as shown in
Figure 2-65 was also used. This composite has dramatic different resistivity ranging from
0.2 Q-m to 22,000 Q2-m at different locations, and in general, its resistivity is higher than
several hundreds Q-m. Therefore it was decided that an electroless plating of 1 um
thickness of nickel was carried out to serve as the bottom electrode of the IUT. The area
of nickel plated layer is shown in Figure 2-65 with graded shade. A layer of 95 um thick
PZT-c film was then deposited on top of this nickel layer and poled. A top electrode of 7
mm diameter was made using silver paste. The measured ultrasonic signals gone through
a 1 MHz high pass filter are given in Figure 2-66 and the gain was 31 dB out of the
available 100 dB when the EPOCH LT was used. The center frequency and 6 dB
bandwidth of the L* echo, the first round trip echo through the 1 mm thick composite
plate, are 10.5 MHz and 13.6 MHz, respectively. In Chapter 5 this sample will be also
used for non-contact measurements. Figure 2-66 indicates that the signal strength, center
frequency and bandwidth were sufficient for certain NDT or SHM of this 1 mm thick
Gr/Ep composite plate.
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Figure 2-65 An IUT deposited onto a 1 mm thick Gr/Ep composite plate.
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Figure 2-66 Measured ultrasonic signals in time domain at room temperature using the IUT

shown in Figure 2-65.

In order to show that PZT-c film IUT can be deposited onto braid structure
composites a Gr/Ep cylindrical tube sample shown in Figure 2-67 is selected, and it is the
same tube measured by FUT in Section 2.4.2. The resistivity measured for this sample
was about 1.5 QQ-m. An approximately 2 um thick colloidal silver layer as the bottom
electrode of the IUT was coated and cured as shown in Figure 2-67. In our experience the
colloidal silver spray coating of bottom electrode is much simpler than electroless nickel
plating. However, they both work as well as the bottom electrode of IUT. A layer of 58
um thick PZT-c film was then deposited and poled. Silver paste was used to form the top
electrode of IUT. Here the measured ultrasonic signals gone through a 1 MHz high pass
filter using the IUT indicated in Figure 2-67 are shown in Figure 2-68. The thickness of
the Gr/Ep sample at the IUT location is 3.3 mm. The center frequency and 6 dB
bandwidth of the L? echo, the first round trip echo through the tube wall, are 2.7 MHz and
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3.7 MHz, respectively. For this composite sample the gain was 60 dB out of the available
100 dB receiver gain when the EPOCH LT was used. Figure 2-68 clearly shows that [UT
can be deposited and operated on such braid structure composite for certain NDT or SHM

applications.

Sprayed 2um thick
silver bottom electrode

3.3mm
wall thickness

Figure 2-67 An IUT deposited onto a cylindrical braid 3.3 mm thick Gr/Ep composite tube.
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Figure 2-68 Measured ultrasonic signals in time domain at room temperature using the IUT

shown in Figure 2-67.

A 6.9 mm thick Gr/Ep sample with delaminations caused by an impact damage
shown in Figure 2-69 is also used for the demonstration of the defect detection capability
of IUT. This sample was firstly inspected by an ultrasonic C-scan and the locations of the

good and delaminated regions were identified. Then the detection of delamination by
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FUTs was demonstrated in Section 2.4.2. Finally, IUTs of 30 um thick were deposited

directly onto one location with no delamination and another with delamination.

Figure 2-69 IUTs deposited onto a 6.9 mm thick Gr/Ep composite plate having impact

damages.

Figure 2-70 (a) and Figure 2-70 (b) show the measured ultrasonic signals in time
domain gone through a 1 MHz high pass filter at room temperature at locations without
and with delamination, respectively. The center frequency and 6 dB bandwidth of the L?
echo, the first round trip echo through the plate, in Figure 2-70 (a) are 11.6 MHz and 11.5
MHz, respectively. The center frequency and 6 dB bandwidth of the Lp® echo, the first
round trip echo reflected from the delamination which arrives earlier than L* echo
because of shorter path length, in Figure 2-70 (b) are 14.5 MHz and 14.3 MHz,
respectively. The gain was 52 dB out of the available 100 dB receiver gain when the
EPOCH LT was used.
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Figure 2-70 Measured ultrasonic signals in time domain at room temperature using an IUT
at a location (a) without delamination, and (b) with delamination using the IUT
shown in Figure 2-69. L? is the first round trip echo through the plate, and Lp?

is the first round trip echo reflected from the delamination.

2.6 Summary

Piezoelectric thick (thickness range from 14 um to 125 um) composite films have
been coated onto metallic and Gr/Ep composite substrates as HTUTs using a sol-gel spray
technique. The sol-gel spray fabrication process was briefly described in Section 2.1,
which consists of six main steps: (1) powders and solution preparation, (2) mixing and
ball milling, (3) spray coating, (4) heat treatment, (5) electrical poling, and (6) top
electrodes fabrications. The fabrication process was first reported by Barrow, et al [57],
and further developed by Kobayashi and Jen [28][69], but in this thesis induction heating
is introduced for the heat treatment process (4) to improve ultrasonic performance and
reduce fabrication time of the sol-gel sprayed composite films. Two types of sol-gel
sprayed HTUTs, e.g. IUTs and FUTs, and their ultrasonic performance were presented in

this chapter.

In Section 2.2, the fabrication and ultrasonic performance of sol-gel sprayed HT
IUTs made of PZT-c, BIT-c and LiNbOs-c films on metal substrates are presented for
thickness measurement at temperatures up to 150°C, 400°C and 800°C respectively. No
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couplant is required for IUTs to carry out NDT and SHM. This IUT approach has the on-
site fabrication capability. IUTs made of PZT-c films on a steel plate, BIT-c films on a
steel plate, and LiNbOs-c films on a Ti rod have SNRs more than 45 dB, 23 dB and 20
dB, respectively at temperatures up to 150°C, 400°C and 800°C. The center frequencies
of these IUTs ranged from 4.4 MHz to 8.0 MHz. Their signal strengths were evaluated by
a hand held EPOCH LT pulser/receiver which is used on a daily basis for NDT in
industrial environments. 0 dB gain (i.e. no amplication) out of the available 100 dB
receiver gain was used for PZT-c IUTs on a 12.7 mm thick steel plate. The results showed
that the signal strength of the PZT-c IUTs was as good as commercially available
broadband UTs, and these IUTs may have sufficiently strong signal strength for many
NDT and SHM applications. Moreover, the IUTs are able to be coated onto a curved
surface and operated at HT. A five IUT array and its electrical connections were also
demonstrated. The center frequency, 6 dB bandwidth and SNR, were 40 MHz, 38 MHz,
and 30.7 dB, respectively.

PZT-c films were also deposited onto the end of one 12.7 mm diameter and 102
mm long and that of one 25.4 mm diameter and 102 mm long clad steel rod ultrasonic
delay lines to perform ultrasonic measurement at 150°C. At 150°C the center frequencies
and the 6 dB bandwidths of the first round-trip echoes reflected from these two rod ends
were 7.0MHz and 5.9MHz, respectively for the small diameter rod and 6.8 MHz and 3.7
MHz, respectively for the large diameter rod. The signal strengths and SNRs of these
echoes at 150°C were 10 dB and 20 dB, and 26 dB and 30 dB, respectively, for the small
and large diameter clad rods. At 150°C only 10 dB of the available 100 dB receiver gain
was used. Because of such strong signal strength and high SNR of the first reflected echo
from the rod end, if the length of the clad steel rod is made much longer, the temperature
at the probing end can be much higher than 150°C. The experimental results also show
the best rod length measurement accuracies at 150°C for small (12.7 mm diameter) and
large (25.4 mm diameter) clad steel rods with a length of 102 mm are 32 pum and 40 pm,
respectively. This evaluation demonstrates that the presented IUTs having broad

bandwidth and high SNR may be used for accurate erosion and corrosion evaluation.
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In Section 2.3, the fabrication and ultrasonic performance of sol-gel sprayed HT
FUTs on metal substrates were presented. In certain situations, parts or structures for
NDT and SHM cannot be exposed to HT fabricate procedures of the IUT, in which case
HT FUT may be fabricated off-line in mass production and then be used for HT NDT and
SHM. Unlike the IUT case, HT ultrasonic couplant must be used between the FUT and
the sample to be tested. However, FUT attached or glued onto samples may be an

attractive and promising on-site installation approach.

First, an FUT made of a 74 pm thick PZT-c film and a 75 pm thick Ti membrane
was demonstrated to have signal strength as good as commercial broad UTs, and could be
applied onto curved surfaces and at an elevated temperature [91]. It would be commonly
difficult to use commercial broad band UTs to perform NDT of parts with a curved
surface and at HT. The center frequency, 6 dB bandwidth, and SNR of the FUT were 9.8
MHz, 9.3 MHz and 36.6 dB, respectively. Then an FUT array, in which a PZT-c film was
coated on a 75 pum thick SS membrane, operating as an immersion probe was also
presented, and its center frequency, 6 dB bandwidth and SNR were 2.4 MHz, 2.1 MHz,
and 10 dB, respectively. Subsequently, an FUT made of BIT-c film coated onto a 38 pm
thick SS membrane was bonded to a steel plate using a HT metallic adhesive, and
ultrasonic measurement was performed up to 303°C. The center frequency and the 6 dB
bandwidth of the first round-trip echo reflected from the back of the steel plate at 303°C
were 10.7 MHz and 8.2 MHz, respectively and its SNR was 22 dB.

In order to see whether a good alternative FUT fabrication method other than sol-
gel spray technique can be found, the FUTs made of piezoelectric films fabricated by tape
casting and screen printing were also explored in Section 2.3, and compared with the
FUTs made of sol-gel sprayed films. 50~120 pum thick film FUTs were fabricated by sol-
gel spray, tape casting or screen printing techniques. The substrates used were 75 pm
thick SS membranes. The sol-gel spray technique included multiple coatings and each
coating involved spray and heat treatment. It required commonly 4 or 5 layers to reach 50
um thicknesses. For tape casting and screen printing, only one layer of 50 pm was
directly casted and printed onto the membrane substrate and then treated by the heat. All

heat treatments were carried out in the furnace up to 650°C for 5 to 30 minutes. The
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relative dielectric constant of the sprayed thick film was around 130 and those of the tape
casting and screen printing ones were lower than 100. The reason for the lower dielectric
constants of the UTs may be porosity and the existence of other phases such as PZT sol-
gel or organic residue. Porosity was also confirmed by SEM pictures. In ultrasonic
measurements it was found out that the signal strength of the FUTs made by sol-gel spray
was 31 dB higher than that of the FUT made by tape casting, and was 50 dB stronger than
that fabricated by the screen printing. At 150°C, the FUT made by the sol-gel spray
method was still 31 dB higher than that made by the tape casting method. The
piezoelectric films made by the sol-gel spray technique had superior mechanical strength
and were more robust than the ones made by tape casting and screen printing. Therefore

the sol-gel spray technique was continuously developed and used in this thesis.

In Section 2.4, FUTs using 50 pm thick polyimide membranes as substrates were
demonstrated. Polyimide membranes were chosen due to their promising flexibility, a
better acoustic impedance match with composite material than with a metal membrane,
and capability to sustain heating at up to 350°C. A thin electrical conductive layer was
made, either by electroless nickel plating or by a colloidal silver spray technique, onto the
non-conductive polyimide membrane to serve as the bottom electrodes of the FUTs. The
flexibility of such FUTs was achieved due to the thin polyimide, porous PZT-c films and
electrodes. Such FUTs could be attached to or bonded onto a host composite structure
with planar or curved surfaces on-site. The measured ultrasonic signals showed that FUTs
could generate and receive L waves propagating in composite, and were able to detect the
delaminations in the composite. Compared with PZT-c film FUTs on metal membranes,
PZT-c film FUTs on polyimide have about 30 dB weaker ultrasonic signal strength due to
the lower fabrication temperature, but are more flexible and have a better acoustic
impedance match for ultrasound testing on Gr/Ep composites or low impedance materials

such as plastics.

In Section 2.5, PZT-c film IUTs were deposited onto planar and curved surfaces of
Gr/Ep composites of thickness ranging from 1 mm to 12.7 mm. PZT-c films were coated
directly onto Gr/Ep composites with high electrical conductivity, but for the ones with

low electrical conductivity, PZT-c films were coated after thin conductive layers were
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deposited as bottom electrodes. The thin conductive layers were made either by
electroless nickel plating or by a colloidal silver spray technique. The latter is found to be
simpler that the former approach. These piezoelectric PZT-c film based FUTs with a film
thickness > 30 um were fabricated using a sol-gel spray technique. The top electrodes can
be made using silver paste or colloidal silver spray to form desired array configuration
with ease. In this study the center operation frequency of these transducers ranged from
1.3 MHz to 14.5 MHz. All measurements were carried out in pulse/echo mode. PZT-c
film IUTs can operate in the temperature range between -100°C to 150°C where the
operation temperature of the Gr/Ep composites in aerospace industry normally ranges
from -60°C to 100°C. The obtained ultrasonic signals showed that [UTs could generate
and receive L waves propagating in Gr/Ep composites for more than 300 mm. Also
delaminations in the composite were detected and the ultrasonic anisotropy of 0° and 90°
cross ply composite was measured. When accessibility to desired locations of Gr/Ep
components of, for example, an aircraft, is prohibited for the fabrication of the IUTs, FUT
may be used. The ultrasonic performance of the IUTs directly deposited onto the Gr/Ep
composites was nearly the same as the FUTs on 50 um thick polyimide membranes

presented in Section 2.4.
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CHAPTER 3

BuLk AcousTic WAVE MODE CONVERSION

For NDT and SHM in the aerospace industry it is crucial to know the elastic
properties such as Young’s modulus [10], shear modulus [11], Poisson’s ratio anisotropy
[98], texture [15][99] or stress[15][16][100][101]. Ultrasonic techniques are often used to
evaluate or characterize such properties nondestructively [3][4][102]. Since many parts or
structures are performed at HT, it is of interest and sometimes even mandatory to
characterize the above mentioned properties at HT. Thus HTUTs are in demand
[7][9][28][69][103][104][105][106]. The Young’s modulus E, shear modulus x and
Poisson’s ratio v of an isotropic material can be obtained with the L wave velocity V7 and
S wave velocity Vs, and their relations are given in Eqn. (3-1), (3-2) and (3-3),
respectively [4][78][10].

g PV —arg)

3-1
VE-ve G-D

where E, Young’s modulus, is the ratio of the applied longitudinal stress to the
longitudinal strain when a rod is subjected to a uniform stress over its end planes and its

lateral surface is free to expand.

w=pvi (3-2)

where u, shear modulus, is the ratio of transverse stress to transverse strain.
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where v, Poisson’s ratio, is the ratio of the lateral contraction (expansion) to the

longitudinal extension (contraction) of the rod.

In references [15][16][11][98], anisotropy or texture of materials with hexagonal
symmetry such as unidirectional Gr/Ep composite and orthorhombic symmetry such as
rolled Al and steel plates can be also found to have relations with ultrasonic L wave and S
wave velocities. Furthermore, S waves may be advantageous over L waves for NDT and
SHM because liquid and gas medium do not support S waves. For example, S waves will
have a much larger reflection coefficient than L waves if they meet the boundaries
between solids and gases or liquids. In order to evaluate and characterize metallic and
Gr/Ep composite material properties, it is a necessity to develop HTUTs not only for L
waves but also for S waves. Various efforts have been devoted to develop HT L wave
UTs [9][28][69][103][104][106]. However, it seems that commercially there are neither
HT S wave probes nor HT L-S probes available which are able to operate at HT, e.g. up
to around 350 °C. L-S probe means that a probe can generate and/or detect both L and S
waves simultaneously at the same center operation frequency and near the same probing
location. The purpose of this chapter is to demonstrate the fabrication and performance of
integrated HT S probes and L-S probes. Potential NDT and SHM applications using these

probes will be demonstrated as well.

3.1 HT S and L-S Wave Probes

In this study all thick piezoelectric composite films IUTs will serve as L wave UTs
as mentioned in Chapter 2. PZT-c and BIT-c films IUTs will be used for demonstration in

this chapter.
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3.1.1 S and L-S probes using mode conversion

The mode conversion from L to S wave due to reflection at a solid-air interface was
reported in refs. [78] and [79]. This means that the L wave UT together with L-S mode
conversion can be effectively used as a S wave probe as shown in Figure 3-1. In Figure
3-1, L; waves generated by an L wave UT reach a solid-air interface and are reflected as
L, and S, waves. The equations governing the reflection and mode conversion with
respect to the L wave incident angle € can be given in Egs. (3-4), (3-5), and (3-6) [107],
where ¢ is a reflection angle of the S waves, V; and Vs are L and S wave velocities in the
solid, respectively, and R and Ry; are energy reflection coefficients of the L and S waves,

respectively.

Air Interface
Figure 3-1 Reflection and mode conversion with an L wave incidence at a solid-air
interface.

vy =L (3-4)
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In this study, a mild steel with 7, = 5900 m/s and Vs = 3200 m/s at room
temperature was used as the substrate. Figure 3-2 shows the calculated energy reflection
coefficients of Rj; (dotted line) and Ry (solid line) based on Egs. (3-2) and (3-3),
respectively, at the mild steel-air interface. It indicates that the maximum energy
conversion rate from the L; wave to the S, wave is 97.5% at § = 67.2°, and the reduction

of the energy conversion rate is within 1% in the 6 range between 60.8° and 72.9°.

1.0

0.8

Energy Reflection Coefficient

Incident Angle, 6 (degree)

Figure 3-2 Energy reflection coefficients of R, (dotted line) and Ry (solid line) vs. L wave

incident angle @ at solid (mild steel)-air interface

In order to achieve S wave HTUTs, an L wave IUT of a 100 um-thick BIT-c film
onto a mild steel substrate is made using the sol-gel spray technique described in Chapter
2. BIT-c film is chosen here to demonstrate the measurement temperature up to 350°C
which is arbitrarily selected. Let this L IUT be in a plane parallel to the mode converted S
wave direction as shown in Figure 3-3. This approach could reduce machining time of the
substrate and the sol-gel sprayed thick film fabrication difficulty. An actual S wave probe
is shown in Figure 3-4. The top electrode was made by a platinum paste which can
sustain the temperature at up to more than 450°C. By considering this criterion, 8 + ¢ is
required to be 90°. From Eq. (3-1), which is the Snell’s law, one can obtain § = 61.5°. At
this angle, the L-S conversion rate is 96.7% that is only 0.8% smaller than the maximum

conversion rate (97.5%) at 67.2°, based on the result in Figure 3-2.
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Probing End

Figure 3-3 Schematic diagram of an integrated S wave UT probe with the L wave UT

located in a plane parallel to the direction of mode converted S wave at 6 =
61.5°.

25mm r,n Probing
End

Figure 3-4 An actual integrated S wave UT probe with the L wave IUT located in a plane

parallel to the direction of mode converted S wave at 6= 61.5°.

Figure 3-5 (a) and Figure 3-5 (b) show the ultrasonic signals in time and frequency

domain, respectively, of the received S; wave in a pulse-echo mode at 350 °C. The S"

represents nth trip of the S, wave echoes traversing back and forth between the L IUT and

the probing end in Figure 3-3. The center frequency of the S* echo was 6.7 MHz and the 6

dB bandwidth was 3.8 MHz. The SNR of the S? echo was about 30 dB. The SNR is

defined as the ratio of the amplitude of the S* echo over that of the undesired signals

among the S" echoes in Figure 3-5 (a). The signal strength of the S* echo at 350°C was 5

dB smaller than that at room temperature. This additional loss of signal strength may be

caused by the additional propagation loss in the steel and reduction of piezoelectric
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strength of BIT-c film at 350°C. It can be seen that the L; wave was not observed due to
the fact that the dimension of the substrate has been chosen so that the reflected L, wave

does not enter into the aperture of the L IUT.
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(a)
Figure 3-5 Ultrasonic signals in (a) time and (b) frequency domain of the S wave UT

probe shown in Figure 3-4 at 350 °C.

3.1.2 L-S probes using one L wave IUT

If one would like to generate and receive both L and S waves at the same time, then
the S wave probe shown in Figure 3-3 can be modified to achieve such a purpose. In fact,
it simply makes a slanted surface with an angle of 45° from the intersection of the slanted
plane and the line from the center of the L IUT as shown in Figure 3-6. An actual L-S
probe is presented in Figure 3-7. The 45° angle plane will reflect the energy of the L;
wave into the L, 4sc wave normal to the probing end as shown in Figure 3-6. Therefore, in
principle, the upper part of the L; wave, generated from L IUT, can be used to produce the
S, wave and the lower part to produce the L, 45- wave. Figure 3-8 shows ultrasonic signals
in time domain in the pulse-echo mode at 350 °C, in which the S, (S%) and L, s> (L?)
waves are observed simultaneously. Since BIT-c film can work up to 400°C, here 350C°
was arbitrarily chosen because of the convenience in measurements using a hot plate. The
L? represents the first round trip L, 45> wave echo traversing between the L IUT and the

probing end. The center frequencies of the S* and L* echoes were 7.0 MHz and 7.0 MHz
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and the 6 dB bandwidths were 3.0 MHz and 3.8 MHz, respectively. During the top
electrode fabrication, the area and position of the top electrode were adjusted so that the
amplitude of the reflected S? and L? waves was nearly the same. The SNRs of the L* and
S? were about 20 dB. Weak signals appearing between the L* and S and after the S” in
Figure 3-8 were spurious echoes due to reflections and mode conversions at many faces

of the probe.

Probing End

Figure 3-6 Schematic diagram of an integrated L-S wave probe with the L wave UT

located in a plane parallel to the direction of S,wave.

Dividing Line

/

A Probing
End

Figure 3-7 An actual integrated L-S wave UT steel probe with the L wave IUT located in a

plane parallel to the direction of mode converted S wave at = 61.5°.
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Figure 3-8 Ultrasonic signals in time domain of the L-S wave UT probe shown in Figure
3-7 at 350°C.

3.1.3 L-S probes using two L wave IUTs

In Figure 3-2 the calculated energy reflection coefficients of R (dotted line) for the
45° reflection plane between the mild steel and air is only 16.8%. In order to improve the
L wave efficiency, an alternative approach using two IUTs, one for L wave and one for L
wave mode converted to S wave, is presented as shown in Figure 3-9 with Cartesian
coordinates X, Y and Z. An actual L-S probe following this approach is shown in Figure
3-10. In fact, this probe can generate and receive two orthogonally polarized S waves Sx
and Sy which will be further discussed in the later sections of this chapter. The particle
displacements of Sx and Sy waves are parallel to X and Y axies, respectively. In Figure
3-10 the piezoelectric composite film is PZT-c and the thickness of the top IUT is 79 um
and that of the side IUT is 85 um.

Y VS
Probing End

Figure 3-9 Schematic diagram of an integrated L-S wave probe with two L wave IUTs.
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Figure 3-10 An actual integrated L-S wave UT steel probe with one L wave IUT located on
the top plane perpendicular to and one in a plane parallel to the direction of

mode converted S wave at 6= 61.5°.

Figure 3-11 shows ultrasonic signal in time domain in the pulse-echo mode at 150
°C, in which the S, (S?) and L? waves are observed simultaneously with an electrical wire
connecting between the top electrodes of the two L IUTs. Since PZT-c film can work up
to 200°C, 150°C was arbitrarily chosen here. The L? represents the first round trip L wave
echo traversing between the L IUT on the top surface of Figure 3-8 and the probing end.
The top surface is perpendicular to the probe, Z axis. The center frequencies of the S* and
L* echoes were 13.2 MHz and 14.8 MHz and the 6 dB bandwidths were 13 MHz and 10.7
MHz, respectively. The SNRs of the L? and S* were 50 dB and 40 dB, respectively. When
a 2.28 mm thick flat glass plate is used as the sample for the measurement of its J; and
Vs, a thin ultrasonic liquid gel is added between the probing end of the probe shown in
Figure 3-10. The ultrasonic measurement of both the L and S wave echoes in the glass
plate is shown in Figure 3-12. L, and S, are the nth trip echo travelling through the
thickness of the glass plate. The obtained V7 and Vs of this glass are 5876 m/s and 3495
nm/s, respectively. Then a 0.83 mm thick Plexiglas plate is used to replace the glass. The
measured ultrasonic signals are shown in Figure 3-13. Both L and S waves transferring
back and forth within the Plexiglas plate have been observed. The measured V;, and Vs of
this Plexiglas are 2032 m/s and 989 m/s, respectively. Therefore Figure 3-12 and Figure
3-13 indicate that the probe shown in Figure 3-10 can be used for the measurements of

both Young’s modulus [10] and shear modulus [11] of isotropic materials.
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Figure 3-11 Ultrasonic signals in time domain of the L-S wave IUT probe shown in Figure
3-10 at 150°C.
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Figure 3-12 Ultrasonic signals in time domain of the L-S wave IUT probe shown in Figure

3-10 together with one 2.28 mm thick glass plate at room temperature.
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Figure 3-13 Ultrasonic signals in time domain of the L-S wave IUT probe shown in Figure

3-10 together with one 0.83 mm thick Plexiglas plate at room temperature.
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3.1.4 L-S probes using two L wave FUTs

Ultrasonic characterization of low acoustic impedance materials such as Gr/Ep
composites and plastics are also of importance. It is also of interest to use a probe shown
in Figure 3-9 using Plexiglas which has improved acoustic impedance match over the
metallic probe for Gr/Ep composites or plastic materials. For this reason a probe made of
Plexiglas is fabricated as shown in Figure 3-14. Still it is the intention to have the mode
converted S wave be parallel to the probing axis. From Eq. (3-1) one can obtain 6 = 63.2°.
At this angle, the L-S conversion rate is 86.6%, which is 0.2% smaller than the maximum
conversion rate (86.8%) at 65°. Since Plexiglas cannot sustain high heat treatment
temperature, an alternative way using FUTs (mentioned in Chapter 2) glued to the top and
side surfaces of the probe to replace IUTs is used and shown in Figure 3-15. Again using
an electrical wire to connect the L wave FUT on the top surface and the one at the side
surface of the probe as indicated in Figure 3-15, the ultrasonic measurement result is
shown in Figure 3-16. The center frequencies of the S* and L* echoes were 3.7 MHz and
7.5 MHz and the 6 dB bandwidths were 4.4 MHz and 2.9 MHz, respectively. The SNRs
of the L and S* were about 26 dB. When a 2.28 mm thick flat glass plate and a 0.83 mm
thick Plexiglas plate are used as the samples separately, the ultrasonic signals are shown
in Figure 3-17 and Figure 3-18, respectively. The measured V', and Vg are 5868 m/s and
3501 m/s, and 2026 m/s and 953 m/s respectively and they agree with the measurement
data obtained by the steel probe shown in Figure 3-10. It is noted that the improved
acoustic impedance matching between the probe and the sample at the probe-sample
interface will induce small reflected echo at interface and increase the transmitted
acoustic energy into the sample, and thus enable to measure the material properties such
as Young’s and shear modulus of a relatively thin sample. One can clearly see that L,/L?
in Figure 3-18 is larger than that Figure 3-17 because of improved acoustic impedance
matching between Plexiglas probe and another Plexiglas sample over that between
Plexiglas probe and glass plate sample. It is observed that the Plexiglas probe and

Plexiglas sample have a little different material property.
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Figure 3-14 An actual L-S wave probe made of Plexiglas without FUTSs.

Figure 3-15 An actual integrated L-S wave FUT probe with one L wave FUT located on the
top plane perpendicular to and one in a plane parallel to the direction of mode

converted S wave at 9= 63.2°.
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Figure 3-16 Ultrasonic signals in time domain of the L-S wave FUT probe shown in Figure

3-15 at room temperature.
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Figure 3-17 Ultrasonic signals in time domain of the L-S wave FUT probe shown in Figure
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3-15 together with one 2.28 mm thick glass plate at room temperature.
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Figure 3-18 Ultrasonic signals in time domain of the L-S wave FUT probe shown in Figure

3-15 together with one 0.83 mm thick Plexiglas plate at room temperature.

3.2 Screws for Axial Load and Temperature
Measurements Using Ultrasound

Structural parts which are held together by screws (bolts, rivets or fasteners) under
tensile stress must be designed and assembled so that these screws are sufficiently loaded
to prevent the parts from separating while the structure is in service. Therefore a reliable
measurement of the axial load or preload in such screws is essential to secure structural
safety, and a precise control of the fastening force is required. Several ultrasonic methods
have been studied for axial load measurement. The most promising ones are measuring

the time delays of both L and S wave along the screw direction [12][13][14]. In the most
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recent report [14] the use of L and S waves allowed the elimination of time-of-flight
measurement of both waves in the unstressed state. Thus the tightening tension can be
evaluated without loosening the assemblies bolted. All the previous works use
conventional UTs which need ultrasonic couplants and cannot be easily operated at

elevated temperatures.

Temperature measurements are also of importance to structures such as engines or
hypersonic airplane parts. The thermocouple may not be rugged enough when HT flames
are present. It has been reported that ultrasonic waveguide with discontinuities can be
used as temperature sensor [108][109][110][111]. In this study, one approach is that the
screws used for engines or airframes may be used for temperature measurements. Thus
near the end of the screw whose diameter is more than several wavelengths, one
discontinuity in the screw outer diameter will be created. Then the ultrasonic time delay
or velocity measurement in the region between the discontinuity and the screw end may
be used for the average temperature evaluation within the discontinuity section.
Furthermore, the ability to measure the Young’s and shear modulus of isotropic materials

at HT is of interest for the acrospace material evaluation as well.

Therefore here IUTs will be coated onto screws which can provide simultaneous
measurements of both L and S wave velocity at elevated temperatures. Discussions on
how these screws may be used for axial load, temperature measurement and material
properties will be presented. The future goal is that every screw like the ones to be

presented may be used as integrated structural sensors for aerospace applications.

3.2.1 UT fabrication

A screw or probe made of mild steel which is the same as that used in Section 3.1.1
shown in Figure 3-19 (a) is chosen for the investigation. This mild steel for screw
fabrication is the same as the probe shown in Figure 3-7. This screw has a length of 76.2
mm and its diameter including the thread is 15.9 mm. A miniaturized PZT-c film IUT
was directly fabricated onto the head of the screw by the sol-gel spray technique
described in Chapter 2 as shown in Figure 3-19 (b). The PZT-c film thickness is 75 pm.
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Silver paste was used to fabricate the top electrode which defines the IUT active region.

This IUT shown in Figure 3-19 (b) has a width of 7 mm and a height of 4 mm.

As shown in Figure 3-19 a mode conversion angle 6 = 61.5° (# 0,,4,) 1s chosen so
that the mode converted S wave will propagate back and forth along the axial direction.
Similar to the explanations given in Section 3.1.1 because 6 = 61.5°, the energy

conversion rate is 96.7% at room temperature.
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Figure 3-19 (a) A screw made of mild steel for the propagation of both L and S waves. (b)
Zoomed picture of the head of the screw shown in (a).

Figure 3-20 (a) shows the measured ultrasonic signals of the screw shown in Figure
3-19 at room temperature in time domain. The center frequencies and 6 dB bandwidths of
the L and S waves are 17.0 MHz and 13.8 MHz, and 16.6 MHz and 20.6 MHz,
respectively. L" and S" are the nth trip L and S echoes, respectively, from IUT to the end
of the screw. The SNRs of the L? and S* waves are above 20 dB. The signal which
appeared at time delay near 41 pus is a noise which is speculated to be caused by an
ultrasonic signal traveling one screw length in S wave and another screw length in L

wave because of the imperfect mode conversion angle # machined for the experiment,
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and limited numerical resolution for this # used in the calculation. The numerically
simulated result in time domain using commercial available software package
(Wave3000, CyberLogic Inc., New York, NY) based on a finite difference method which
solves the 3D visco-elastic wave equations is given in Figure 3-20 (b). Comparing Figure
3-20 (a) and Figure 3-20 (b) a good agreement between the experimental obtained and
numerically calculated signals in signal bandwidth and time delay has been achieved. A
slight difference in amplitude and time delays between the experimental obtained and
numerically calculated results may come from the texture of the actual screw which is not
considered in the theoretical simulation. The texture of the steel may increase or decrease
the ultrasonic velocity depending on the orientation of the grains in the screw. For
example, if the grain orients along the axial direction of the screw, then the ultrasonic
velocity will be faster than that in a screw having isotropic structure. It is noted that the
position and size of the IUT shown in Figure 3-19 (b) can be adjusted so that the

amplitude ratio between L? and S* may be varied.
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Figure 3-20 (a) Measured and (b) numerically calculated ultrasonic signals in time domain

at 22°C in the probe as shown in Figure 3-19.

The measured ultrasonic signals of the screw shown in Figure 3-19 (a) at 150°C are
presented in Figure 3-21. The center frequencies and 6 dB bandwidths of the L and S
waves are 15.0 MHz and 14.2 MHz and 13.8 MHz and 8.5 MHz, respectively. The SNRs

of the L* and S* waves are above 12 dB. The variation of the amplitudes of L* and S*
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from room temperature to 150 °C is due to the different ultrasonic attenuation in the
screw, and reflection and mode conversion at the steel/air interface. Comparing the arrival
time of L* and S* shown in Figure 3-20 (a) with those shown in Figure 3-21 one can see

that the arrival time has been increased due to the increased temperature as expected.
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Figure 3-21 Measured ultrasonic signals in time domain at 150°C in the probe as shown in
Figure 3-19.

3.2.2 Screws for temperature measurements using ultrasound

In order to demonstrate that the screw shown in Figure 3-19 can be used for the
temperature measurements, the reduction of the screw diameter in a 1.72 mm length has
been made near its end. The discontinuity is designated as D1 as shown in Figure 3-22 (a)
so that the reflected echoes from this discontinuity and the screw end can be well
separated in time domain. Such a reduced diameter screw section called “step” also
permits the determination of V; and Vs of the screw which can be used for the
measurement of Young’s and shear modulus at even HT. The diameter (5 mm) of the
screw in this step is also designed so that not only the echoes, Lp;, and/or Sp; reflected
from the step D1 is strong enough but also the echoes L? and S reflected from the
reduced screw end of 5 mm diameter can be still strong enough for the measurement of
Vi and Vs of the screw. An experiment for temperature measurement using this one-step
screw was performed. During this measurement the screw was placed vertically on a hot

plate, and the surface of the 5 mm diameter step was contacted with and heated by the hot
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plate. A commercial thermocouple was also placed on the hot plate to measure the
temperature. Figure 3-22 (b) shows that measured signal of the screw with a step at the
screw end at 150°C. One can see that the echoes, Lp; and L2, Sp; and S? are clearly
observed and separated. Since the ultrasonic velocity (time delay) in the screw section
between D1 and the screw end is a function of temperature which can be measured in an
off-line calibration setup, the average temperature of the screw in this section can be
obtained on-line and real-time using the time delay difference between the echoes L* and
Lp; or between S* and Sp; [110]. The thermal expansion coefficients of the screw
material must be included for the temperature measurements. Using the machined step
size, 1.72 mm, between D1 and the screw end and the time delay differences between Lp;
and L? and Sp; and S?, the L and S velocities of the screw in this step region at room

temperature and 150°C are 5911 m/s and 3201 m/s, 5858 m/s and 3140 m/s, respectively.
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Figure 3-22 (a) One step, D1, made near the end of the screw shown in Figure 3-19 for
temperature measurement. (b) Measured ultrasonic signals in time domain at
150°C in the probe having a step. Lp; and L?, and Sp; and S? are the reflected
L and S wave echoes, respectively, from the discontinuity D1 and screw end.

Both of the L and S waves could be used for temperature measurement. However,
as the discussion in Section 3.1 that the energy reflection coefficient (96.7%) of the

converted S wave from L wave is higher than the one (16.8%) of reflected L wave by the
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45° reflection plane between the mild steel and air, and also the well separated S wave
echoes due to its slower velocity, S waves were used to demonstrate the temperature
measurement here. Please note the length of the screw is 76.2 mm and the IUT is coated
at the screw head, as shown in Figure 3-19 (b), which is opposite to the screw end with
one step designed for average temperature measurement within the discontinuity (1.72
mm), as shown in Figure 3-22 (a), so the screw is able to measure the temperature above
the IUT operation temperature. Figure 3-23 shows the calculated S velocities from room
temperature up to 400°C using the signals Sp; and S* in Figure 3-22 (b) reflected from the
1.72 mm step and screw end, respectively. The thermal expansion coefficients of the
screw material should be, but are not included here. Improved results are expected when

the thermal expansion of the screw is considered.
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Figure 3-23 Relation between temperature and measured S wave velocity.

3.2.3 Screws for axial load measurement using ultrasound

When the screw is inserted into two hex caps shown in Figure 3-24, the value of
axial load, F, exerted between the two caps can be calculated from the following first

order approximated relationship [14]
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Figure 3-24 Schematic diagram for the axial load measurement.
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where #;;7 and #,5° are the time of flight of the L and S wave, respectively, in the
screw in the stressed state; VLO and VSO L and S wave velocities, respectively of the screw
in the unstressed state; L, = Ly + L. and L, the effective length and L, the unstressed
portion of the screw; A; and A the longitudinal and transverse acoustoelastic coefficients,
respectively; and S, the effective cross-sectional area of the screw. The capability to
measure both the time delay of L and S waves in the screw allows the elimination of
time-of-flight measurement of both waves in the unstressed state [14]. Reference [14] has
also demonstrated that VLO, VSO, L., L; and S, can be obtained for screws. If #;,° and #;5°

can be obtained, then the value of axial load F can be derived.

Figure 3-21 and Figure 3-22 (b) clearly indicate that the IUTs on the screw heads
shown in Figure 3-19 can measure #;;° and 7,5° even at 150°C. The high center
frequency, large bandwidth and high SNR of IUT integrated onto the screw will enable
the high precision time delay measurement of #;,° and 7,5 as illustrated by Eq. (2-1) and
Table 2-1. It is expected that the tightening tension force F' may be evaluated without
loosening the assemblies bolted with this screw and the measurement of the axial load F
[14]. It is also an expectation that when a stress is exerted onto the screw (bolts, rivets or
fasteners) bolting two plates due to a misalignment of the two plates or the sliding of one
plate over the other because of the uneven load, the screw decribed here and equipped
with the IUT sensor may be able to use the measured irregular or excessive F to detect

such misalignment or uneven load situation for NDT and SHM applications.
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3.2.4 Probes for curing monitoring

The curing process of Gr/Ep composites of large and complex shapes during
fabrication is crucial for the determination of their integrity such as Young’s modulus and
shear modulus. Because of different thicknesses at different locations the reliable cure of
Gr/Ep composites may be assured if proper monitoring and evaluation can be performed.
In situ monitoring is preferred due to the cost effectiveness. For most Gr/Ep composite
manufacturings using autoclave the maximum temperature is around 176°C [112].
Ultrasonic monitoring has been carried out using air cooled or water cooled UTs bonded
or attached to the steel molds. Since L wave and mode-converted IUTs can operate above
176°C, they are chosen here for the demonstration of cure monitoring at an elevated
temperature. Due to the limitation of the equipment available the cure monitoring of a
polymer melt in a polymer injection molding (IM) machine is used here for illustration
purposes. In this study, the probes which may provide simultaneous measurements of L
and S at HT will be developed for the specific polymer IM machine. Information such as

Young’s and shear modulus of the polymer from melt solidified to solid will be studied.

Figure 3-25 (a) shows the developed L-S probe of mold insert, and the probe head
has been designed as shown in Figure 3-19 (a) but with smaller dimensions for real-time
non-invasive cure monitoring during the polymer IM process at HT. The IUT has a
dimension of 6 mm by 5 mm and its thickness is about 81 um. In Figure 3-25 (b) such a
transducer probe is fitted into a medium steel mold insert with electrical connections.
Then this medium mold insert is integrated into the mold of a 150 tons Engel IM machine
as shown in Figure 3-26 for in situ monitoring. Ultrasonic signals in time domain of the L
and S wave of the L-S probe reflected from the end of the probe at room temperature are
presented in Figure 3-27. L? and S are the first round-trip echoes reflected from the
bottom of the probe. The center frequencies and 6 dB frequency bandwidths of the L* and
S* waves are 12.5 MHz and 12 MHz, and 13.8 MHz and 12.8 MHz, respectively. The

SNRs of the L and S* wave are above 14 dB without any signal processing.
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Figure 3-25 (a) An L-S probe and (b) a medium steel mold insert with the L-S probe and
electrical connections.

Figure 3-26 Mold insert integrated into an IM machine.
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Figure 3-27 Ultrasonic signal in time domain of the L and S probe shown in Figure 3-25 (a)

reflected from the bottom of the probe at room temperature.

Figure 3-28 shows the results of acquired signals with the integrated mold insert
probe shown in Figure 3-25 (a) during the IM process of a high density polyethylene
(HDPE) part at 210°C. However, at the IUT position the temperature is lower than 200°C,
which is the maximum operation temperature of the PZT-c film IUT. It is noted that all
the electrical connections shown in Figure 3-26 can bear the HT situation during IM of
HDPE part at 210°C. L? is the echo reflected at the insert/polymer or air interface
depending if the polymer melt existed at the probe location or not. This L echo can be
obtained regardless of the thickness of the melt. In Figure 3-28 (a) the timings T and Ty
represent the melt flow front arrival and the molded part ejection at the probe location,
respectively [113][114][115]. When the HDPE melt arrives at the probe location at Ta,
the L, echo having propagated a round trip through the thickness of the HDPE melt
within the mold cavity of 0.75 mm height starts to appear because the probe operates in a
pulse/echo mode. When the polymer melt contacts the cold mold internal surface, the
melt starts to solidify. Because HDPE is a semi-crystalline polymer, the attenuation will
reach a peak which causes a dip in the profile of L, [112]. This dip is indicated at T¢ in
Figure 3-28 (a). During the IM, the cavity pressure changes because of the plunger
movement [113]. The measured time of flights (TOFs) of the L and S waves travelled
within the polymer melt are shown in Figure 3-28 (b). After the cavity pressure becomes
steady near the timing Tp indicated in Figure 3-28 (b), the TOFs of both L and S waves

decrease due to the solidification of the melt in the mold cavity in which the L and S
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wave velocities increase. Since the attenuation of S wave is high in the melt, its TOF can
be only observed when the melt solidifies into a viscous condition in which S wave probe
has enough sensitivity to detect the round trip echo within the melt as indicated as Ts in
Figure 3-28 (b). Assuming the density of the HDPE during the period between Ts and Ty
is 0.94 g/cm’, the in situ measured Young’s and shear modulus are shown in Figure 3-29.
It is the expectation that such probes shown in Figure 3-25 (a) may be used for the cure

monitoring of the Gr/Ep composite within the autocave.
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Figure 3-28 (a) Amplitude variations of L?> and L, echoes measured by the mold insert
probe shown in Figure 3-25. (b) TOF of the measured L and S. Arrows T, and
Tg indicate the time for flow front arrival and the molded part ejection at probe

location, respectively.
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Figure 3-29 In situ measured Young’s and shear modulus.
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3.3 Ultrasonic Probes Simultaneously Producing One L
and Two S Waves and Their Applications

Thickness measurement including corrosion and erosion monitoring using
ultrasonic technology is routinely used in aerospace industries. Certainly high accuracy is
desired. However, factors affecting the measurement accuracy using ultrasound can come
from texture [15][99], stress [16][99][100][101] etc, which all alter the ultrasonic
velocities in the material. In other words, if the thickness of the material is given,
ultrasonic velocity variations may be applied to measure the stress and texture
[15][16][99][100][101]. The combination of using L and S wave UTs was used to obtain
L wave and two orthogonally polarized S wave velocities and measure the residual stress
or texture in the textured steel at room temperature [15][99]. Let the particle displacement
[78][10] of the L wave be along the Z direction of a Cartesian coordinate, then Sx and Sy
are designated as two orthogonal S waves whose particle displacements are along the X
and Y directions, respectively. Also acoustic birefringence involving just Sx and Sy
measurements were also reported [116]. Some of experiments for the above mentioned
studies were performed using EMAT [16][101]. However, EMAT cannot be used to
measure the non-conducting substrates, and may be bulky and have low sensitivity for

certain NDT and SHM applications.

3.3.1 Probes for two orthogonally polarized S waves

Using the L to S wave mode conversion principle shown in Figure 3-3 if one would
like to generate two S waves with orthogonal polarizations (birefringence)
simultaneously, & will be made at two orthogonal edges as shown in Figure 3-10 and
Figure 3-14. Because the screw is made with the same mild steel as that shown in Figure
3-4, 6 = 61.5° is chosen. Figure 3-30 (a) shows a screw with [UTs made at two
orthogonal edges which can generate and receive two orthogonally polarized S waves (Sx
and Sy) along the screw axis. The zoomed probe head is presented in Figure 3-30 (b). Let
one S be the Sy polarized in Y direction and the other Sx polarized in X direction as
shown in Figure 3-30 (b). This probe is not designed to generate and receive L waves.

Figure 3-31 (a) and Figure 3-31 (b) show the measured ultrasonic signal Sy" and Sx",
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respectively reflected from the end of the probe in time domain and pulse-echo mode at
room temperature where the time delay of S" is that of the nth trip S echo through the
probe length plus that of the L wave travelling through the length from L IUT to the
steel/air interface. The signal Sg indicated in Figure 3-31 is a spurious signal which
probably comes from the multiple reflections of L or S waves from an undetermined
boundary. The measurement results shown in Figure 3-31 can be made simultaneously
using a two-channel ultrasonic system. The center frequencies and 6 dB bandwidths of
the Sy” and Sx” signals shown in Figure 3-31 are 12 MHz and 11 MHz, and 13.4 MHz
and 12 MHz, respectively. Their SNRs are 36.1 dB and 36.6 dB, respectively. It is noted
that such a probe may be used as an ultrasonic interferometer which is sensitive to, for
example, the anisotropy of the material to be measured, which induces a difference in
particle displacement direction or velocity or both between two S wave propagations

along the material.
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Figure 3-30 (a) An integrated S wave probe having two polarizations (Sx and Sy) and (b)

zoomed probe head having two IUTSs.
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Figure 3-31 Ultrasonic signal in time domain of the (a) Sy and (b) Sx wave generated by

the L IUTs shown in Figure 3-30 reflected from the end of the probe at room

temperature.

3.3.2 Three wave probes

Let a Cartesian coordinate system be XYZ with the Z direction being the through
thickness direction for normal direction to a plate of the material, and X and Y being the
rolling and transverse directions of a plate such as steel. The stress-free velocities for the
propagation along the Z direction only depend on the texture coefficients Wi and Wiy

[15][16][100][101] and are given in an Voight [117] and approximation [16] by
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where Vi, Vsx and Vgy are the ultrasonic velocity and #;;, t; sy and ¢4 sy, the ultrasonic time
delay of L, Sx and Sy waves in the substrate with a thickness of 4, and C = Cy; - Ci3 -
2Cu4, respectively. Let the polarization of Sx wave be along the X direction and that of Sy
be along the Y direction during the experiments. Using Eq. (3-5), if one adopts an
averaging method and knows the signal crystal elastic constants C;; [15][16][100][101]
and the density p of the material in Eq. (3-5), two texture coefficients, Wioo and Wiy, can
be calculated from the measured ultrasonic time delays, #;;, fzsx and #zsy. Also an
accurate measurement of the substrate (plate) thickness, / that is corrected for texture

variations may be made [15].

If a probe is desired to generate and receive the above mentioned three waves with
the orthogonally polarized particle displacements, namely L, Sx and Sy signals
simultaneously, then one side of the probe may be made as the one shown in Figure 3-19
and another side as the one shown in Figure 3-30. Certainly the ones shown in Figure
3-10 may be made as well. Here the former design is used. Figure 3-32 (a) shows the
integrated probe having three polarizations and zoomed probe head is given in Figure
3-32 (b). Figure 3-33 (a) and Figure 3-33 (b) show the measured ultrasonic signal L", Sx"
and Sy", respectively in time domain and pulse-echo mode at room temperature from the
end of the probe. The time delay of L" is that of the nth trip L echo through the probe
length plus that of the L wave travelling through the length from L IUT to the 45°
steel/air interface. The results of the measurements shown in Figure 3-33 can be carried
out simultaneously using a two-channel ultrasonic system. During the top electrode
fabrication for the device shown in Figure 3-32, the area of the top electrode and position
can also be adjusted so that the amplitude ratio of the reflected L2, sz and SY2 can be
varied. The center frequencies and 6 dB bandwidths of the Lz, SX2 and SY2 signals are
19.1 MHz and 17 MHz, 17 MHz and 16 MHz, and 18 MHz and 17 MHz, respectively.
Their SNRs are 23.2 dB, 23.3 dB and 38.4 dB, respectively. It is demonstrated here that
such probes which can generate and receive three orthogonally polarized waves may be
able to measure Young’s modulus, shear modulus, anisotropy, axial load, etc at room or

elevated temperatures off-line or on-line.
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Figure 3-32 (a) An integrated probe which can generate and receive L and Sy and Sy

waves simultaneous and (b) zoomed probe head having two IUTSs.
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Figure 3-33 Ultrasonic signal in time domain of the (a) L and Sy and (b) Sy wave generated

by the L IUTs shown in Figure 3-32 reflected from the end of the probe at
room temperature.
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3.4 Summary

Thick (> 75 um) PZT-c and BIT-c films as piezoelectric [UTs were deposited on
metallic substrates by the sol-gel spray technique to serve as L wave UTs. Using mode
conversion technique, HTUT probes for S wave, those for one L and one S waves, and
those for one L and two orthogonally polarized S waves, were presented in this chapter.
Temperature measurement ranging from 24°C to 400°C and the in situ measurement of
Young’s and shear modulus of melted composite performed by these probes were also

demonstrated.

In Section 3.1, integrated ultrasonic S wave and L-S wave probes were fabricated
onto steel and Plexiglas substrates with the use of mode conversion from L to S waves.
The L UTs were made in a plane parallel to the propagation direction of the mode
converted S waves at the § = 61.5° for steel substrates and at the § = 63.2° for Plexiglas
substrates. The reduction of energy conversion rate for steel substrates at § = 61.5° is only
0.8% smaller than the maximum conversion rate 97.5% at § = 67.2°. A probe that can
simultaneously generate and receive both L and S waves by one IUT by making a slanted
surface with 45° at the intersection of the slanted plane with angle 8 for mode conversion
from L to S waves and the line from the center of the IUT was demonstrated. The S wave
and L-S wave probes of BIT-c film IUTs have been made and operated at up to 350 °C
with a center frequency of 6.7 and 7 MHz, 6 dB bandwidth of 3 and 3.8 MHz, and SNRs
of more than 20 dB.

As mentioned above a 45° slanted surface was made in the L-S wave probe to
generate L and S waves simultaneously by one IUT. However, the calculated energy
reflection coefficient from L wave to L wave for the 45° reflection plane between steel
and air was only 16.8%. An alternative approach using two UTs for L-S wave probes was
presented. An L-S steel probe using two IUTs and an L-S Plexiglas probe gluing two
FUTs were demonstrated at temperatures up to 150°C, and room temperature,
respectively. A 2.28 mm thick flat glass plate and a 0.83 mm thick Plexiglas were used as
samples for the measurements of 7, and Vs of materials. The V', and Vy of the samples

calculated from the ultrasonic signals measured by the steel probe agreed well with the
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ones measured by the Plexiglas probes. Because of the improved acoustic impedance
matching between the Plexiglas probe and the samples at the probe-sample interface,
more acoustic energy was transmitted into the samples, and thus may enable to measure

the material properties such Young’s and shear modulus of relatively thin samples.

In Section 3.2, a miniature PZT-c film IUT with dimensions of 7 mm by 4 mm by
75 pm was directly deposited onto a mild steel screw head. The screw had a length of
76.2 mm and a diameter of 15.9 mm including the thread. L and S waves were able to
propagate simultaneously along the axial direction of the screw using a 45° reflection and
61.5° mode conversion angles, respectively. Due to more than 12 dB SNRs for both L
and S wave echoes at 150°C it is expected that the axial load of this screw may be
measured on-line using the time delays of these two waves together with digital signal
processing [14]. In order to use every possible screw for on-line average temperature
measurements one discontinuity of a 1.72 mm step was made near the end of the above
screw. The clearly separated L and S echoes reflected from this discontinuity and screw
end were used for the average temperature measurements. Such a screw with a step
discontinuity was used to measure the temperatures (up to 400°C) above the IUT
operation temperatures (200°C maximum). The calculated S velocities from room
temperature of up to 400°C using the S wave signals reflected from the 1.72 mm step and

screw end were presented.

L-S probe of steel mold inserts for cure monitoring of plastics during fabrication
process were presented. The dimensions of the mold insert probe are 44.45 mm by 25.4
mm by 12.7 mm, and a 6 mm by 5 mm by 81 um PZT-c film IUT was coated to generate
and receive L and S waves simultaneously. Due to the limitation of the equipment
availability the cure monitoring of a polymer melt in an IM machine was carried out to
simulate the cure monitoring of Gr/Ep composites commonly used as aerospace materials.
The results of acquired signals with the L-S mold insert probe during the IM process of a
HDPE part at 210°C were presented while at the IUT position the temperature was lower
than 200°C, which is about the maximum operation temperature of the PZT-c film IUT.

The in situ measured Young’s and shear modulus were presented.
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In Section 3.3, two integrated ultrasonic orthogonally polarized Sx and Sy (shear
birefringence) and three orthogonally polarized L, Sx and Sy probes have been presented.
They were fabricated onto the heads of steel rods in screw shape through the sol-gel spray
technique. The typical PZT-c film thickness in this section is 75 um. Mode conversion
from L to S waves and reflection from a 45° slope for L waves have been used. All the
above mentioned probes were operated at room temperature with a center frequency
ranging between 12 MHz and 19 MHz, and a 6 dB bandwidth ranging between 11 MHz
and 17 MHz, and a SNR of more than 23 dB. It is noted that these PZT-c film IUTs may
operate at up to more than 150°C. If BIT-c film is used, the operation temperature may be
up to 400°C. Such probes may be used to measure accurately the thickness of a sample

with a correction of texture including texture coefficients such as Waoo and Wy [15].
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CHAPTER 4

PLATE AcousTic WAVE AND SURFACE AcousTic WAVE

NDT and SHM [5][17] is a major concern of the aerospace community when
considering aging aircrafts whose growing maintenance costs can reduce their economic
life extension. Also emerging new airplanes are increasingly required to be equipped with
intelligence for improved diagnostics of the health condition of the critical parts and
structures. Therefore, there are demands for miniaturized light weight integrated in situ
sensors and associated techniques for local and global (long distance) damage diagnostics
[3]. In this chapter, IUTs and FUTs for the generation and receiving of PAW and SAW
[78][10][118][119][120] which propagated many hundreds of mms along 2 mm thick Al
plates for global line defect detections will be developed. PZT-c film IUTs will be
directly fabricated, or PZT-c film FUTs will be glued, at the end edges of the plates by
the sol-gel spray technique described in Section 2.1. They normally operate as thickness
vibration L mode UTs. Therefore mode conversion techniques [78][121][122][123] will
be used in conjunction with such UTs to excite and detect symmetrical, anti-symmetrical
and SH types of PAWs. The operation temperature of these PZT-c film and BIT-c film
IUTs will be tested up to 150°C and 350°C, respectively. The comparisons among these

mode converted PAWs will be discussed.

Wedges made of Plexiglas are commonly used to convert L or S waves in the
Plexiglas into guided PAWs and SAWs along metallic plates or pipes for NDT [10][124]

and SHM purposes. However, the operation temperature of the Plexiglas wedges is
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limited to less than 100°C. In this chapter HT wedges made of brass will be presented for

excitation and detection of guided acoustic waves.

Mechanical line-shape gratings have been used to effectively convert bulk L wave
to SAW [125][126]. The main applications were aimed at high frequency SAW filters or
as reflectors for touch screen panels recently [127][128][129]. In this chapter HT guided
acoustic PZT-c film IUTs and FUTs using mechanical gratings for NDT or SHM will be
presented at up to 150°C.

HT IUTs with IDT shape of top electrode is also developed to generate and receive
PAW or SAW. The ultrasonic performance of these transducers will be demonstrated at
150°C for an Al plate and a steel cylinder using PZT-c film IUTs, and at 350°C for a SS
plate using BIT-c film [UTs.

4.1 HT Piezoelectric PAW UTs Using Mode Conversion

In this chapter PZT-c film IUTs will be presented for the experiments carried out in
Sections 4.1-4.4 and BIT-c film in Section 4.4 only. The experiment measurements using

PZT-c film FUTs will be given in Section 4.1.3.

4.1.1 HT piezoelectric PAW IUTs fabrication

PZT-c films were coated onto an Al plate directly by the sol-gel spray technique as
described in Section 2.1, and silver paste was used to fabricate top electrodes. The heat
treatment for the PZT-c film IUT here was carried out at 300°C in order not to harm or
change the material properties of the Al plates. For this study the top electrode size for
IUT was chosen for the size and shape of the active area for PAW generation and
receiving and their detail dimensions will be given later. Figure 4-1 shows a schematic of
an IUT directly coated onto the end edge of an Al plate. The Cartesian coordinates are

also shown.
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Figure 4-1 Schematic diagram of an IUT deposited onto the end edge of an Al plate to

generate and receive predominantly symmetrical and anti-symmetrical PAWS.

4.1.2 Mode conversion technique

The PZT-c film IUT shown in Figure 4-1 is, in principle, an L wave thickness
vibration UT. However, when IUT deposited onto the end edge of a 2 mm thick Al plate
as shown in Figure 4-2 this IUT will generate and receive predominantlly symmetrical

and anti-symmetrical PAWs [78][10][118] due to the finite thickness of the plate.

Mode conversion [79][122][123] presented in Chapter 3 showed that L wave can be
converted into S waves for NDT applications. It was demonstrated that there existed shear
vertical (Sy: particle displacement parallel to Y axis) and SH (Sx: particle displacement
parallel to X axis) in bulk materials [78][10]. Here using IUTs the analogies of mode
conversion from L wave to Sy and to SH modes have been developed for the mode
conversion from L like waves to predominantly symmetrical & anti-symmetrical and SH
PAWs, respectively as shown in Figure 4-2 and Figure 4-3. In Figure 4-2 the particle
displacement of the L waves will be mode converted to an Sy with the same particle
displacement direction if the Al plate is thick (> 10 S wavelength) enough; however,
because the Al plate is just a few wavelengths thick, it is not able to support Sy, but rather
predominantly symmetrical and anti-symmetrical PAWs. Similarly, in Figure 4-3, the
particle displacement of the L waves will be mode converted predominantly to the SH
PAWSs with the particle displacement direction parallel to X axis. The mode conversion
angles ¢ and @ shown in Figure 4-2 and Figure 4-3, respectively will be discussed in the

latter sections.
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Figure 4-2 Schematic diagram of an IUT deposited onto the end edge of an Al plate to

generate and receive predominantly symmetrical and anti-symmetrical PAWSs.
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Figure 4-3 Schematic diagram of an IUT deposited onto the end edge of an Al plate to

generate and receive predominantly SH PAWSs.

4.1.3 Ultrasonic performance

For NDT and SHM the ability of PAWs to detect defects in long distances is
essential. Therefore the focuses in this section will be to evaluate (i) the propagation
distance of symmetrical, anti-symmetrical and SH PAWSs excited and received by the
developed PZT-c film IUTs deposited onto the end edges of 2 mm thick Al plates and (i1)
the ability of these three types of PAWSs to detect artificial line defects at room
temperature and up to 150°C. In order to detect the defect locations, the pulse/echo mode
is chosen although the transmission mode can be used. The maximum heat treatment
temperature for the PZT-c film to be deposited onto the Al plate as IUTs will be limited,
for example, 300°C, because the heat treatment temperature is not allowed to harm or
change the material properties of the Al parts and structures, for example, of the
airframes. Due to the low heat treatment temperature the piezoelectric strength of the
PZT-c film will be reduced compared with the PZT-c films having the normal heat
treatment of 650°C as mentioned in Chapter 2. Therefore the merits of FUTs glued at the
end edges of the 2 mm thick Al plate for the generation and receiving of SH PAW will
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also be presented in this section. The signal strength obtained by the FUT will be
compared with that obtained by the IUT.

4.1.3.1 Symmetrical and anti-symmetrical PAWs

Figure 4-4 shows the symmetrical and anti-symmetrical PAWs (S ) generated and
received by the 88 um thick PZT-c IUT shown in Figure 4-1 at 150°C in an 2 mm thick,
50.8 mm wide and 406.4 mm long Al plate. This IUT has dimensions of 1 mm high and
48 mm wide and it can generate and receive PAWs nearly entire end surface of the Al
plate. The subscript 2 of the S;, echo denotes the 1* round trip echo from the IUT
location to the other edge of the plate. The center frequency and 6 dB bandwidth of the
Sp» echo are 6.2 MHz and 0.5 MHz, respectively. It means that S; » has traveled a total

distance of 812 mm.
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Figure 4-4 Ultrasonic PAW signals obtained in a 2 mm thick Al plate using IUT shown in
Figure 4-1 at 150°C.

The group velocity of the Si , echo at the leading edge was about 5462 m/s which
is slower than that of the measured through Al plate thickness L wave velocity, V;, = 6364
m/s. Using the measured V; and Vg of the Al plate at room temperature and the formulas
in refs. [78] and [118], the PAW velocity dispersion curves are calculated. The calculated
phase and group velocities for several low order symmetrical and anti-symmetrical modes

are given in Figure 4-5. Figure 4-5 implies that S;, consists of many lower order
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symmetrical and anti-symmetrical modes. From the measured group velocity of 5462 m/s
and the center frequency of 6.2 MHz it is believed that the main mode contribution to the

St.2 PAW signal would be the 4™ order symmetrical S4 mode shown in Figure 4-5.
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Figure 4-5 Theoretically calculated phase and group velocities versus the product of PAW

frequency, f, and plate thickness, h, curves for the first few symmetrical (S)
and anti-symmetrical PAW modes in the 2 mm thick Al plate.

To examine the long distance capability of SHM of the symmetrical S4 PAWs two
artificial line defects, D1 and D2 with 1 mm depth and 1 mm width were made onto the
Al plate shown in Figure 4-1. D1 and D2 had length of 254 mm and 50.8 mm,
respectively as shown in Figure 4-6. At 150°C the measured symmetrical S4 PAWs are
given in Figure 4-7. Figure 4-4 in which no line defect exists and Figure 4-7 in which two
line defects are present clearly confirm that symmetrical S4 PAWs can be used to perform
SHM of defects at 150°C. In Figure 4-7, almost all the energy of the symmetrical S4
PAWSs have been reflected by the two line defects, so the Sy » echo reflected from the end
of the plate cannot be sufficiently detected. In Figure 4-6 the two line defects were 146.3
mm and 223.5 mm away from the [UT.
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Figure 4-6 Two artificial line defects, D1 and D2 were made onto a 2 mm thick Al plate.
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Figure 4-7 Symmetrical S, PAW signals detecting two artificial line defects, D1 and D2 in
a 2 mm thick Al plate shown in Figure 4-6 at 150°C.

A 90 pum thick PZT-c film IUT was coated on top of an Al plate as shown Figure
4-2. This IUT has dimensions of 1.8 mm in length and 15.0 mm in width so that strong
ultrasonic signals can be obtained. The chosen mode conversion angle ¢ using the
analogy of bulk L wave to Sy for this configuration was 63.7° which was obtained from
the phase matching angle [123] of the measured bulk L and S wave velocities of the Al
plate. In a bulk Al sample the energy conversion rate from the bulk L wave to the S wave
at this angle is 83.1%, which is only 0.02% smaller than the maximum conversion rate.
Due to this mode conversion configuration the Sy becomes predominantly symmetrical
and anti-symmetrical modes (Agy) because of the finite thickness of the Al plate (< 10 S
wavelength). The Agy is excited although the angle ¢ has not been optimized, because
this is a plate (finite dimensions) configuration, the analogy of the bulk (infinite
dimensions) material configuration is only used for initial studies. In the future theoretical

evaluation to obtain optimal conversion angle ¢ will be performed.
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Figure 4-8 shows the reflected PAW Agy, echoes at 150°C in the time domain. The
subscript 2 of the Agy, echo denotes the 1* round trip echo from the IUT location to the
other edge of the plate. It indicates that Agy, has traveled a total distance of ~812 mm.
The center frequency and bandwidth of the Agy, echo are 7 MHz and 4.9 MHz,
respectively. From the measured group velocity of 3130 m/s and a center frequency of 7
MHz, it is believed that Agy, may be composed of mainly the zeroth order (ap) anti-
symmetrical PAW [78][10][118][137]. Since this Al plate supports multimode anti-
symmetrical PAW propagation, some of the higher order modes having traveled faster
than the zeroth order anti-symmetrical mode arrived earlier as shown in Figure 4-5 in

which the group velocities of a;, a; a3 and a4 are larger than that of ay.

Receiver gain: 53dB |
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Figure 4-8 Ultrasonic PAW signals obtained using IUT shown in Figure 4-2 at 150°C with

mode conversion. The Al plate length was 406.4 mm.

To evaluate the defect detection ability of the current PAW configuration two line
defects with dimensions and locations away from the IUT nearly identical to those (D1
and D2) for S; PAWs shown in Figure 4-6 were created for the 2 mm thick Al plate as
shown in Figure 4-9. Figure 4-10 shows that two line defects and the end of the plate can
be detected simultaneously at 150°C. Because the pulse widths of Asypi, Asvp2 and
Agv are relatively shorter comparing to those of Sppi, Spp2 and Sp,, it is further
confirmed that mainly a, anti-symmetrical PAW which has a nearly constant group

velocity over the excitation frequency range was generated and received.
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Figure 4-9 One IUT coated directly onto the end edge of a 2 mm thick Al plate shown in
Figure 4-2 with an angle of 63.7° to generate and receive PAW using mode
conversion. Two artificial line defects, D1 and D2 were also made onto the Al
plate.
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Figure 4-10 Anti-symmetrical ag PAW signals detecting two artificial line defects, D1 and
D2, in the 2 mm thick Al plate shown in Figure 4-9 at 150°C.

4.1.3.2 SH PAWs

If the IUT or FUT is located at the edge indicated in Figure 4-3, predominantly SH
PAWSs [78][10], in which particle displacement is parallel to X axis (Sx), can be produced
and received using mode conversion. In Figure 4-3 the thickness of the PZT-c film was
90 um. The IUT has dimensions of 1.6 mm in height and 20.0 mm in length so that strong
SH PAWSs can be generated and received. For this configuration symmetrical PAW
echoes traveled nearly 25.4 mm and then converted to SH PAW modes and vice versa.
For this configuration the chosen mode conversion angle & using the analogy of bulk L
wave to SH was 61.7° which was calculated using the phase matching between measured

PAW velocity Sp, and the S wave velocity of the Al plate. The purpose of the phase
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matching is to achieve the generation and receiving of predominantly the lowest order SH
PAW (SHy). Similar to the mode conversion angle ¢, € will be optimized in the future

study.

Using the IUT shown in Figure 4-3 the reflected predominantly SH PAWs echoes
at 150°C without two line defects in time domain is given in Figure 4-11. After traveling
nearly a distance of 813 mm the center frequency of the Sy, echo was 6.3 MHz. The
subscripts 2 and 4 denote the 1% and ond round-trip echo, respectively. Sp4 echo traveled a
distance of 1.625 m. Compared with the PAW signals obtained for symmetrical and anti-
symmetrical modes, SH PAW echoes show the highest SNR. Using the measured V; and
Vs of the Al plate at room temperature, and the formulas in [78] and [118], the PAW
velocity dispersion curves are calculated. Theoretical calculation results as shown in
Figure 4-12 also reveal that Sy, echo mainly comes from the zeroth order SH PAW
having the bulk S wave velocity [78][10]. Also the group velocities of the higher order
SH PAWs in the current configuration are slower that that of bulk S wave velocity as

shown in Figure 4-12 and that is why they arrived a little bit later than Sy, echo.
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Figure 4-11 Ultrasonic SH PAW signals obtained using IUT shown in Figure 4-3 on a 2 mm

Al plate at 150°C with mode conversion.
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Figure 4-12 Theoretical calculated phase and group velocities versus the product of PAW

0

frequency, f, and plate thickness, h, curves for the first few SH PAW in the 2
mm thick Al plate.

As mentioned earlier, the heat treatment temperature of the PZT-c film deposited
onto Al plate will be limited, for example, to 300°C to avoid the potential damaging or
changing of the material properties of the Al parts and structures of the airframes. Such
low heat treatment will reduce the piezoelectric strength of the PZT-c film. As an
alternative to coat IUT on the side edge of the Al plate, indicated in Figure 4-3, a PZT-c
film FUT deposited onto a 75 um thick Ti membrane was glued at that location, as shown
in Figure 4-13 (a), to generate and receive SH PAWs. The FUT not only has the
advantage of on-site installation capability but also of providing high piezoelectric
strength because it can be fabricated off-line with mass production in mind to reduce the
transducer costs. The glue used is cured at room temperature for 24 hours and can sustain
thermal cycle temperature range between -80°C and 100°C which covers the common
airplane operation temperature. This glue which serves as the ultrasonic couplant
between the FUT and the Al plate has been successfully tested together with the PZT-c
film FUT within this temperature range. The top rectangular electrode of the PZT-c film
FUT has been made with a height of 2 mm and a width of 25 mm, which define this FUT

active area. The measured predominant SH PAW signals at 100°C are shown in Figure

121



4-13 (b). The Spp> and Sy 4 are the 1% and 2 round-trip echo from the FUT location to
the other edge of the Al plate, respectively. The measurement was carried out at
temperatures of up to 100°C which is limited by the glue used here. Compared with the
results shown in Figure 4-11 measured by IUT on the Al plate, the ones shown in Figure
4-13 and measured by FUT of Ti membrane are about 30 dB stronger. It is also noted that
the bonding of FUT is a convenient and attractive on-site installation approach for NDT

and SHM applications.
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Figure 4-13 (a) One FUT glued onto the side surface near the end edge of an Al plate as

shown in Figure 4-3 with an angle of 61.7° to generate and receive SH PAW

using mode conversion. (b) Measured predominant SH PAW signals at 100°C.

In order to demonstrate the NDT and SHM capability using guided acoustic waves
two line defects with dimensions and locations away from the IUT nearly identical to
those (D1 and D2) for symmetrical PAWs shown in Figure 4-6 were created in the plate
as shown in Figure 4-14. At 150°C the reflected SH PAW signals are given in Figure
4-15. Figure 4-11, in which no line defects exist, and Figure 4-15, in which two line
defects are present, clearly confirm that SH PAWs can be used to perform NDT and SHM
of line defects at 150°C. In the case shown in Figure 4-15 not only can SH PAWs clearly
detect the defects which are 146.3 mm and 223.5 mm away from the IUT, but they also
travel to the end of the plate and return back to the IUT as indicated by the echo Sy, with
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good SNR. Therefore for the 2 mm thick Al plate SH PAW showed better NDT and SHM

capability than symmetrical and anti-symmetrical PAWs.
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Figure 4-14 One IUT coated directly onto the side surface near the end edge of an Al plate
as shown in Figure 4-3 with an angle of 61.7° to generate and receive SH
PAW using mode conversion. Two artificial line defects, D1 and D2 were also

made onto the 2 mm thick Al plate.
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Figure 4-15 SH PAW signals detecting two artificial line defects, D1 and D2 in the 2 mm
thick Al plate shown in Figure 4-14 at 150°C.

A real size Bombardier regional jet horizontal stabilizer coupon shown in Figure
4-16 is then used as a test sample. The thickness of the Al frame is not uniform and
ranges from 1.1 to 1.3 mm. At one edge of the Al plate indicated in Figure 4-16 an angle
of 6 = 61.7° is created to generate and receive SH PAW using mode conversion. An [UT
consisting of 75 um PZT-c film and having a top silver paste electrode size of 12 mm by
I mm was made at the location indicated in Figure 4-16. The reflected SH PAW signals

at room temperature are given in Figure 4-17. Syr is SH PAW reflected from the location
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with a line-shape bolted joint underneath the frame, and Sy, is that reflected from the end
of the frame. Figure 4-17 demonstrates the promising results of PZT-c film IUT to
generate and detect SH PAW in a real airframe for possible NDT and SHM applications.

Aluminum Alloy ( thickness ~ 1.3mm) ‘

S —
HF —~——

e 395 mm
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Figure 4-16 One IUT coated directly onto the side surface near the end edge of an Al
horizontal stabilizer with an angle @ of 61.7° to generate and receive SH PAW
using mode conversion. Sy r is SH PAW reflected from the location with a line-
shape bolted joint underneath the frame, and Sy, is that reflected from the end
of the frame.
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Figure 4-17 Ultrasonic SH PAW signals obtained using IUT on an Al stabilizer shown in

~Amplitude (arb. unit)

Figure 4-16 at room temperature.
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4.1.4 Comparison between theoretical calculations and
experimental results

In order to reduce the number of experiments to investigate the sensitivity of defect
detection, numerical simulation is valuable. Figure 4-18 (a) and Figure 4-18 (b) show the
measured and numerically calculated results, respectively, in time domain at room
temperature for the PAW defect detection configuration shown in Figure 4-6. The
numerical simulation used a commercial available software package (Wave3000,
CyberLogic Inc., New York, NY) based on a finite difference method which solves the
3D visco-elastic wave equations. Comparing Figure 4-18 (a) and Figure 4-18 (b) a good
agreement between the experimentally obtained and numerically calculated signals in
signal bandwidth and time delay has been achieved. The simulated results took the
computation time of 21 days using a computer equipped with a 64-bit operation system
and 16GB memory. Also the measured and numerically simulated results in time domain
and at room temperature for the SH PAW defect monitoring configuration shown in
Figure 4-14 are shown in Figure 4-19 (a) and Figure 4-19 (b), respectively. Also a good
agreement between the results shown in Figure 4-19 (a) and Figure 4-19 (b) can be seen.
The numerical simulation for Figure 4-19 (b) took 21 days of calculation. It is noted that
because of the texture of the plates the measured time delay is slightly less than the
calculated one in which the textures are not considered. The texture depending on the
grain structure of the Al plate may lead to a higher PAW velocity if the grain is aligned
with the propagation direction; otherwise there will be a slower velocity if the grain is
perpendicular to the propagation direction. Such a simulation approach will be used in the
future for the detection sensitivity evaluation of cracks using the symmetrical, anti-

symmetrical and SH PAW configurations presented in this study.
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Figure 4-18 (a) Measured and (b) numerically calculated symmetrical PAW signals in time

domain at room temperature in the Al plate as shown in Figure 4-6.
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Figure 4-19 (a) Measured and (b) numerically calculated SH PAW signals in time domain
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at room temperature in the Al plate as shown in Figure 4-14.

4.2 Generation and Detection of PAWSs for NDT Using HT
Wedge

As mentioned in the Introduction, guided acoustic waves are of attraction for NDT
[124][130] and SHM applications [5][131] because they may inspect parts or structures,
in particular, those made of metals of a large area within a short time period using a few

UTs. For aerospace industry such NDT and SHM may require that the UTs operate from -
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80°C to 100°C. In other areas the operation temperatures may be required to be higher
[7][8][132]. Guided waves may be PAWs or SAWs. In this investigation, SH PAWs as
shown in Figure 4-12 are focused due to the fact that the fundamental SH PAW (SHy) is
non-dispersive and has the same velocity as the S wave in the substrate (e.g. plate). The
non-dispersive nature means that the propagation of the SHy PAW mode is insensitive to
the thickness variation of the plate and enables a broadband signal which provides high
range resolution for defect detection. Typically EMAT [45][46][47] are used to generate
and receive SH PAWSs along metal structures even at elevated temperatures; however,
they may suffer low signal strength and bandwidth, and be large in size, and are not

considered here.

In the past SH PAWs were not commonly selected for NDT because of the
unavailablility of the HT and broadband piezoelectric S wave UTs and inconvenient HT S
wave couplant, in particular, for scanning purposes. In this study, HT S waves will be
generated and received through mode conversion [79][122] from HT piezoelectric L
wave UTs in a metal delay line. Then S waves will be coupled to a metal plate by this
metal delay line serving as a wedge but with a wedge angle so as to excite and detect SH
PAWSs depending on the plate thickness. The HT wedge (delay line) will be permanently
bonded to the plate by a HT bonding material such as glue which serves as HT S wave
ultrasonic couplant. Such permanent bonding may ensure the good ultrasonic coupling at

low, room and elevated temperatures.

Usually wedges are used to convert L or S waves in the wedges into guided PAWs
along metallic plates or pipes for NDT [10][124] and SHM purposes. Often wedges are
made of Plexiglas. The main advantages of Plexiglas are due to its low ultrasonic
velocity, Vi wedge, OF Vs wedge and ease for machining, where V; and Vy are the L and S
wave velocity, respectively. The low velocity of a wedge is necessary to meet the
conversion angle according to Snell’s law (or acoustic phase matching condition). For
example, in the case of a plate, Sin 0= Viyeage/ Vraw, where O1s the angle of the wedge and
Vpeaw 1s the phase velocity of the specific mode of PAWs of a plate. It also means that

Viweage 1s slower than Vp,». However, the operation temperature of the Plexiglas is limited
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to less than 100°C. In order to operate at HT, wedges made of metal may be preferred.
Since brass provides low V. and Vs and it may function at up to more than 600°C, it is
therefore chosen as the wedge material in this investigation. It also seems that there is no

published work on HT SH PAWs using piezoelectric UTs.

For NDT and SHM broad bandwidth of the ultrasonic signals is also desired.
Normally the broad bandwidth of an UT is ensured with a proper backing. However, it is
difficult to construct a robust backing material for HT UT [7][8]. In this study the sol-gel
fabricated HT integrated L wave UTs mentioned in Chapter 2 will be used together with
L to S wave mode conversion technique [79][122] to produce broad bandwidth S waves
in the brass wedge in order to launch SH PAWs in the metal plate for NDT and SHM

purposes.

Theoretical analyses of wedges for the generation and receiving of SAW and
symmetrical and anti-symmetrical PAWs [10][118] have been reported
[133][134][135][136]. In [133][134][135][136] coupled wave equation formulation has
been presented to predict the performance of wedge transducers. However, in [133] and
[136] liquid wedges are used for the analyses, while in [133] and [134] SAWs were
excited and received but [134] used solid wedges. In [136] modal analysis for
symmetrical and anti-symmetrical PAWs in plates was performed using a liquid wedge.
In [133][134][136] the coupling efficiency loss from the wedge to the plate due to the
back scattering (radiation) of the waves into the wedge itself caused by the reciprocity has
been included. Such loss was not included in [135] which presented the analysis of solid
wedge transducers for generation and detection of symmetrical and anti-symmetrical
PAWs in plates. In this study the normal mode formalism using a solid wedge to generate

SH PAWs in plates will be presented.

4.2.1 IUT and mode conversion

It is the objective here to use IUTs to achieve L UTs. The typical PZT-c film
thickness in this study is about 89 um. Such IUTs have been operated with a center

frequency ranging from 2.6 MHz to at least 40 MHz. Their ultrasonic signal strength and
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bandwidth are comparable to those of the commercially available broadband UTs with

backing. However, IUTs can be used at high temperatures as reported in this thesis.

The mode conversion from L to S waves due to reflection at a solid-air interface, as
shown in Figure 3-9, was demonstrated in Chapter 3. The L IUT was in a plane parallel to
the axial direction of the probe as shown in Figure 3-9, and Cot @1is equal to Vs/ V7 in the
probe so that the mode converted S waves will propagate in the direction parallel to the
axial direction of the probe. In Figure 3-9 L;, L, and S, are the incident L, reflected L and
reflected S wave, respectively. In this study, a brass with the L wave velocity V; = 4372
m/s and S wave velocity Vs = 2121 m/s was used as the probe material. Therefore one can
obtain #= 64.1°. Using Eq. (3-6) the calculated energy conversion rate versus € is given
at Figure 4-20. In Figure 4-20 at = 64.1° the energy conversion rate is 79.7% that is also
the maximum conversion rate. Figure 4-21 shows an actual brass delay line for L and S
waves. Let the Cartesian coordinates of this probe be X’Y’Z’. In Figure 3-9 and Figure
4-21 an L wave PZT-c film IUT is also made at the top flat surface of the wedge and it
can generate and receive the L wave along the axial direction of the probe as well. The
arrangement shown in Figure 3-9 and Figure 4-21 enables L, Sx> and Sy> waves to
propagate together along the axial direction of the probe which will be further explained
below. Sx- and Sy> waves are S waves predominately polarized along the X’ and Y’

directions, respectively.
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Figure 4-20 Energy reflection coefficient of the mode conversion from L to S waves with an

incidence of L wave at a brass-air interface.
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Figure 4-22 and Figure 4-23 show the measured ultrasonic signal L" and Sx-" in
time domain and pulse-echo mode from the end of the probe at 150°C. L" is the nth trip
echo through the axial direction of the probe. Sx:" is that of the nth trip S echo through the
probe length plus that of the L wave travelling through the length from L IUT to the
brass/air interface. The center frequency and 6 dB bandwidth of the L? signal shown in
Figure 4-22 are 6 MHz and 3.7 MHz, respectively, with 43.7 dB SNR. The SNR is
defined as the ratio of the signal L* over that of the surrounding noises. The center
frequency and 6 dB bandwidth of the Sx-* shown in Figure 4-23 are 4.9 MHz and 2.8
MHz, respectively, and its SNR is 23.9 dB.

L IUT for L

L IUT for Sy

L1UT for-Sy.

Figure 4-21 An integrated three wave brass probe having one L and two orthogonally

polarized S (Sx and Sy-) generated and received by three L IUTs.
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Figure 4-22 Ultrasonic signals in time domain of the L wave generated by the L IUT at the

top surface shown in Figure 4-21 and reflected from the end of the probe at
150°C.
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Figure 4-23 Ultrasonic signals in time domain of the S wave converted from the L wave
generated by the L IUTs at one side surface shown in Figure 4-21 and

reflected from the end of the probe at 150°C.

4.2.2 Conversion from S waves in brass wedge to SH PAWS in a
metal plate

Figure 4-24 shows the schematic in which the Sx- wave propagating in the brass
wedge will be converted into the metal plate as SH PAWs or SAWs for intended NDT
and SHM applications. The Cartesian coordinates XYZ are shown where Z axis is the SH
PAWSs propagation direction, X the particle displacement direction and Y the plate
thickness direction. The X axis in Figure 4-24 is the same as the X’ direction in Figure
4-21. In Figure 4-24 the brass delay line shown in Figure 4-21 is cut into a slanted angle
@.. The first substrate used for the experiment is a SS plate which has the dimensions of
406.4 mm long, 50.8 mm wide and 1.9 mm thick. The operation can be in transmission
mode which means that the one wedge shown in Figure 4-24 is used as the transmitting
transducer and the other the receiver. If the wedge is operated in pulse-echo mode, each

of them can be used as both the transmitting and receiving transducer.

Wedge ¢/ Y /71
\ Couplant , y=hi2 CouplaWedge
N\ v \ B
N e > ]
y=0 I‘_L" hf SH PAW

Figure 4-24 Configuration of wedges for S waves converted into SH PAWS.
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4.2.2.1 Dispersion Curve Calculations

For the SS plate of 1.9 mm thick the dispersion curves of both phase (dashed lines)
and group velocities (solid lines) of SH, waves are calculated and presented in Figure
4-25, respectively, where SH, are the SH PAWs and n denotes high order modes. The
frequency of the PAW and the plate thickness are expressed as fand 4, respectively.
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Figure 4-25 Theoretical calculated velocities versus f * h, curves for the SH,, PAWSs in the

1.9 mm thick SS plate. Dashed and solid lines represent phase and group

velocities, respectively.

4.2.2.2 Coupling coefficient analysis for SH PAWs

The analysis of the generation and receiving of SH PAWs is carried out using the
coupled wave equation formulation [133][134][135][136] applied to the solid wedge
transducer shown in Figure 4-24. The analysis takes into account the effects of acoustic
wave reflection and back scattering (radiation) at the wedge-plate interface which was not
included in the analysis in [135]. In such formulation the particle displacement and stress
inside the plate generated by the wedge transducer are assumed to be independent of the

X coordinate and can be expressed by the mode expansion,
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U(y,2) =Y a,(2)U,(») (4-1a)
T(n,2)= Y. a,(2)T,(») (4-1b)

where Ur:(y) and T7,(y) denote the particle displacement and the stress of the nth

eigenvalue of a plate waveguide and a,(z) is the mode amplitude.

Taking into account the orthogonal relations between the acoustic plate modes and
applying the coupled mode formulation to the solution proposed, as given by Egs. (4-1a)
and (4-1b), it can be shown that the mode amplitude of the SH PAWs in sinusoidal form

(e’™) is governed by the following differential equation

da (z) . Jjou, T
1+ a =
e JB.a,(z) 4P

(4-2)

where f, and P, are, respectively, the propagation constant and the acoustic power of the
nth SH PAW mode; T, is the stress generated by the wedge transducer at the top surface
of the waveguide, i.e. y = h/2 as shown in Figure 4-24. The result given in Eq. (4-2) is
quite similar to what has been reported in [134] and [136] which refer to liquid wedge
transducer. However, it shows that the solid wedge transducer drives the plate mode
through the 7, stress component, which is a non-existent stress component in the case of

the liquid wedge transducer.

Bearing in mind the boundary conditions which must be satisfied by the particle
displacement and the stress at the interface between the plate and the bottom of the solid

wedge transducer, one is able to rewrite Eq. (4-2) as:

2 *
(i + JB, +a, ja,, (7) = - L0 L COSPit (4-3)
dz 2P,
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where d is the wedge transducer dimension along the X-axis, Zy is the SH acoustic
impedance of the wedge transducer material, ¢ is the acoustic wave incident angle at the
wedge base, u;, is the amplitude of the incident particle displacement, a,, is the attenuation
coefficient which comes from acoustic energy leakage of the guided mode into the
interface between the plate and the wedge transducer and is given by

2 2
o - dw’Z, cos ¢

n

unx

4P,

(4-4)

An examination of Eq. (4-3) right hand side reveals that only those SH plate modes
which exhibit horizontal particle displacement u,, at y = h/2 can be generated by the
wedge transducer. Therefore, only the lowest order, SHy, and the modes having particle
displacement with even symmetry with respect to y = 0 axis (i.e. even n) can be
generated. The acoustic attenuation «, plays a major role on the efficiency of the wedge.
Therefore before calculating the efficiency, one should examine &, as given by Eq. (4-4),

which, by its turn, needs the acoustic power of the SH, PAW mode, P,, given by

1 /2
P = E'OQ)ZV”"” .[_h/2|unx|2dy (4-5)

where V,, is the group velocity of the nth mode. After some lengthy, albeit standard
mathematical manipulations, one concludes that the acoustic attenuation for the two

lowest order modes (SHy and SH, PAW) can be given by

1 (7 v\ "
aO = — —W 1— 5.w (4'63)
2h\ Z, Ve p
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(4-6b)

where Zy and Vg are, respectively, the impedance and the S wave phase velocity of the
wedge; Zp and Vs p are the impedance and the phase velocity of the S wave in the plate;
wc2 = 2nVsp/h is the cut off radian frequency of the second order mode SH,. In the
calculation, one should bear in mind that the incidence angle ¢ must obey Snell’s law for
each plate mode, hence for the lowest order SHy and second order SH, PAW mode, the

following relationship holds

V
sin¢i(0) =7 (4-Ta)
VS,P
and
V ) :
sin g = S 1_( czj (4-7b)
Vs p w
respectively.

An examination of Eq. (4-6a) reveals that the attenuation o of the SHy mode is
dispersionless and it is inversely proportional to the plate thickness. However, according
to Eq. (4-6b), SH, has a rather dispersive attenuation o, which is also inversely
proportional to the plate thickness. The dependence of the attenuation characteristics on
the acoustic frequency is illustrated in Figure 4-26, which refers to a plate and wedge
made of stainless steel and brass, respectively. As shown in Figure 4-26, irrespective of
the frequency, the attenuation of the SH, mode is always higher than the attenuation of
the SHy mode. Such a feature plays a major role on the performance of the wedge. For

example, the wedge can provide single SH PAW mode excitation if @ < wcs.
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Figure 4-26 Attenuation dependence on the normalized frequency; solid line ah and

dashed line axh, wc; is the cut-off frequency of SH, mode.

In [134] the performance of the wedge is determined by its efficiency, which is
defined as the ratio of the excited mode power to the incident acoustic power. Based on

Eq. (4-3) one obtains the following expression for the wedge efficiency
n, =21~ exp(-a, L)} /(a,L) (4-8)

where L is the length of the wedge transducer along the Z axis as shown in Figure 4-24. It
should be pointed out that since the wedge efficiency was calculated based on the coupled
wave equation, it was expected that it should be governed by the standard mathematical
expression presented in the previous publications, which is given in Eq. (4-8). However,
bearing in mind some rather unique characteristics of the attenuation as shown in Figure
4-26, it is worthwhile to investigate the dependence of the transducer efficiency on the
frequency for the two modes under present consideration. The dependence of wedge
efficiency with respect to both the attenuation, oy and a, for the SHy and SH, PAW

modes, respectively, and geometry, L, is calculated and shown in Figure 4-27.
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Figure 4-27 Wedge conversion efficiency, »n, versus normalized length, a,L, for the SHy
and SH, PAW modes.

Regarding SHy PAW, one must take into account that its attenuation, ¢, does not
depend on the frequency. Therefore, the wedge efficiency for such a mode is also
dispersionless. However, when considering the SH, PAW mode one must take into
account that «, strongly depends on the frequency, especially near to its cut-off
frequency, as shown in Figure 4-26. It can also be shown that the wedge efficiency is

higher than 50% as long as

14 14
0.54(ﬁ] 1 —[ S0 J <L 9.6[éj 1 —( Bl ] (4-9)
ZW VS,P h ZW VS,P

Thus the tolerance on the choice of L/A is relatively large.

Furthermore, Figure 4-27 in combination with Eq. (4-7a) enables one to conclude
that in order to operate the SHy mode at the maximum efficiency, ayl = 1.26, the
following relationship between the length of the wedge L along the Z axis and the plate

thickness 4 must be

p vy %
Looso 2| Lo (4-10)
h Zy VS,P
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4.2.2.3 Experimental results

The experimental setup for the S wave in the wedge to excite and receive SH
PAWs in a SS plate is shown in Figure 4-28. The SS plate is 1.9 mm thick and 50.8 mm
wide. The angle 42.9° of ¢ is chosen because of Snell’s law ¢ = Sin’l(VS, Wedge! V1, Wedge) =
Sin™ (2121/3116) for mode conversion in the brass wedge [79][122]. The L IUT which
excites S wave polarized in X’ axis in Figure 4-21 (also X axis in Figure 4-24) is used
here. It will generate and receive predominately the S waves which have the particle
displacements along the X axis. In Figure 4-25 one can see that SHy PAW has almost no
dispersion and thus is preferred for many NDT and SHM applications. Also the higher
order modes of SH;, (n # 0) have slower group velocities than that of SHy and may not be
excited and received efficiently. Figure 4-29 (a) and Figure 4-29 (b) show the result of the
measurement in transmission mode while the SS plate is at room temperature and at
200°C, respectively. The separation distance between the centers of the two wedges on
the SS plate was 150 mm. The echo Psyy indicated in Figure 4-29 (a) and Figure 4-29 (b)
does not go through any signal processing. The calculated group velocity for SH PAW is
2905 m/s, which corresponds to that of the lowest order SHy PAW mode in this SS plate.
Its center frequency and 6 dB bandwidth of the Pgyyp signal in Figure 4-29 (a) and Figure
4-29 (b) are 3.5 MHz and 3.4 MHz, and 3.5 MHz and 3.3 MHz, respectively. The Pgpo
signal strength at 200°C is 12 dB smaller than that at room temperature and this increased
loss at high temperatures comes from the piezoelectric film, propagation at the wedge,

glue and propagation at the SS plate.

L IUT with
conne__ction s

Figure 4-28 Experimental setup for the Sy- wave in the wedge to excite and receive SH
PAWs in the SS plate.
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Figure 4-29 Measured ultrasonic signals of the experimental setup shown in Figure 4-28 in
transmission mode while the SS plate is (a) at room temperature (b) at 200°C.

The distance between the centers of the two wedges is 150 mm

4.2.3 Conversion from L and S waves in brass wedge to
symmetrical and/or anti-symmetrical PAWSs in a metal plate

The probe shown in Figure 4-21 is able to generate one L wave and two
orthogonally polarized S waves simultaneously, so it is also our intention to see which S,
or a, PAW can be generated and received by that wedge. Figure 4-30 (a) and Figure 4-30
(b) show the schematic in which the L and Sy> waves propagating in the brass wedge will
be converted into the metal plate as symmetrical and/or anti-symmetrical PAW. As the
same brass wedges and SS plate were used as described in the previous section, the
slanted angle ¢, in Figure 4-30 (a) and ¢sy- in Figure 4-30 (b) are equal to the ¢ in Figure
4-24. However, the two L IUTs used here are for the generation and receiving of L and
Sy, respectively, and are different from the one for Sy in Section 4.2.2. If the three L
IUTs can be connected electrically, the same wedge can generate different PAWs and

even simultaneously.

139



Wedge¢L§ Y ,/71 Wed
l Couplant edge
N Couplant X 7 p

I S S REEREEE > {1
Symmetrical and Anti-symmetrical PAW
_ (a)
Wedge¢S;Y’ Y ,/71 Wed
\i ! Couplant edge
AN ; Couplant X Z p
o - s > ]
FF FF
Symmetrical and Anti-symmetrical PAW
(b)

Figure 4-30 Configurations of wedges for (a) L waves to S, and/or a, (b) Sy waves to S,
and/or a, PAWS.

4.2.3.1 Theoretical calculations

Using the measured V; and Vs of the SS plate at room temperature, and the
formulas in [78] and [118], the PAW velocity dispersion curves for the 1.9 mm thick and
50.8 mm wide SS plate are calculated. For this SS the dispersion curves of both phase
(dashed lines) and group velocities (solid lines) of S, and a, waves are calculated and
given in Figure 4-31 and Figure 4-32, respectively, where n indicates the high order
modes. The frequency of the PAW and the plate thickness are expressed as f and 4,
respectively. It is noted that the coupling coefficient for the symmetrical and anti-

symmetrical PAWs is not presented and is not the scope of this thesis either.
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Figure 4-31 Theoretical calculated velocities versus f* h, curves for the S, PAWSs in the 1.9

mm thick SS plate. Dashed and solid lines represent phase and group

velocities, respectively.
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Figure 4-32 Theoretical calculated velocities versus f* h, curves for the a, PAWSs in the 1.9

mm thick SS plate. Dashed and solid lines represent phase and group

velocities, respectively.

The experimental setup for the L wave in the wedge to excite and receive PAWs in

the SS plate is shown in Figure 4-33. The angle of ¢, equal to 45.5° which is the same as

141



@sy> 1s chosen because it is the intention to see which S, or a, PAWSs can be generated and
received. From Snell’s law, if ¢ is equal to 45.5°, the Vp4 should be a value of near
6022 m/s, thus according to the data shown in Figure 4-31 and Figure 4-32 Ss and/or as
PAWs may be excited and received. Figure 4-34 shows the measurement result in
transmission mode at room temperature. The separation distance between the centers of
the two wedges is also 200 mm. The echo P,s indicated in Figure 4-34 has gone through a
band pass filter between 7.5 MHz and 8.5 MHz. The preliminary analysis indicates that
this echo with a group velocity of 4160 m/s and a center frequency near 8.0 MHz comes
mainly from the fifth order anti-symmetrical as mode shown in Figure 4-32 and Ss was

not efficiently excited and received using this configuration.

+ mm

1.9mm thick and 50.8mm wide SS plate 25\@45.?

mm .
200mm v

Figure 4-33 Experimental setup for the L wave in the wedge to excite and receive PAWS in
the SS plate
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Figure 4-34 Measured ultrasonic signals of the experimental setup shown in Figure 4-33 at

Amplitude (arb. unit)

room temperature in transmission mode.
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Figure 4-35 The experimental setup for the Sy wave in the wedge to excite and receive
PAWSs in the SS plate.
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Figure 4-36 Measured ultrasonic signals of the experimental setup shown in Figure 4-37 at

room temperature in transmission mode.

For the Sy- wave in the wedge to excite and receive S, and/or a, PAWs in the plate,
the angle of ¢sy- equal to 45.5° is again chosen with an intention to see that if the same
wedge used in Figure 4-33 is used, then which PAW can be excited and received. The
measurement setup is shown in Figure 4-35. Figure 4-36 provides the measurement result
in transmission mode at room temperature. The separation distance between the centers of
the two wedges is 200 mm as well. The echo P, indicated in Figure 4-36 has gone
through a band pass filter between 2 MHz and 3 MHz. The preliminary analysis indicates
that the echo comes mainly from ay mode shown in Figure 4-32 because of the slow

velocity of 2941 m/s at a center frequency near 2.5 MHz.

It is interesting to note that the wedges used in the measurement setups shown in
Figure 4-33 and Figure 4-35 have the same @. The reason is that in future research it is

our intention to discover if for a specific plate sample, one can use wedges of same ¢ to
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excite and receive three different PAWs efficiently using the L Sx- and Sy- waves in the
wedge. If this can be achieved, this wedge will be a promising candidate for NDT and
SHM of this SS plate.

4.3 HT Guided Acoustic Wave UTs Using Mechanical
Gratings

As mentioned in Section 4.2, guided acoustic waves are of attraction for metallic
NDT and SHM applications because they may inspect parts or structures of a large area
within a short time period at HT using a small number of UTs [130][131]. Mechanical
line-shape gratings have been used to effectively convert bulk L waves to SAW
[125][126]. The main applications were aimed at high frequency SAW filters. However,
in the last decade such gratings have been also applied as mode converters from L to
SAW or PAWs and as reflectors for the touch screen panels (or displays) made of glass
substrates [127][128][129]. Such touch screen panels are widely used at many major
transportation industry stations, department stores, different institutions, etc, and become
a convenient tool involved in human daily living. The main motivation of this approach is
to regard the touch display panel as an approach for SHM or NDT of a large metallic part.
The analogy is that if any defect is initiated or propagated within this panel, the guided
SAWs or PAWs propagating in the entire panel can detect the defect location and even
the size. In this investigation thin and light weight guided acoustic wave IUTs and FUTs,
involving the use of line-shape mechanical gratings only as mode converters, are studied
for the NDT and SHM applications at temperatures of up to 150°C. The numerical

simulation results will be presented as well.

4.3.1 UT fabrication

The line mechanical gratings are machined with a line width of 0.3 mm, an aperture
of 10 mm and different depths and number of gratings using electrical discharge
machining (EDM). The gratings will be used to convert L waves into SAWs [125][127]
and PAWs depending on the substrate thicknesses. PZT-c films serving as L wave [UTs
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were made by the sol-gel spray technique mentioned in Section 2.1 onto the opposite
surface of the metallic substrate having mechanical gratings. The merit of this approach is
that IUT can be at the internal surface of a structure and mechanical gratings at the
external surface. If the substrates are 75 pm thick membranes, then it is an FUT. FUTs
may be attached or bonded to metal parts even with curved surfaces and used for guided

wave NDT and SHM as reported earlier.

4.3.2 Integrated guided SAW UTs on a SS plate

In order to show the capability of integrated guided SAW transducer line-shape
mechanical gratings as shown in Figure 4-37 with a line interval of 0.6 mm, a width of
0.3 mm, a depth of 0.06 mm, an aperture of 10 mm and 6 gratings have been made onto
the grating side of 10 mm thick SS plate. According to [125] the optimum depth of the
grating is 0.6 mm, but here 0.06 mm is chosen for easy machining. The gratings may be
made to have symmetrical or anti-symmetrical shape to increase the efficiency of mode
conversion and directivity [125]. PZT-c films have been also made as IUTs at the direct
opposite side of these gratings and their thicknesses are about 82 um thick which
corresponds to a center frequency of an L wave of 7.9 MHz with a 6 dB bandwidth of 4
MHz. The dimensions of the top electrodes are about 9 mm by 3.5 mm which covers

about 6 gratings area.

Front View

Figure 4-37 Line-shape mechanical gratings with a line interval of 0.6 mm, a width of 0.3
mm, a depth of 0.06 mm, an aperture of 10 mm and 6 gratings have been
made onto a 10 mm thick SS plate. PZT-c films with 82 pm thick were

deposited on the opposite side of gratings directly.
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At room temperature the measured V; and Vs of this SS substrate are 6056 m/s and
3328 m/s, respectively. Along with these data, the calculated SAW group (also phase)
velocity is 3022 m/s with 5 MHz of center frequency in this design of 0.6 mm wide line
interval grating. Figure 4-38 shows the measured ultrasonic signals in transmission mode
in time domain of the measurement (a) at room temperature and (b) at 150°C. The data
shown in Figure 4-38 (a) and Figure 4-38 (b) were filtered with a band pass filter centered
at 5 MHz. Rr is the first SAW arrival signal. Because of the 10 mm thick SS plate, bulk L
waves generated and received by the IUT also travel back and forth from the top and
bottom surfaces of this plate. The large echoes Ry’ and Ry” follow the echo Rr come
from such reverberation with a time delay of about 3.3 us. Such echoes Ry’ and Ry can
be significantly reduced if the incident L waves toward the line gratings is at an inclined
angle or the SS plate has a non-parallel top and bottom surfaces. At room temperature the
measured SAW group (phase) velocity is 3012 m/s which agrees well with the
theoretically calculated value of 3022 m/s. It is noted that for isotropic substrate the SAW
phase velocity is equal to the SAW group velocity [78][118]. At 150°C, as shown in
Figure 4-38 (b), the measured SAW group (phase) velocity is about 2905m/s.
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Figure 4-38 Ultrasonic performance of the IUTs shown in Figure 4-37 and operated in

transmission mode (a) at room temperature (b) at 150°C.

Figure 4-39 shows the numerical simulated results of this configuration at room

temperature using Wave3000 commercial available software, which agreed well with the
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experimental result shown in Figure 4-38 (a). In addition the center frequency of the
received signal in Figure 4-39 is also around 5 MHz. Figure 4-38 (a) and Figure 4-38 (b)
provide the possibility of HT guided SAW generation and receiving for 150°C NDT and
SHM.

Amplitude (arb. unit)

10 2 30 40 50
Time Delay (us)

Figure 4-39 Numerically calculated SAW signals in time domain at room temperature in the

SS plate as shown in Figure 4-37.

4.3.3 Flexible guided PAW UTs on 75 pm SS membranes

Since the grating has been approved to be able to generate and receive SAW at
room temperature [125][126] and at 150°C as demonstrated above, it is also of interest to
study whether flexible guided PAW grating transducer can be developed if the above 10
mm thick SS plate is replaced with a 75 pm SS membrane. The PZT-c film can be still
deposited at the opposite site of the line grating. Using SS membranes HT high efficient
bulk L wave PZT-c film FUTs were presneted in Section 2.3. For guided PAW grating
FUTs line-shape mechanical gratings with a line interval of 0.6 mm, a width of 0.3 mm, a
depth of ~0.03 mm, an aperture of 10 mm and 17 gratings have been made onto SS
membranes of 75 um thick by the EDM. The depth of ~0.03 mm of the grating is almost a
half of the membrane thickness. Again these mechanical gratings are made in
symmetrical shape because of convenience in machining. PZT-c films have been made as

FUTs at the direct opposite side of these gratings and their thicknesses are about 62 um
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thick which corresponds to a center frequency of an L wave of 15 MHz. In this study

such transducers are named as PAW grating FUTs.

At first, ultrasonic measurements in transmission mode were carried out. In Figure
4-40 FUT. was used as the transmitting UT and FUTR as the receiver. The ultrasonic
signals obtained in this transmission configuration at room temperature with the FUT top
electrode which covers 3, 7 and 10 line-grating areas are shown in Figure 4-41, Figure
4-42 and Figure 4-43, respectively. In theses figures, the time and frequency domain
signals are given in (a) and (b), respectively. As expected [125] a higher number of line
gratings provide a narrower bandwidth of the PAWs. The propagation paths of echoes Pr,
Pa+t, Prig, and Pa:rip, are indicated in Figure 4-40. Because the edges of the SS
membrane serve as PAW reflectors, for example, the propagation path of echo Pa,r starts
from the FUTL together with the mechanical grating to the Edge A and reflected and
received by FUTR together with the mechanical grating. It also means that pulse-echo
capabilities of such PAW grating FUTs have been demonstrated as well. From the time
delays of Pr, Pait, Pris, and Pairip the velocity of the PAW is 4870 m/s which indicates
the zeroth order (S¢) symmetrical PAW for the SS membrane used. The SNR of the
received signal Pr in Figure 4-41, Figure 4-42 and Figure 4-43 is 17 dB, 16.6 dB and 8.7
dB, respectively.

Silver top
electrode FUT,

~0.03 mm
10mm Mechanical 10mm

| ratin ry
mmzr b R = llOmm
- [————7—
- \

3.5mm

75pum thick stainless steel membrane

Figure 4-40 A 75 um thick SS membrane with two 62 um thick PZT-c films. Line-shape
mechanical gratings with a line interval of 0.6 mm, a width of 0.3 mm, a depth
of ~0.03 mm, an aperture of 10 mm and 17 gratings have been made onto the

SS membrane.
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The anti-symmetrical mode propagation, in particular, the first order (ap) anti-
symmetrical PAW was also expected to be generated and received by such PAW grating
FUTs; however it was weak. Their arrival time comes much later because of the slow
velocity, and interfered with by the later arriving of multiple echoes of the symmetrical
mode traversing back and forth within the SS grating FUT membrane. It will be studied
further in the future.
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Figure 4-41 Ultrasonic performance of the FUTs shown in Figure 4-40 and operated in

transmission mode. 3 line-grating area is covered by silver top electrode.
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Figure 4-42 Ultrasonic performance of the FUTs shown in Figure 4-40 and operated in
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transmission mode. 7 line-grating area is covered by silver top electrode.
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Figure 4-43 Ultrasonic performance of the FUTs shown in Figure 4-40 and operated in

transmission mode. 10 line-grating area is covered by silver top electrode.

In order to demonstrate the HT operation capability the whole PAW grating FUT
membrane shown in Figure 4-40 was directly put on top of a hot plate. Figure 4-44 shows
the ultrasonic signals obtained in transmission mode at 150°C with PZT-c film FUTs
covering only 3 line-grating areas (~9 mm by 2 mm). The SNR of the received signal Py
is 11.4 dB. The choice of 3 line-grating was because it gave the broader bandwidth of the

received signal.
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Figure 4-44 Ultrasonic performance of the FUTs shown in Figure 4-40 operated in

Amplitude (arb. unit)

transmission mode at 150°C. 3 line-grating area (~9 mm by 2 mm) is covered

by silver top electrode.
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4.3.4 Flexible guided PAW UTs to generate and receive PAW in a
SS plate

In order to demonstrate the potential of using PAW grating FUTs for NDT and
SHM, the grating FUTs shown in Figure 4-40 were cut into to two. Each part consisting
of the gratings with the PZT-c film below serves as a guided PAW grating FUT. These
two PAW grating FUTs were placed at the two ends of a 1.9 mm thick 100 mm long 50
mm wide SS plate as shown in Figure 4-45 (a), and their ultrasonic signals obtained in
transmission mode are shown in Figure 4-45 (b). The SNR of the received signal is 20
dB. Then an artificial line defect with 1 mm depth and 1 mm width across the entire width
50 mm of the SS plate was made onto the middle of the SS plate, and the measured
ultrasonic signal Pt was 3.4 dB weaker than the measured signal on SS plate without line
defect. The line defects on plate can be detected by the amplitude change of ultrasonic
signals, generated and detected by the grating FUTs, in transmission mode. The guided
PAW grating FUTs may be attached or bonded onto plate structure like the bulk L wave
FUTs reported in [91] for HT NDT or SHM.

Gratjng FUT Gratin? FUT

)

1.9mm thick SS Plate
100mm >|

/L
[

(2)
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1 1 1 Receiyer nglin: 79dB ]
5 10 15 20 25 30 35 40
Time Delay (Us) (b)

Figure 4-45 (a) Ultrasonic performance of the PAW grating FUTs shown in Figure 4-40 are
placed at the two end of a 1.9 mm thick stainless steel plate. (b) Ultrasonic
performance of measurement setup in (a). The two grating FUTs were

operated in transmission mode.
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4.4 Integrated HT SAW and PAW UTs Using IDTs

The purpose of the study of this section is to develop techniques for integrated
SAW and PAW transducers directly onto desired metallic structures for SHM
applications using IDTs. The selected frequencies are between 0.5 MHz and 2.0 MHz.

HT IUTs with the function of IDTs will be presented. The demonstration of
integrated IDTs using PZT-c films on an Al alloy plate and the one on a steel cylinder
will be carried out at 150°C. Moreover, integrated IDTs using BIT-c films on an SS plate
will be demonstrated at 350°C.

4.4.1 Integrated IDT fabrication

Sol-gel sprayed PZT-c films were fabricated for the experimental demonstration at
150°C, and sol-gel sprayed BIT-c films were fabricated for the demonstration at 350°C,
although the sol-gel sprayed BIT-c films could work at 400°C with good signal strength
and SNR as presented in Section 2.2. Top electrodes with IDT shapes which are different
from the regular shape of top electrodes used in the other chapters were used here.
Colloidal silver was sprayed to form the IDT electrodes at room temperature for the
application up to 150°C, and the Al IDT electrodes for the application above 300°C was
formed by a vacuum deposition for this particular investigation. Certainly other top
electrode fabrication methods without the usage of vacuum technology may be used. The
IDT masks (negative) were made by an EDM method. The IDT shape top electrodes were
sprayed or deposited through these IDT masks and forms the IDT (positive).

Since in this study the desired PAW and SAW operation frequency range is
between 0.5 MHz and 2.0 MHz, one mask used in this study is designed, fabricated by the
EDM and shown in Figure 4-46. The top and bottom connection electrodes parallel to the
wave propagation direction are called bus-bars; the other thin electrodes perpendicular to
the wave propagation direction are called fingers. The finger widths of the IDT are 0.5
mm for the IDT. The separation among the fingers is also 0.5 mm wide. The mask is

made of a 0.57 mm thick SS plate. The thickness is chosen so that the mask is flat, has
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negligible shadow effect during the colloidal silver spray and is reusable. Such finger
width is convenient for the colloidal silver spray method. This IDT fabrication technique

makes the selection of finger size and transducer size simple and convenient.

Bus-Bar

Fingers
width:0.5 mm
gap: 0.5 mm

Figure 4-46 Mask used for IDT pattern.

4.4.2 Performance of integrated IDTs for SAW and PAW

Al alloy and SS plates of different thicknesses and a steel cylinder are used for the
SAW and PAW experiments demonstrated below. For theoretical calculation of the
velocities of SAW and PAW, the measured bulk L wave V; and S wave Vs velocities and
the densities of these metals are used. Since pulse-echo modes are of interest for NDT and
SHM applications, most of our measurement data will be shown for this mode although

measurement data in transmission modes will be demonstrated as well.

4.4.2.1 Integrated IDTs for SAW on an Al alloy plate

A 25 mm thick Al alloy plate is used here for the SAW experiment. Since Al alloy
is an isotropic medium, SAW propagation on it can be also regarded as Rayleigh wave.
Two IDTs were made on top of the 86 pm thick PZT-c film. Figure 4-47 shows the
integrated PZT-c film transducer with an IDT operated in pulse-echo mode at 150°C and
the measured SAW (Rayleigh) signal with a band pass filter between 0.5 MHz and 2.0
MHz in time domain is given in Figure 4-48. In Figure 4-48, Raa, Rop and Roa+op are the

reflected echoes either from the edge A or the edge B through the corresponding Rayleigh
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wave travel paths of 2A, 2B, 2(A+B), respectively. The longest travel distance in this

figure was 306 mm (for Roa12p).
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Figure 4-47 A 25 mm thick Al alloy plate with an IDT SAW transducer operated in pulse-

echo mode. The 86 um thick piezoelectric film was made of a PZT-c

composite.
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Figure 4-48 Ultrasonic performance of an IDT SAW transducer shown in Figure 4-47 and
operated in pulse-echo mode at 150°C in time domain with a band pass filter
between 0.5 MHz and 2.0 MHz.

At room temperature the measured density, Vi and Vs of this Al alloy substrate are

3530 kg/m’, 6343 m/s and 3044 m/s, respectively. Using these data and the calculated
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SAW (Rayleigh wave) group (phase) velocity is 2846 m/s. At room temperature the
measured SAW velocity is 2840 m/s which agree well with the theoretically calculated
value of 2846 m/s. At 150°C, as shown in Figure 4-48, the measured SAW velocity is
2700 m/s.

If the band pass filter used is between 0.5MHz and 10.0MHz, then the ultrasonic
signals shown in Figure 4-48 become those shown in Figure 4-49. Figure 4-49 shows the
existence of bulk L waves through the thickness direction of the Al alloy substrate and
they are generated and detected by the same IDT transducer on top of the piezoelectric
PZT-c film. These films are promising bulk wave IUTs as illustrated in Section 2.2. The
strength of the bulk L wave can be adjusted by the size of the upper and lower bus-bars of
the IDT. By comparing the IDT shown in Figure 4-46 with that shown in Figure 4-47 one
can see that the width of the bus-bars of the IDT pattern in Figure 4-47 is narrower. The
narrower the width of these bus-bars, the weaker is the bulk L wave and the stronger the
strength of SAW. This indicates that NDT and SHM can be carried out not only by the
SAW along the surface of the Al alloy substrate but also by the bulk L wave along the

thickness direction when a proper band pass filter is used.

Amplitude (arb. unit)
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Figure 4-49 Ultrasonic performance of an IDT SAW transducer shown in Figure 4-47 and

operated in pulse-echo mode at 150°C in time domain with a band pass filter
between 0.5 MHz and 10 MHz.
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It is noted that the band pass filtering can be carried out by software and that has
real-time processing capability. Since the SAW transducer shown in Figure 4-47 is of
layers structure which consists of PZT-c film and Al alloy substrate, the excitation
efficiency [138] of the SAW device with respect to the PZT-c¢ film thickness and
operating frequency which affect the finger width design of IDT will be further
investigated in order to strengthen the SAW signals.

4.4.2.2 Integrated IDTs for SAW on a steel cylinder

In order to demonstreate the ability of the sol-gel spray technology to fabricate
SAW UTs onto curved surfaces a steel tube with 102 mm outer and 46 mm inner
diameter was used as a sample as shown in Figure 4-50. An 89 pm thick PZT-c film and
an IDT shape of top electrode were deposited onto the right side of this tube’s cylindrical
surface. The IDT together with the PZT-c film serves as a SAW generator and receiver.
Figure 4-51 shows the SAW measurement at 150°C in the time and frequency domains in
the pulse-echo mode, where R, is the nth trip echo around the cylindrical surface of the
tube. The center frequency, 6 dB bandwidth and SNR of R; were 1.5 MHz, 0.3 MHz and
24 dB, respectively. Each trip travels in a diatance of 320.4 mm. In Figure 4-51 the R6

echo has travelled a distance of 1,922 mm.

Figure 4-50 A steel tube with 102 mm external diameter and 46 mm inner diameter and

IDT for SAW generation and detection in pulse-echo mode.

At room temperature the measured L wave velocity and S wave velocity of this
steel tube along the axial direction are 5904 m/s and 3227 m/s, respectively. Using these
data the calculated SAW (Rayleigh wave) group (phase) velocity 2986 m/s. At room
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temperature the measured SAW velocity was 2980 m/s which agreed well with the
theoretically calculated value. At 150°C, as shown in Figure 4-51, the measured SAW
velocity was 2853 m/s and the signal strength at 150°C was 3 dB stronger than that at

room temperature.
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Figure 4-51 Ultrasonic performance of the IDT on the steel tube at 150°C in (a) time and

(b) frequency domain, where R, was the nth trip echo around the tube external

cylindrical surface.

4.4.2.3 Integrated IDTs for PAW on a SS plate

For PAW experiments at temperatures higher than150°C a 111 um thick BIT-c film
was deposited on a 0.702 mm thick SS plate as shown in Figure 4-52. Then two IDT
electrodes were made on the top of the film by the vacuum deposition technique using the
IDT mask shown in Figure 4-46. Their thickness was 0.1 pm. Figure 4-53 shows the
measured PAW signals in time domain using the integrated PAW transducer shown in
Figure 4-52 near edge “A” operated in the pulse-echo mode at 350°C. The pass band of
the band pass filter in our signal acquisition system was set between 0.5 MHz and 2.0
MHz. In Figure 4-53 Psa, Pog , PaaoB, Paason and Poaigp are the reflected echoes either
from the edge “A” or the edge “B” through the corresponding PAW travel paths
(distance) of 2a, 2b, 2(a+b), 2(2a+b) and 2(a+2b), respectively, as shown in Figure 4-52.
The longest travel distance in this experiment was 594 mm (for P,a14p). The echoes of
Py and P,p are weaker than the P,a1,p5 because they travel unidirectionally along A or B

direction, respectively, but the echo P,5+2p travel both along “A” and “B” direction and
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are summed at the IDT near the edge “A” when received. Along the longer propagation
distance echo strength will be the weaker due to the higher loss in the path. However, the
echoes in Figure 4-53 show good SNRs. The two edges may be considered as large deep
defects (cracks) in practical NDT and SHM applications. It means that this integrated
PAW transducer may be regarded as a promising NDT and SHM tool at 350°C for

sensing defects with the distance as long as 594 mm, i.e. P2a14p.
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Figure 4-52 Photograph of the PAW transducers and a schematic view indicating
propagation paths of PAWSs in the SS plate. A 0.702 mm thick SS plate with a
PAW transducer and an IDT electrode was operated in pulse-echo mode. The

111 um thick piezoelectric films were made of a BIT composite.

At room temperature the measured PAW group velocity of the device shown in
Figure 4-52 was 2936 m/s. The measured V;, and Vg of the SS plate at room temperature
were 5828 m/s and 3151 m/s, respectively. Using these data and the formulas in [78] and
[118], the calculated PAW phase velocity V), (in solid lines) and group velocity V, (in
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dashed lines) are shown in Figure 4-54. V; indicates the phase velocity of Rayleigh wave
on the substrate having semi-infinite thickness. It is found that at the plate thickness 4 =
0.702 mm and f = 1 MHz the theoretically calculated V, for the zeroth order anti-
symmetrical mode ag is 3030 m/s which agrees well with the measured V, of 2936 m/s.
Note that the calculated result does not include the effect of the BIT-c film loading.
Therefore the PAW shown in Figure 4-53 is the zeroth order anti-symmetrical plate wave
mode ay. Because the BIT-c film has slower L wave velocity than that of SS plate, the
111 pm thick BIT-c film will slow down the PAW velocity in the plate region coated
with this film. In addition to measurement errors of time delays of the echoes in Figure
4-53 used in determining the Vg, a cause of the difference between the experimental result
and theoretical calculation could be that the steel plate used in the experiments was not
perfectly homogeneous or isotropic while such conditions were assumed in the

calculation.
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Figure 4-53 Ultrasonic performance of PAW transducer shown in Figure 4-52 with an IDT

operated in pulse-echo mode at 350°C in time domain.

The geometry of the PAW transducer, such as thickness of the BIT-c film and
finger widths of the IDT which affect operating frequency will be investigated in the
future study in order to excite PAW waves efficiently. By comparing the measurement
data shown in Figure 4-53 with those at room temperature it is found that the signal
strength was 5 dB weaker at 350°C. The measured PAW (ag) group velocity at 350°C was
2754 m/s.
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Figure 4-54 Calculated PAW dispersion curves for the 0.702 mm thick SS plate shown in
Figure 4-52. Vx indicates the phase velocity of a Rayleigh wave on a substrate

having semi-infinite thickness.

4.5 Summary

HT PAW and SAW UTs using sol-gel sprayed piezoelectric composite films and
mode conversion techniques were presented in this chapter. The mode conversions
between L waves generated and received by sol-gel sprayed UTs and PAWs or SAWs

were achieved through the geometry of substrates, wedges, mechanical gratings, or IDTs.

In Section 4.1, sol-gel sprayed PZT-c thick (> 75 um) films were directly coated
onto three 2 mm thick Al plates with different configurations for the NDT and SHM
capability evaluation of symmetrical, anti-symmetrical and SH PAWs. With a top line
electrode these PZT-c films served as L IUTs. One IUT was fabricated at the end edge of
the Al plate, and it can excite and detect predominately symmetrical PAW due to the
finite thickness of the Al plate. One IUT was coated onto the top surface of a slanted
edge at the end of another Al plate, and L. waves were converted into S wave with out-of-
plane partical displacement in the Al plate due to mode conversion at the slanted edge,
and then became predominantly anti-symmetrical PAW due to finite Al thickness. One

IUT was deposited onto the side surface of a slanted edge at the end of the other Al plate,
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and the IUT generated the extension wave in the beginning and then converted to
predominantly SH PAW in the Al plate at the slanted edge. Each guided acoustic wave
mode in plates used for the experiments was identified by using the theoretical calculated
dispersion curves compared with the experimentally measured group velocity. Two
artificial line defects of 1 mm width and 1 mm depth on the Al plates were clearly
detected at temperatures up to 150°C in pulse-echo mode for using symmetrical, anti-
symmetrical and SH PAWs. Results indicated that for 2 mm thick Al plates SH PAWs
were the best for the line defect detection, and have the capability to travel a distance of
1.625 meters. A real regional jet horizontal stabilizer made of Al plate of thicknesses
ranging from 1.1 mm to 1.3 mm was also demonstrated for SH PAW propagation. The
results indicated that SH PAWs may be used for NDT and SHM purposes. Also
numerical simulations by solving the 3D visco-elastic wave equation with a finite
difference based method were performed, and the simulation results agreed with the

experimental results.

In Section 4.2, theoretical and experimental investigations of ultrasonic wedges
which can generate and receive SH PAWs in a metal plate at temperatures up to 200°C
were presented. Brass which has a slow S wave velocity was chosen as the high
temperature wedge material. PZT-c film IUTs were coated on the brass wedges. The
mode conversion method is used to convert L waves generated by an IUT to S waves in
the brass wedge. The calculated mode energy conversion efficiency is 79.7% with a
conversion angle of 64.1°. The S waves in the wedge which is glued to a SS plate with a

wedge angle of 42.9° have been converted to SH PAWs in the SS plate.

The acoustic attenuation ¢ caused by the back scattering into the wedge of the SH
mode is dispersionless and it is inversely proportional to the plate thickness. SH, PAW
mode has a rather dispersive attenuation «,; however, it is also inversely proportional to
the plate thickness. Regardless of the operating frequency, the acoustic attenuation of the
SH»> mode is always higher than that of the SHy mode. Such a feature plays a major role
in the performance of the wedge. For example, the wedge can provide single SH PAW

mode excitation if w < w¢,. Analysis of the coupling coefficient from the S waves in the
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wedge to the SH PAWs in the plate is also presented. The dependence of wedge
efficiency with respect to both the attenuation, & and «a, for the SHy and SH, PAW
modes, respectively, and geometry, L, are presented as well. In order to operate the SH
PAW modes at the maximum efficiency, o,L must be 1.26. In the transmission mode
predominantly SHy PAW has been obtained at a plate temperature of up to 200°C.
Measurement results demonstrated that SH PAWs using such wedges may be a promising

approach for NDT and SHM of metal structures because of less dispersion and high SNR.

In Section 4.3, integrated and flexible guided acoustic wave UTs have been made
using line shape mechanical gratings made by EDM together with sol-gel fabricated IUTs
at the opposite side. IUTs served as bulk L wave UTs and these L waves were converted
to SAWs or PAWs when they interacted with the line mechanical gratings depending on
the substrate thickness. Guided SAW grating IUTs have been made and for such
transducers IUTs are made directly under the line gratings in a 10 mm thick SS plate. The
measured SAW velocity and frequency agreed well with the theoretical and numerical
calculation. When the SS substrate is 75 pm thick which is flexible, the gratings together
with IUTs served as guided PAW grating FUTs. The experimental results indicated that
the more the number of line gratings, the narrower is the bandwidth of the PAW. Zeroth
order (Sp) symmetrical PAW was generated and received by the guided PAW grating
FUTs. The detection of an artificial line defect created on a 100 mm long 50 mm wide SS
plate was also demonstrated in a transmission mode using two guided PAW grating
FUTs. These FUTs may be attached or bonded to parts even with curved surfaces. The
preliminary results have indicated that they may be used for NDT and SHM purposes.

In Section 4.4, HT IUTs with IDT shape of top electrodes were developed to
generate and receive PAWs or SAWs. The IDT mask was made by EDM. A colloidal
silver spray method was used to form IDT electrodes onto sol-gel sprayed PZT-c films at
room temperature through the IDT mask for the applications up to 150°C. For the
applications up to 350°C, IDT shape of Al electrodes were formed by vacuum deposition
onto sol-gel sprayed BIT-c films. The results of experiments show SAW propagation

along a 25 mm thick Al alloy plate and along a steel cylinder with 102 mm diameter, and

162



PAW propagation in the zeroth order (a) anti-symmetrical mode along a 0.702 mm thick
SS plate. The pass band of the filters for SAW or PAW is between 0.5 MHz and 2.0
MHz. The measured SAW and PAW results agreed well with the theoretically calculated
values. If the edges of the substrates can be considered as large defects or cracks, the
measured signals with good SNR demonstrated the NDT and SHM capability in a
distance of several centimeters or tens of centimeters. If the substrate is thick, both SAW
and bulk L wave may be generated and detected simultaneously for NDT and SHM
applications along the surface or thickness direction, respectively of the substrate. Arrays

of these transducers may be readily achieved as well.

163



CHAPTER 5

NON-CONTACT ULTRASONIC MEASUREMENT TECHNIQUES

To achieve SHM, fast NDT and NDT of rotation components, non-contact
ultrasonic measurement approaches are desired. In this chapter, two non-contact
techniques: NDT using sol-gel sprayed PZT-c film and BIT-c film IUTs as receivers for
laser generated ultrasound, and induction-based ultrasonic measurement using sol-gel

sprayed PZT-c film IUTs as transmitters and receivers, will be presented.

L waves, S waves, and PAWs generated by laser ultrasonics and received by sol-
gel sprayed L wave HT IUTs combing mode conversion technique will be demonstrated
at room temperature, 150°C and 400°C. The estimation of thickness measurement
accuracy for steel substrate by this technique will be presented. One of the applications
using this technique for NDT of bonded composite patches on Al plates will also be
illustrated. The objective of this study is to explore the merits of combining the usage of
lasers as the remote and versatile ultrasound generating UTs with that of IUTs as the
receivers. When IUTs are used just as receivers, it is expected that the required electric
power is low and thus battery driven or harvested energy driven approaches including

wireless communication for NDT and SHM may be feasible.

Induction-based ultrasonic measurement using sol-gel sprayed IUTs will be
presented for NDT of metal substrates and composite substrates in this chapter. The study
will include the generation and detection of L waves, S waves, and PAWs. The result of a

measurement carried out on a rotating sample will be demonstrated.
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5.1 NDT Using Laser Generated Ultrasound and IUT
Receivers

The generation of ultrasound using pulsed lasers has been known since 1963 [22].
The mechanisms of laser generated ultrasound were reported and certain examples
presented in [19][20][21]. Using lasers to generate ultrasound is an attractive and
effective non-contact method in which the laser and the object may be meters away. In
order to fully take advantage of such a non-contact nature, many detection approaches
using optical means such as knife edge or position-sensitive detector [139][140] and
various interferometers [22][141][142] to receive laser generated ultrasound were
developed. The main advantages of the non-contact laser generation and laser detection
method for NDT of materials are that (a) objects can be at elevated temperatures, (b)
curved surfaces are permissible, (¢) L waves, S waves, PAWs and SAWs may be used (d)
high inspection rate may be achieved and (e) inspected objects can be in motion.
Furthermore laser beams can be considered as versatile UTs which may have adjustable
transducer size, shape, and power and be arranged in array configuration and scanned at a
reasonable speed using mirrors. It is known that at present the system cost of a laser

generation and laser detection approach may be high.

NDT or SHM at HT becomes of increasing interest to the aerospace and power
generation community when considering aging aircrafts or power plants or gas and oil
pipes  [3][17][19][20][139][140][141][142][143][144][145][146]  whose  growing
maintenance costs can reduce their economic life extension. There are demands for novel
NDT and SHM techniques for large area damage diagnostics. The objective of this study
is to explore the merits of combining the usage of pulsed lasers as the ultrasound
generating UTs together with a contacting type of UTs as the receivers to perform NDT
or SHM and achieve advantages (a), (b), (c) and possibly (d) mentioned above. Such an
approach may also eliminate the high cost concern of a laser detection approach. To this
direction, there have been good reports in [144][145][146] in which laser pulses not only
were used for the laser generation of ultrasound but also optically scanned by a mirror
scanner to produce the ultrasonic images except that the UTs fixed at the receiving

locations were not yet suitable for high temperatures and curved surfaces. However, in a

165



recent publication [147] a PZT has been bonded onto the sample or a steel fiber welded to
the sample and used as an ultrasonic guided wave receiver up to 140°C together with

pulsed laser generation and a mirror scanner.

As demonstrated in the previous chapters, sol-gel fabricated piezoelectric film [UTs
have been demonstrated being able to be coated onto planar and curved surfaces for
possible NDT and SHM applications. In previous works [28][121][132][148] such IUTs
were successfully used in pulse-echo or transmission mode of up to more than 500°C.
The aim of this study is to use such IUTs as the receivers to detect the ultrasound
generated by pulsed lasers for NDT or SHM. The expected advantages over the
conventional UTs used are that [UTs are miniature, light weight and workable at high
temperatures, on curved surfaces, usable for the receiving of L waves, S waves, and
PAWs that have been presented in earlier chapters. They may be also easily arranged in
array configuration, are mode selective, and have high piezoelectric sensitivities. It is
noted that when IUTs are used as receivers, the electric power required may be very
small; thus the approaches using battery or power obtained via energy harvested devices
and including wireless communication are feasible. It means that the high electrical
power pulser required for the generation of ultrasound may be replaced by a remotely

applicable pulsed laser.

5.1.1 IUT receiver sensitivity evaluation

PZT-c films and BIT-c films were fabricated for the experiments in this chapter for
150°C and 400°C demonstrations respectively by the sol-gel spray method. Figure 2-8
showed an IUT made of 62 um thick PZT-c film and deposited onto a 12.7 mm thick
steel plate and measured by a handheld EPOCH model LT pulser-receiver (from
Olympus-Panametrics, USA) at room temperature. The measured ultrasonic data in pulse-
echo mode was also presented in Figure 2-10, where L" is the nth trip L echo through the
plate thickness, and 0 dB gain (no amplification) out of the available 100 dB receiver gain
was used. The same test sample shown in Figure 2-8 is used here for the experiments to

be presented in the next section.
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5.1.2 Low repetition pulsed laser generation and IUT receiving of
ultrasound on planar surface at room temperature

First, a pulsed laser (A = 1.064 um, Q switched Nd:YAG) with pulses of 45 mlJ
energy and 5 ns duration delivered at a low repetition rate of 10 Hz is used for the
generation of ultrasound. Figure 5-1 (a) and Figure 5-1 (b) show the schematic diagram
and measurement setup, respectively, of the ultrasonic measurement using the IUT coated
onto the steel plate shown in Figure 2-8 to receive the laser generated ultrasound in the
steel plate. The laser generation location is at the opposite side of the steel plate but
located at the center of the IUT (top electrode location). Figure 5-1 (b) showed the
measured ultrasonic signal displayed in an oscilloscope without any amplification where
L" is the nth trip L echo through the steel plate thickness. The laser spot size was 8 mm
diameter and the energy is in the thermoelastic regime [19][20]. The SNRs of the echoes
L' and L’ obtained by single shot laser pulse are 28.4 dB and 22.3 dB, respectively.

Oscilloscope
e
ooao o 0 p
Trigger signal |_/\_RF
Laser Generator signal
Laser beam
IUT
(a) (b)

Figure 5-1 (@) Schematic diagram and (b) measurement setup of laser generation and

IUT receiving in a steel plate.

Again Eq. (2-1) (Eq. 19 in [87]) is used here for the estimation of the measurement
accuracy for time delay and then thickness of the steel substrate shown in Figure 5-1 (b).
where f; is the center frequency, T is the time window length for the selection of e.g. L'
and L* in Figure 5-1 (b) for the cross correlation, B is the fractional bandwidth of the
signal (the ratio of the signal bandwidth over f), p is the correlation coefficient used in

cross correlation, SNR, and SNR, are the SNR of the 1* echo (e.g. L' in Figure 5-1 (b))
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and the 2™ echo (e.g. L’ in Figure 5-1 (b)), respectively, and o(Af - At’) is the standard
deviation of the measured time delay (Af the true time delay; Az’ the estimated time
delay). Using Eq. (2-1), the calculated o(At - At’) is 4.2 ns for the IUT in receiving mode.
Since a sampling rate of 250 MS/s (Using Tektronix TDS2014B oscilloscope which has
the maximum sampling rate of 2 GS/s, but it is 250 MS/s in this measurement as the time
base of oscilloscope was set at 1 ps in order to display L' and L’ simultaneously) is used
in the experiment, with the use of the cross correlation method including interpolation
[11] the time measurement error which may be additionally introduced is estimated to be
0.8 ns. The total uncertainty in time delay measurement is then 5 ns. ¥z, the measured L
velocity in steel substrate using pulse-echo technique at room temperature, is 5960 m/s
obtained by using the thickness 12.7 mm divided by the measured time delay (cross
correlation of the echoes L' and L* shown in Figure 5-1 (b)). Thus the best possible
thickness measurement accuracy achievable using the above parameters given in Table 5-
1 would be 14.9 pm for the IUT in receiving mode at room temperature and a laser pulse

of 45 mJ energy, 5 ns duration and 8 mm spot diameter.

Table 5-1: Parameters for Eq. 2-1 and digitization resolution

Parameters Laser Generation
IUT (receiver)
fo 11.4 MHz
T 0.4 ps
B 9/11.4
P 0.77
SNR; 28.4dB
SNR, 22.3dB
o(At—At) 4.2 ns
Digitization resolution (100 MHz) together 0.8 s
with interpolation
Total time delay
) Sns
Uncertainty
Vi 5960 m/s
Thickness measurement accuracy 14.9 pym
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5.1.3 High repetition pulsed laser generation and IUT receiving
of ultrasound on planar surface at room temperature and
150°C

In order to evaluate PZT-c film IUT as a receiver for a high repetition low power
pulsed laser, a laser (A = 0.532 pum, 2™ harmonics of a Q switched Nd:YAG) which
delivers pulses of 600 ps duration, 50 puJ energy at a repetition rate up to 1 kHz was used
to generate the ultrasound. The lasers with high pulse repetition rate would produce
ultrasonic images with reduced frame time [144][145][146][147]. The sample was an [UT
made of 51 pm thick PZT-c film and deposited onto a 12.7 mm thick steel plate. The top
electrode of this IUT was 6 mm in diameter. The laser generation location was at the
direct opposite side of steel substrate with the IUT. The laser spot size is 0.5 mm and the
energy is in the ablation regime. Figure 5-2 (a) and Figure 5-2 (b) show the received
ultrasonic signals averaged over 100 laser pulses at room temperature and 150°C,
respectively. The averaging of 100 laser pulses is used to reduce the electrical noises of
the current experimental setup. The center frequencies and bandwidths of the echo L' in
Figure 5-2 (a) and Figure 5-2 (b) are 19.5 MHz, 27 MHz, 14.5 MHz and 11.4 MHz,
respectively. The SNR at 150°C is lower higher than that at room temperature mainly due
to the IUT receiver’s better ultrasonic performance at room temperature than at 150°C.
Figure 5-2 shows that IUT made of PZT-c film is capable to be an ultrasonic receiver for

laser generated ultrasound using this high repetition pulsed laser up to at least 150°C.

Receiver gain: 69dB ]

L1 Receiver gain: 79dB

L7 |_9

Amplitude (arb. unit)
Amplitude (arb. unit)

é 1I0 1I5 2I0 2I5 30 5 1I0 1I5 2IO 2I5 30
Time Delay (us) Time Delay (us)
(a) (b)
Figure 5-2 Measured ultrasonic signals using laser generated ultrasound and IUT as the

receiver at (a) room temperature (b) 150°C.
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5.1.4 Low repetition pulsed laser generation and IUT receiving of
ultrasound at curved surface and 400°C

As shown in earlier chapters BIT-c film IUTs can be coated directly onto curved
surfaces and operated at temperatures higher than 150°C as receivers. Figure 5-3 (a)
shows a BIT-c film IUT made of a 60 um thick BIT-c film and deposited onto a steel tube
of a 25.4 mm outer diameter and 6.4 mm wall thickness and measured by a handheld
EPOCH LT pulser-receiver at 400°C. Again, BIT-c film was chosen because as an IUT, it
can operate at up to 500°C [28][149].The diameter of the top silver paste electrode of this
IUT was 5 mm which was chosen to obtain the maximum signal strength at room
temperature. In Figure 5-3 (a), 40.8 dB gain out of the available 100 dB receiver gain was
used. The measured ultrasonic signals obtained in pulse-echo mode at 400°C is presented
in Figure 5-3 (b), where L" is the nth trip echo through the tube wall thickness. At 400°C
the center frequency and the 6 dB bandwidth of the L are 12.7 MHz and 5.8 MHz

respectively.

=1 L2 Receiver gain: 41dB |
c
= 4 ]
9 i . L6 ]
- 8 10 |
g 4 L } .!_ J‘ i
© Y r—
S - i
= ]
=
af -
_ £t :
6.4 mm thick steel pipe < L

5 10 15
Time Delay (us)
(b)

Figure 5-3 (a) Measurement setup for an IUT made of BIT-c film at 400°C using an

EPOCH LT and performed in pulse-echo mode; (b) Measured ultrasonic

signals in pulse-echo mode at room temperature.

Since the high repetition (1kHz) and low power laser, which delivered pulses of
600 ns duration, 50 pJ energy and was used in the previous section, produced ultrasonic

signals with low strength, a relative high pulse energy laser (A = 1.064 um, a Q switched
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Nd:YAG) with a low repetition rate of 10 Hz was chosen to perform all the experiments
presented below. Figure 5-4 (a) and Figure 5-4 (b) present the ultrasonic signals, which
were received by the BIT-c film IUT shown in Figure 5-3 (a) and were averaged over 10
laser pulses of 2 mJ energy and 5 ns duration, at room temperature and at 400°C,
respectively, where L" is the nth trip echo through the tube wall thickness. Here the
averaging of 10 laser pulses is used to reduce the electrical noises of the present
experimental setup. The laser beam spot size was 0.5 mm and impinged at the center of
the top silver electrode of the IUT. Since it is in the ablation regime, the silver top
electrode impinged by the laser spot eventually disappeared; however, there is little
change in the measured ultrasonic signal. If the center of the IUT does not have the BIT-c
film and allows the 0.5 mm laser spot to impinge onto the steel tube, the received signal
waveform by the BIT-c film IUT surrounding the 0.5 mm spot is expected to be
somewhat different but should be sufficiently strong for thickness measurements, for
example. At 400°C the center frequency and the 6 dB bandwidth of L? echo generated by
the pulsed laser and received by the BIT-c film IUT are 13.7 MHz and 7.4 MHz

respectively.

C_' '2 | Receiver gain: '44'd|_'°>_ =1 |_2 o 'Iielcéiv'er'gélir'l: 53dB |
= L cr -
= =11 ]
= = |
> f‘ Cog |
o ke ]
= 1 2
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Er 1 =i ._
< 1 1 < Ly )

5 10 15 20 5. 10 15 20
Time Delay (us) Time Delay (us)
(a) (b)

Figure 5-4 Measured ultrasonic signals using laser generated ultrasound and BIT-c film
IUT shown in Figure 5-3 (a) as the receiver in pitch-catch mode (a) at room
temperature (b) at 400°C.

Due to the well-separated echoes in the time domain although averaged with ten

pulses, Figure 5-4 (a) and Figure 5-4 (b) also indicate the frequency bandwidth achieved
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by the IUT in combination with the use of the pulsed laser generation is sufficient to
inspect such a steel pipe with a 6.4 mm wall thickness. Thus IUT made of BIT-c film is
capable to be a sensitive receiver at curved surface for laser generated ultrasound up to at

least 400°C.

5.1.5 Low repetition pulsed laser generation and IUT receiving of
both L and S waves and PAWSs

In this section a pulsed laser (A = 1.064 um, a Q switched Nd: YAG) with pulses of
2 mJ energy and 5 ns duration delivered at a repetition rate of 10 Hz is used for the
generation of ultrasound. IUTs intrinsically acting as L wave receivers will use various
mode conversion approaches [122][137] and serve as L wave, S wave, symmetrical, anti-

symmetrical and SH PAW receivers. Al and SS plates are used as substrates.

Figure 5-5 (a) shows an IUT made of an 80 um thick BIT-c film and deposited onto
an edge of the steel block which was the L-S probe presented in Section 3.1.2. The L
wave generated by the laser beam at the laser impinging plane will propagate along the
block along the path parallel to the IUT plane and be reflected by the 45° angle plane
shown in Figure 5-5 (b) into the IUT L wave receiver. The S wave generated by the laser
beam will propagate a similar way but be reflected with mode conversion [122] with an
angle of 61.5° into the IUT L wave receiver. The reason to choose the angle of 61.5° was
reported in Chapter 3. It basically confirms that the S waves propagating along the rod
axis which is parallel to the plane of IUT will be mode converted to L waves and received
by the L wave IUT. This angle also allows nearly 96.7% energy conversion efficiency
from S to L waves [122]. The top square shape electrode was chosen to be 8 mm by 8 mm
so that both L and S waves can be received. Figure 5-6 shows the ultrasonic signals in the
time domain obtained with a laser spot size of 0.5 mm diameter. The laser generation was
in the ablation regime and it produces both L and S waves. The sample temperature was
400°C. In Figure 5-6 the L' and S' waves were obtained simultaneously. The ratio of their
amplitudes may be controlled by the adjustment of the location and the size of the BIT-c
film IUT top electrode area or the laser spot size and location below or above the dividing

line shown in Figure 5-5 (b). The L' and S' represent the first trip L and S wave echo,
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respectively, traversing between the laser impinging plane and L wave IUT. The center
frequencies of the L' and S' echoes are 8.8 MHz and 9.7 MHz and the 6 dB bandwidths
are 7.4 MHz and 7 MHz, respectively. This result demonstrates that laser generated L and
S waves can be detected by an IUT made of BIT-c film at 400°C.

Dividing Line Di/viding Line

Laser s | L
Impinging .
~
Plane il
A
Laser Impinging Plane
(a) (b)

Figure 5-5 (a) Sample for measurement of both L and S waves; (b) Schematic diagram
the integrated L and S wave probe. The laser impinges on the bottom surface,

opposite to the tilted surface.
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Figure 5-6 Measured ultrasonic signals using laser generated ultrasound and IUT shown in

Figure 5-5 (a) as the receiver at 400°C.

When an L wave PZT-c film IUT is coated onto the edge of a thin Al plate as
shown in Figure 5-7, symmetrical and anti-symmetrical PAW may be generated and

received, as shown in Chapter 4. This Al plate has a length of 406.4 mm, a width of 50.8
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mm and a thickness of 2 mm. One artificial line defect, D with 1 mm depth, 1 mm width
and 50.8 mm length was made for the demonstration of the ability of symmetrical and/or
anti-symmetrical PAW to detect such a defect. For the measurement, the PZT-c film IUT
has a top electrode with a height of 1.8 mm and a width of 48 mm. Such top electrode
dimensions enable PAW to receive nearly all end cross section of the Al plate. The
thickness of the PZT-c film was 88 um. The laser described in Section 5.1.4 was used.
Using a line laser beam of 10 mm long and 2 mm wide to impinge onto the Al plate at the
location indicated in Figure 5-7, the measured ultrasonic signals are shown in Figure 5-8.
The laser generation was in the thermoelastic regime. The measurement group velocity of

the arrived PAW signal indicated as Lsym1 1s 4540 m/s and its center frequency is 2 MHz.

< 406.4 mm N

«————223.5mm 4>|
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2mm wide) Width=1mm

Figure 5-7 Sample and measurement setup for PAWs generated by a line laser beam

and received by a PZT-c film IUT.
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Figure 5-8 Measured ultrasonic signals of PAWs at room temperature using the

measurement setup in Figure 5-7.
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The theoretical calculations of phase and group velocities of the symmetrical and
anti-symmetrical modes of the Al plate in Section 4.1.3.1 indicate that Lsym1 18
predominantly the 1** higher order symmetrical S; PAW mode but existing together with
many other high order modes. It means that laser beam can generate sufficient S; PAW
mode for this IUT coated at the end of the Al plate to receive. In Figure 5-8 Lsym1 1s the
signal traveling a distance of 128 mm from the laser generation line to the IUT receiver at
the edge. Echo Lgmp reflected from defect D is clearly observed and it travels a total

distance of 319 mm.

A 79 um thick PZT-c film with a top electrode area of 1 mm in width and 45 mm in
length as the IUT receiver is coated onto the top of the edge of a 1.9 mm thick, 50.8 mm
wide and 406.4 mm long SS plate as shown in Figure 5-9. Such top electrode dimensions
were chosen so that strong PAWSs can be received. Figure 5-10 presents the IUT receiving
ultrasonic signals at room temperature generated by the laser described in Section 5.1.4
and a line spot of 30 mm long and 0.5 mm wide. The laser energy was in the
thermoelastic regime. The generation laser line spot is about 228 mm away from the I[UT
of the steel plate. The measurement group velocity of the arrived PAW signal indicated as
Lasym1 is 3091 m/s and its center frequency is 0.7 MHz. The theoretical calculations of
phase and group velocities of the symmetrical and anti-symmetrical modes of the SS plate
in Section 4.2.3.1 indicate that Lasym1 is predominately the lowest order anti-symmetrical
ap PAW mode but existing together with many other high order modes. It means that the
laser generated predominately ag PAW mode which is mode converted [137] into L
waves and received by IUT. The mode conversion angle ¢ is 62.6°. The Lasym2 echo
shown in Figure 5-10 travels from the laser line location to the end of the SS plate
opposite to the IUT and is reflected by the end edge and reached IUT. The total travel
distance is about 580 mm. This illustrates that the lowest order anti-symmetrical ag PAWs
generated by the laser can be detected by the PZT-c film IUT on a SS plate in a length of
580 mm.
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Stainless steel (1.9mm thick) (30 mm long 0.5mm wide)

Figure 5-9 Sample and measurement setup for PAWs generated by a line laser beam

and received by a PZT-c film IUT.
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Figure 5-10 Measured ultrasonic signals of PAWs at room temperature using the

measurement setup in Figure 5-9.

In Figure 5-11 an IUT made of 90 um thick PZT-c film with a top electrode area of
1.6 mm in height and 20 mm in length as the receiver is coated onto the side near the edge
of the a 2 mm thick, 50.8 mm wide and 406.4 mm long Al plate. Such top electrode
dimensions were chosen so that PAWs near the center of the plate cross section can be
received. A mode conversion angle & = 61.7° is used to convert the lowest order
symmetrical PAW, Sy, to the lowest order SH mode, SHy and vice versa presented in
Chapter 4. Two artificial line defects, D1 and D2 with 1 mm depth and 1 mm width were
also made for the demonstration of the ability of SH PAW to detect such defects in a long
distance. D1 and D2 have a width of 25.4 mm and 50.8 mm, respectively. Figure 5-12
presents the IUT receiving ultrasonic signals at room temperature that were generated by
the same laser described in Section 5.1.4, but with pulses of 4.1 mJ energy and spot size
of 0.5 mm diameter. The laser generation spot is at the edge right beside the PZT-c film

IUT (top electrode). The laser generated L waves are expected to be mode converted
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[137] into SH PAW waves. They are reflected by the D1 and D2 defects and received by
IUT. The mode conversion angle & is 61.7° [137]. Using the reflected echoes from the
defects D1 and D2, respectively, Suypi and Sup, the calculated velocity for SH PAW, is
2939 m/s which corresponds to that of the lowest order SHy) PAW mode in this Al plate
shown in Figure 4-14. The center frequencies of the received Sy p; and Sy p, echoes are
3.3 MHz and 3.5 MHz, respectively. Figure 5-11 and Figure 5-12 show that PZT-c film
IUT can be used to receive laser generated and mode converted SH PAWs, which is

predominantly the lowest order mode, for the defect detection.

D1, D2: Depth: Imm; Width: 1mm
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Figure 5-11 Sample and measurement setup for SH PAWSs generated by a spot laser

beam and received by a PZT-c film IUT.
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Figure 5-12 Measured ultrasonic signals of SH PAWSs at room temperature using the
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5.2 NDT of Bonded Composite Patches on Al Beams
Using Laser Generated Ultrasound and IUT
Receivers

In last three decades bonded repair technology [150][151][152] has become a cost-
effective means of repairing cracks in metallic aircraft structures. There exist several
NDT techniques to evaluate these bonded repairs while the aircraft stays in the hanger
and bonded repair regions are accessible [3][5]. The objective of this study is to present
an integrated NDT and potential SHM approach to detect the disbond between the Gr/Ep
composite patch and Al substrate. In this study specimens, consisting of double sided six
plies Gr/Ep bonded onto a 6.35 mm thick, 50.8 mm wide and 406.4 mm long Al 6061-T6
plates, will be made for the experiments. An artificial disbond using a Teflon sheet insert
of 0.05 mm thickness, 25.4 mm length and 25.4 mm width, will be introduced to the

interface between tapered Gr/Ep composite regions and Al plates.

In this investigation miniature and light weight PZT-c film [UTs will be directly
coated at the end of the Al as receivers for ultrasonic signals. One objective is to explore
the merits of combining the usage of lasers as the ultrasound generating UTs with that of

IUTs as the receivers.

Another objective is to attach FUTs made on 75 pum thick Ti and 50pum thick
polyimide membranes presented in Chapter 2 to the Gr/Ep composite patches, operated in
pulse/echo mode and used to detect the disbonds. Such FUTs can be conformed to curved
surfaces and operated at elevated temperatures as well, but they need ultrasonic couplant
between the FUTs and the specimens to be tested. They may be also permanently glued or

bonded onto Gr/Ep composite patches.

5.2.1 Specimen preparation and ultrasonic C-scan inspection

To meet the objectives a simple bonded repair configuration has been adopted. The
schematic and an actual sample of the repair configuration are given in Figure 5-13. The

host is an Al 6061-T6 plate which has a dimension of 406.4 mm by 50.8 mm by 6.35 mm.
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A Teflon sheet of 0.05 mm thickness is inserted to create an artificial defect to simulate a
disbond. The tapered patch is made of six plies of Gr/Ep composite which covers a total

area of 50.8 mm by 101.6 mm, and the thickness of each ply is 0.25 mm.

Teflon Insert

o 0.05 mm thick
Eil T s—
Lo
il GUED o g e —
) 25.4 mm
© Composite —| Al 6061-T6
N Patches —| 50.8 mm |+
e
e
© <
3 %
T 406.4 mm .

Figure 5-13 Schematic and an actual Gr/Ep composite patch specimen.

Initially, an ultrasonic C-scan of the patch sample in a water immersion tank was
performed. A picture of the actual sample for Ultrasonic C-scan is shown in Figure 5-14.
The imaging was carried out by a focused UT with a center frequency of 7.5 MHz, a focal
length of 152.4 mm and a diameter of 19 mm. The scanning step was 0.5 mm in the

lateral directions.
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Figure 5-14 An actual patch sample for Ultrasonic C-scan.
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Figure 5-15 shows the obtained C-scan image near the side with a Teflon insert
indicated as the disbond region. Because the composite patch has the tapered shape, the
immersion UT for C-scan image was chosen to obtain a general image and not the details
of each tapered section. It is noted that Teflon was inserted only on one side of the
composite patch, and the ultrasonic C-scan images obtained for the rest of this sample

indicated that there were no other disbonded region.

25.4mm
Figure 5-15 Ultrasonic C-scan images of the Gr/Ep composite patch specimen including a

25.4 mm by 25.4 mm disbonded region.

5.2.2 Performance of IUTs and FUTs

Figure 5-16 (a) shows the typical two PZT-c film IUTs fabricated at both ends of
one specimen. The top electrode which determines the IUT size has an area of 20 mm by
4 mm. The typical thickness of the PZT-c film is 79 um. It is noted that four [UTs (two at
each end of the Al plate) may be used as an IUT four-transducer array for simultaneous
detection of the ultrasonic signals generated by the laser. The location of the laser
generation may be obtained via triangulation using the arrival times of the received
signals obtained via the IUT array. Figure 5-16 (b) shows the pulse-echo measurement of
one of such IUTs at the end of the Al plate of the specimen. One can see that ultrasonic
waves generated by this I[UT and reflected from the other end of the Al plate can be
detected with good SNR. The ultrasonic wave traveled a total distance of 812.8 mm. The
center frequency and 6 dB bandwidth of this first returned echo are 10 MHz and 5.5

MHz, respectively.
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Figure 5-16 (a) Two typical IUTs made at one end of the Al plate of the specimen; (b)

Ultrasonic signals generated by one IUT shown in (a), reflected from the end

of specimen and received by the same IUT.

When thin Ti and polyimide membranes are used as substrates for the sol-gel spray
method, FUT array can be made. Figure 5-17 (a) and Figure 5-17 (b) show such FUT
made on 75 pum thick Ti and 50 um thick polyimide membranes, respectively. The typical
thickness of the PZT-c film is more than 50 um. The flexibility comes from the thinness
of the membrane, PZT-c film and top silver paste electrode. Since polyimide is an
insulator, a colloidal silver sprayed bottom electrode must be firstly made and then PZT-c
film is fabricated on top of this silver bottom electrode as mentioned in Chapter 2. It is
noted that each of the top electrodes can be used as one FUT and the spatial resolution of
the inspection area is determined by the electrode size. The FUT array shown in Figure
5-17 (a) and Figure 5-17 (b) can be conveniently conformed to the surface of a pipe with

an external diameter of 25.4 mm and 12.7 mm, respectively.
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(b)

Figure 5-17 FUT arrays made of (a) a 75 pum thick Ti and (b) a 50 pum thick polyimide

membrane. No top electrode is present.

5.2.3 Disbond detection using FUTs

FUTs cut from the one shown in Figure 5-17 (a) were then glued onto two locations
of the patch sample and the composite plate. The commercially available glue was cured
at room temperature for 24 hours. Since the operation temperature of the Gr/Ep
composites in aerospace industry normally ranges from -60°C to 100°C, both PZT-c thick
film FUTs, together with the glue, have been tested and survived thermal cycles from -
60°C to 100°C which is limited by the glue used here. It is noted that the bonding of FUT
array is a convenient and attractive on-site installation approach for NDT and SHM

applications.

For the Gr/Ep composite patch sample, a merit of the FUT is that it can be made
into different shapes and sizes for specific applications. Because of the step shape of the
patch sample, FUTs with a Ti membrane of a size of 14 mm x 4 mm, a PZT-c film size of
10 mm x 2.5 mm and a top electrode of 8 x 2 mm, were made and glued onto the patch at
two different locations, without and with a disbond, as shown in Figure 5-18. The
measured ultrasonic signals for these two locations are shown in Figure 5-19 (a) and
Figure 5-19 (b), respectively. L." is the nth trip echo through the thickness of the Gr/Ep
composite patch. Lai? is the 1% round trip echo through the thickness of the Gr/Ep
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composite patch and that of the Al plate underneath. La;* travels one more round trip via
Al plate thickness than LAL2. The echoes between the LAL2 and LAL4 come from signals
travelling through the different thicknesses of the tapered Gr/Ep composite. The center
frequencies and 6 dB bandwidths of the L.* echo in Figure 5-19 (a) are 8.5 MHz and 7
MHz, respectively. When a disbond is present at the FUT location, La;" disappear due to
the loss of the ultrasonic coupling between the Gr/Ep composite patch and the Al plate,
and there is no sufficient ultrasonic energy transmitted into the Al plate and reflected back

to the same FUT.

No Disbond

«— Disbond

25.4mm

Figure 5-18 Gr/Ep composite patch with two rectangular shaped FUTs glued at two
locations, without and with disbond.
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Figure 5-19 Measured ultrasonic signals in time domain at room temperature using an FUT

made of 75 um thick Ti membranes at the locations (a) without and (b) with

disbond.
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Figure 5-20 (a) and (b) show the ultrasonic measurement results using FUTs, based
on polyimide membranes, similar to the ones shown in Figure 5-18 glued onto the regions
without and with disbond, respectively. The same signal designations used in Figure 5-19
(a) and (b) are applied in Figure 5-20 (a) and (b). The center frequencies and 6 dB
bandwidths of the L. echo in Figure 5-20 (a) are 8.9 MHz and 2.5 MHz, respectively.
Even though the signal strengths in Figure 5-20 (a) and Figure 5-20 (b) are 23 dB weaker
than those in Figure 5-19 (a) and Figure 5-19 (b), the disbond can be detected clearly.
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Figure 5-20 Measured ultrasonic signals in time domain at room temperature using FUTs
made of 50 um thick polyimide membranes at the locations (a) without and (b)
with disbond.

5.2.4 Disbond detection using pulsed laser as generating UT and
IUTs as receiving UTs

The schematic diagram of the laser generation and IUT detection is shown in
Figure 5-21. In the experiments a pulsed laser (A= 1.064 pm, a Q switched Nd:YAG)
with pulses of 45 mJ energy and 5 ns duration delivered at a repetition rate of 10 Hz is
used for the generation of ultrasound. The laser beam spot size is 2 mm in diameter.
Ultrasonic signals averaging 10 laser pulses will be used for all the experiments described

below. The laser beam impinges at the center of Gr/Ep composite patches with or without
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delaminations to generate ultrasound and IUTs located at the edge of the Al plates are

used as receivers. This geometry is like a transmission configuration.

Teflon Insert Laser Bean
e 0.05 mm thick
£V ~
%T' T —
© Gr/Ep' 25.4 mm
T Composite —| ’k Al 6061-T6
Patches —| 50.8 mm |+

—+150.8 mm |«

.

N
QE
{{— 406.4 mm .

Laser Bean Locations
Figure 5-21 Schematic diagram of the laser generation and IUT detection configuration.

Many measurements have been performed and Figure 5-22 (a) and Figure 5-22 (b)
present the typical ultrasonic signals on specimen at the locations with and without
delaminations. When there is no delamination, the ultrasound generated by the pulsed
laser will propagate through the Gr/Ep composite patch, the Al plate along its length, and
then will reach the IUTs located at the ends of the Al plate as Lg', indicated in Figure
5-22 (a). When a disbond exists at the laser generation location, such an ultrasonic signal,
Lg', will be greatly attenuated or lost completely because of the poor coupling caused by
the disbond. Therefore this novel laser generation and IUT detection configuration can be
used to detect the disbond in long distances (> 165 mm). The center frequencies and 6 dB
bandwidths of the Lg' echo in Figure 5-22 are 1.5 MHz and 1 MHz respectively. When
the center frequencies of IUTs are made around 1.5 MHz, it is expected that the signal

strength of L' will be greatly enhanced.

It is noted that both laser generation and IUTs receiving can be applied to curved
surfaces and elevated temperatures. IUTs may be also arranged in array configuration as
illustrated in Figure 5-21; namely four IUTs at two ends of the Al plate. Since ultrasound
generation laser beam can be scanned [144][145][146], (e.g. over the entire Gr/Ep
composite patch surface, the received ultrasonic signals by an IUT or IUT array with an

adjustable signal tracing mechanism), ultrasonic images of disbond may be produced.
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Figure 5-22 Measured ultrasonic signals on specimen in time domain at room temperature
using laser to generate ultrasound at a location (a) without and (b) with

disbond and IUT as the receiver.

5.3 Induction-Based Ultrasonic Measurement Technique

In order to achieve fast NDT and NDT of rotating components, a non-contact
induction based method [26] is presented in addition to the one using laser generated

ultrasound and IUT receivers reported in Section 5.1 and Section 5.2.

5.3.1 Induction-based non-contact ultrasonic measurement on
metal

The induction based non-contact method is based on electromagnetic coupling of
electrical signals between two coils with or without the aid of ferrite(s). Let us define D,
to be the average diameter and n to be the number of turns of the coil as shown in Figure
5-23. The coils are made of copper wires with lacquer coating. The typical total lacquer
wire diameter is ~0.16 mm. A schematic diagram of the two coils and a ferrite together
with the IUT deposited onto a 12.7 mm thick steel plate is shown in Figure 5-24, where

dgqp 1s the separation distance between the two coils.
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Figure 5-23 Schematic diagram of a coil. D, is the average diameter of the coil, and n is

the number of turns of the coil.
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@Electromagnetic
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- - - - - ]

Ultrasonic
Waves

12.7 mm Thick Steel
Figure 5-24 Schematic diagram of the non-contact ultrasonic measurement configuration.

dgap is the distance between the two coils.

5.3.1.1 L Wave

Figure 5-25 shows an actual experimental setup in which an IUT was deposited
onto a 12.7 mm thick steel plate and measured by a non-contact configuration using a
commercial handheld pulser/receiver. A flat coil, named Coil_1 with D,,; =7 mm and n =
10 in Figure 5-25, is connected between the top electrode of the IUT and the steel
substrate which serves as the bottom electrode of the IUT. It is noted that Coil 1 sits right
on top of the IUT and there is no gap between Coil 1 and IUT. Directly on top of Coil 1
connected to the IUT there is the other coil, that is Coil 2 surrounding a ferrite in Figure
5-25, and its two ends are connected to the pulser/receiver. In this configuration both

Coil 1 and Coil_2 have the same D,,, and n, and they are 7 mm and 10, respectively. Our
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preliminary results indicated that compared with the direct contact configuration, the
additional gains required for the non-contact configuration were 15 dB, 19 dB and 29 dB,
respectively for the gap distance, dg,p, of | mm, 3 mm and 5 mm. The signal quality such
as SNR, and the bandwidth change only a little between these two configurations. Figure
5-26 demonstrates the induction-based ultrasonic measurement with electrical connection
between Coil 1 and the top electrode of IUT, where L" is the nth trip echo through the
steel plate thickness. Experiments using meter long wires (< 0.1 Q) as electrical
connections have been done, and have shown almost equivalent performances with the
configuration in Figure 5-25. The one meter long wire connected between the IUT and
Coil 1 shows the feasibility of accessing inaccessible IUTs, e.g. IUTs hidden in the

structure, through their accessible coils.

IUT beneath
Coil 1

25.4 MM
Figure 5-25 Configuration of an actual induction-based non-contact ultrasonic
measurement setup. The two ends of Coil_1 are connected to the top and

bottom electrodes of the IUT directly, and Coil_2 is surrounding a ferrite.

Figure 5-27 demonstrates the induction-based ultrasonic measurement without
ferrites, where L" is the nth trip echo through the steel plate thickness. Coil 1 with Dgy =
5 cm and n = 5 is connected to the top and bottom electrode of the IUT, and Coil 2
having the same D,,, and n with Coil 1 is connected to EPOCH LT. The d,, in the
measurement shown in Figure 5-27 is 4 cm, and 65 dB gains out of the available 100 dB
receiver gain of the EPOCH LT were used. It is expected that for a large D,,. of coil a
large dimension of ferrite should be used to enhance the signal strength. However, it is
not possible to find a large diameter ferrite for our measurements. This is recommended

for future study.
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Coil_2 |

Electrical
connection
for top electrode

25.4 mm
Figure 5-26 An IUT deposited onto a 12.7 mm thick steel plate measured by an induction

non-contact configuration using an EPOCH LT. The two ends of Coil_1 are
connected to the top and bottom electrodes of the IUT through meter long
wires (< 0.1 Q2), and the two ends of Coil_2 surrounding a ferrite are connected

to the EPOCH LT. In this experiment D,,g = 7 mm, n = 10 and da,g = 5 mm.

25.4 mm
Figure 5-27 An IUT deposited onto a 12.7 mm thick steel plate measured by a non-contact

configuration using an EPOCH LT. The two ends of Coil_1 are connected to
the top and bottom electrodes of the IUT directly, and there is no ferrite on
Coil_2, which is different from the one shown in Figure 5-26. In this experiment

Dag=5cm,n=5and dsg4 =4 cm.
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5.3.1.2 Symmetrical and anti-symmetrical PAWs

In order to demonstrate the global NDT and non-contact capability of the PAW two
artificial line defects, D1 and D2 with 1 mm depth and 1 mm width, were made onto the
Al plate as shown in Figure 4-6, where D1 and D2 had a width of 25.4 mm and 50.8 mm,
respectively. At room temperature the measured symmetrical S4 mode (see Figure 4-6)
PAW signals in the Al plate using contact and non-contact configurations are shown in
Figure 5-28 (a) and Figure 5-28 (b) respectively. The S4 mode was confirmed by the
measured group velocity and the center frequency as discussed in Section 4.1.3.1. In the
non-contact configuration similar to the one shown in Figure 5-24 with a ferrite, Dy,g = 7
mm, n = 10 and dg,, = 1 mm. The receiver gain used was 26 dB higher in non-contact
than contact configuration. These results confirm that symmetrical PAW can be used to
perform NDT of defects in long distance using the induction based non-contact method.

In the present case the defects were 146.3 mm and 223.5 mm away from the IUT.
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Figure 5-28 Ultrasonic symmetrical PAW signals in time domain obtained using the IUT
shown in Figure 4-6 with the (a) contact and (b) non-contact configuration at

room temperature.

5.3.1.3 SH PAW

Similarly the experimental setup shown in Figure 4-14 is also used for the
comparison between the contact and non-contact approach. At room temperature the

measured SHy PAW signals in the Al plate using contact and non-contact configurations
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with ferrite, Dy, = 7 mm, n = 10 and dg, = 1 mm, are shown in Figure 5-29 (a) and
Figure 5-29 (b), respectively. The receiver gain used was 24 dB higher in non-contact
than contact configuration. These results clearly confirm that SHy PAW can be used to
perform NDT of defects in a distance of about 223.5 mm away from the IUT using the

induction based non-contact approach.
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Figure 5-29 Ultrasonic SH PAW signals in time domain obtained using the IUT shown in
Figure 4-14 with the (a) contact and (b) non-contact configuration at room

temperature.

5.3.2 Induction-based non-contact ultrasonic measurement on
composite

The induction type non-contact method for the interrogation of the Gri/Ep
composites using [UTs is presented in this section. The Gr/Ep samples coated with [UT
as shown in Figure 2-62 is firstly chosen for demonstration purposes. A schematic
diagram of the induction based non-contact method is shown in Figure 5-30. It is similar
to the configuration shown in Figure 5-24. However, in this case a 1 mm thick ferrite
plate was inserted beneath Coil 1. The two ends of Coil 1 are connected to the top
electrode of the IUT and the Gr/Ep substrate which serves as the bottom electrode of the
IUT as shown in Figure 2-62. Beneath this coil a thin ferrite disk of 1 mm thick was
inserted. It is noted that Coil 1 sits right on top of the ferrite plate which is also directly

on top of the IUT and there is no gap between Coil 1 and the ferrite plate and between
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the ferrite plate and the IUT. Directly on top of Coil 1 there is the other coil, Coil 2
surrounding a ferrite and the two ends of this coil are connected to the coaxial cable of the
pulser/receiver. At room temperature the measured ultrasonic signals in this composite
using the non-contact configuration in which D,,, = 7 mm, n = 10 and dg,, = 1 mm, are

shown in Figure 5-31, where L" is the nth trip echo through the Gr/Ep sample thickness.

Pulser/Receiver

/ Ferrite
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ﬁEIectromagnetic
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I - Coil_1

Ferrite Electrode
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Ultrasonic
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Q
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12.7 mm Thick Gr/Ep Composite

Figure 5-30 Schematic diagram of an inductive non-contact measurement performed on

the IUTp shown in Figure 2-62.
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Figure 5-31 Measured ultrasonic signals in time domain using an IUTp shown in Figure
2-62 with the non-contact configuration, as shown in Figure 5-30, at room

temperature.

The ultrasonic signals shown in Figure 5-31 were 9 dB stronger in non-contact than

contact configuration for which the results were given in Figure 2-64 (a). The possible
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reason of this 9 dB increase could be the improved electrical impedance matching
between the coil and the IUT, and the addition of an extra ferrite plate under Coil 1. The
center frequency and 6 dB bandwidth of the L? echo are 2.2 MHz and 1.3 MHz,
respectively. It means that although the signal strength in Figure 5-31 is stronger than the
one in Figure 2-64 (a), the bandwidth is reduced.

Instead of IUTs, PZT-c film FUTs were used here together with the induction based
non-contact method for NDT and SHM of composite plates. An 8.3 mm thick Gr/Ep
composite plate with a stacking sequence of [0/45/0/-45/90/90/-45/0/45/0] x3 was made
for the experiment. The same size Teflon sheet as used in Section 5.2 was introduced into
the composite during fabrication to create a simulated disbond. Figure 5-32 shows the
obtained ultrasonic C-scan image near the 25.4mm x 25.4 mm Teflon insert indicated as a
disbonded region. Two PZT-c film FUTs using 75 pum thick Ti membranes were glued
onto the Gr/Ep sample at the locations without and with the disbond for demonstration
purposes as shown in Figure 5-33. Firstly, ultrasonic measurements using the
conventional contact method were carried out. Then a flat coil, as Coil 1 shown in Figure
5-24, made of a ~0.16 mm diameter lacquered wire, served as a main component for
induction coupling. The two ends of this coil were connected to the top electrode of the
FUT and the Ti membrane which served as the bottom electrode of the FUT. Directly on
top of such a coil, connected to the FUT, another flat coil, as Coil 2 shown in Figure

5-24, was connected to the coaxial cable of the pulser/receiver.

~ 8.3 mm thick
-~ composite plate

-

Figure 5-32 Ultrasonic C-Scan images of the Gr/Ep composite specimen near disbond

region.
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Figure 5-33 Two FUTs glued onto the Gr/Ep composite plate of Figure 5-32 above at

regions with and without disbonds.

At room temperature the measured ultrasonic signals obtained by two FUTs shown
in Figure 5-33 with the contact method are shown in Figure 5-34 (a) and Figure 5-34 (b).
L, is the nth trip echo through the thickness of the Gr/Ep composite and Lp, is the nth
trip echo from the FUT to the disbond region. The center frequency and 6 dB bandwidth
of the L, and Lp, echoes are 2.9 MHz and 2.1 MHz, 2.9 MHz and 1.8 MHz, respectively.
The measured ultrasonic signals in this composite using the non-contact configuration in
which D, =5 cm, n =5 and dg,, = 10 mm, at the location without and with the disbond,

are shown in Figure 5-35 (a) and Figure 5-35 (b), respectively.
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Figure 5-34 Measured ultrasonic signals in contact method at room temperature using

Lo*
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FUTs made of 75 um thick Ti membranes at locations (a) without and (b) with
disbond. The two glued PZT-c film FUTs and the 8.3 mm thick composite plate

were shown in Figure 5-33.
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Figure 5-35 Measured ultrasonic signals in non-contact method at room temperature using
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' 20 20

FUTs made of 75 um thick Ti membranes at locations (a) without and (b) with
disbond. The two glued PZT-c film FUTs and the 8.3 mm thick composite plate

were shown in Figure 5-33.

It is noted that the tuning of the electrical impedance matching between the FUTs
and the size, diameter and number of turns of the coils has not been optimized. Therefore
the measured ultrasonic frequency may be affected by the electrical impedance of the
coil. The ultrasonic signals were 20 dB weaker in non-contact than contact configuration
of which the ultrasonic signals are shown in Figure 5-34 (a) and Figure 5-34 (b),

respectively.

For NDT and SHM of Gr/Ep structures, it is sometimes desirable to embed the
ultrasonic sensors into the host material. Even though, at present, it is not known that the
FUT shown in Figure 5-17 (b) can be embedded into the Gr/Ep composites without
creating unwanted voids or defects, a simulation is carried out here. The poor conductive
I mm thick Gr/Ep composite shown in Figure 2-65 is selected for demonstration
purposes. At first, the two ends of Coil 1 are connected to the top electrode of the IUT
and the nickel bottom electrode coated on the 1 mm thick Gr/Ep plate. Then an identical
Gr/Ep but bare plate without IUT and nickel coating is put on top of IUT with Coil 1
without a ferrite plate as shown in Figure 5-36. It is noted that there is no gap between
Coil 1 and the 1 mm thick Gr/Ep composite either below or above it. When the gap is 1
mm between Coil 2 and the top surface of the 1 mm thick Gr/Ep plate without IUT, the
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measured ultrasonic signals gone through a 1 MHz high pass filter in this configuration
are shown in Figure 5-37. For this case D,,, is 7 mm and » is 7. The ultrasonic signals
shown in Figure 5-37 were 3dB weaker in non-contact than contact configuration for
which the results were given in Figure 2-66. The center frequency and 6 dB bandwidth of
the L* echo are 5 MHz and 5.2 MHz, respectively. Since the electric impedance matching
between Coil 1 and Coil 2 and the pulser-receiver is not optimized yet, the L* echo is
buried into the receiver gain recovery oscillating signals, and not shown in Figure 5-37. In
the future work, electrical impedance matching should be improved so that L* may be

observed.
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Figure 5-36 Schematic diagram of an inductive non-contact measurement performed on
the IUT shown in Figure 2-65.
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Figure 5-37 Measured ultrasonic signals in time domain using an IUT shown in Figure 2-65
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with the non-contact configuration, as shown in Figure 5-36, at room

temperature.
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When the top 1 mm thick Gr/Ep composite which is not coated with IUT is
removed from the measurement setup shown in Figure 5-36 and the dg,, = 1 mm is kept
unchanged, the measured ultrasonic signals when the 1 mm thick Gr/Ep composite plate
coated with an IUT is rotated at 1000 rpm are nearly the same as those shown in Figure
5-37. Therefore the inductive non-contact method may be a promising tool for SHM, fast

NDT and NDT of rotating Gr/Ep composite parts.

5.4 Summary

Two non-contact ultrasonic measurement techniques, which use IUTs and FUTs
and may be attractive for NDT and SHM of aerospace materials and structures, were
presented in this chapter. One uses laser generated ultrasound and IUT receivers coated at
planar or curved surfaces. When IUTs are used just as receivers, the electric power
required may be little. Thus the approaches using battery, or the energy obtained via
energy harvested devices, and including wireless communication, could be feasible. The
other non-contact ultrasonic measurement technique presented in this chapter was

induction-based ultrasonic measurement technique.

In Section 5.1, IUTs made of sol-gel sprayed thick (> 50 um) piezoelectric PZT-c
or BIT-c films have been deposited directly onto metal substrates as receivers to detect
the laser generated ultrasound of up to 400°C. IUTs intrinsically acting as bulk L wave
receivers used various mode conversion approaches and served as L wave, S wave,
symmetrical, anti-symmetrical and SH PAW receivers. The high sensitivity of IUTs
allowed the use of low energy (50 pJ) high repetition (1 kHz) pulsed lasers to produce
ultrasonic signals of high SNR. Steel, SS and Al having different sizes, shapes including
curved surfaces and thicknesses have been used as substrates. It was demonstrated that for
a 12.7 mm steel plate, 14.9 um of thickness measurement accuracy could be obtained
using ultrasound generated by pulsed lasers and received by an IUT. Different laser
generation conditions such as different spot sizes, shapes, pulse durations and energy
were also applied to investigate the capabilities of IUT receivers. NDT of line defects

which were nearly 223 mm away from the IUTs using PAWs were illustrated as well.
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Therefore IUTs as receivers for laser generated ultrasound may be used for NDT and
SHM at elevated temperatures, at curved surfaces, and using L waves, S waves,

symmetrical, anti-symmetrical and SH PAWs.

In Section 5.2, PZT-c film IUTs have been directly coated onto the two end edges
of an Al plate on which the top and bottom surfaces have been bonded with Gr/Ep
composite patches to simulate a bonded repair aircraft specimen. An artificial disbond
using a 0.05 mm thick Teflon sheet insert was introduced at the interface between the
Gr/Ep composite and the Al plate. The four [IUTs were made by the sol-gel spray method
and have a piezoelectric film thickness near 79 um, so the Al plate could be considered to
have four IUTs array and two at each end. Disbond detection has been achieved by using
laser generated ultrasound at the surface of the Gr/Ep composite patches and the IUTs
deposited at the ends of Al plates as receivers. Such a laser generation IUT detection
approach enables the detection of disbond in long distances. Since ultrasound generation
laser beam can be scanned [144][145][146], e.g. over the entire Gr/Ep composite patch
surface, using the received ultrasonic signals by an IUT or IUT array and an adjustable

signal tracing mechanism, ultrasonic images of disbond may be produced.

In Section 5.3, the preliminary results of an induction type non-contact method for
the interrogation of metal and Gr/Ep composites using the IUTs and FUTs have been
presented. Two coils made of copper wires with lacquer coating (total diameter ~0.16
mm) were used for the induction type non-contact method. One coil was connected to the
top and bottom electrodes of an IUT or an FUT, and the other coil was connected to a
pulser-receiver. The distance beween the two coils in these measurements was from 1 mm
to 40 mm. L waves and PAWs on metals have been generated and received by the
induction type non-contact method. An 8.3 mm thick Gr/Ep composite plate was also
implanted with an artificial delamination and the NDT and SHM of delamination on
composite using both the contact and the non-contact method was demonstrated. Ferrite
was used in some experiments to enhance the signal strength. A 1 mm thick Gr/Ep
composite plate was placed between the two coils (Use the composite plate to cover one
coil, IUT and composite sample) to simulate embedded UTs into the composite. Such a

non-contact technique is desired for SHM and NDT using an embedded UT and NDT of
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rotating composite components. Results of ultrasonic measurements of a 1 mm thick
Gr/Ep composite plate rotated at 1000 rpm were obtained. Future studies on the selection
and fabrication of ferrites, coils, etc to improve the ultrasonic signals in non-contact

configurations will be carried out.
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CHAPTER 6

CONCLUSIONS

This thesis focuses on the development of IUTs and FUTs for aerospace NDT and
SHM applications. Using the sol-gel spray and acoustic mode conversion techniques, HT
IUTs for L waves, S waves, SAWs, and PAWs have been developed. Sol-gel sprayed
piezoelectric composite (e.g. PZT-c, BIT-c, and LiNbOs-c) films have been investigated
as HT IUTs, and their maximum working temperatures were demonstrated up to 150°C,
400°C, and 800°C, respectively. HT FUTs were also presented. An FUT made of BIT-c
film coated onto a SS membrane was performed at up to 300°C. Metallic materials (e.g.
steel, SS, Ti, Al, and brass) and composite materials (e.g. Gr/Ep and polyimide) have
been used as substrates for sol-gel spray fabrication. Using the mode conversion
technique, HT ultrasonic probes simultaneously exciting and detecting one L and two
orthogonally polarized S waves have been developed, and some of their applications were

discussed.

HT symmetrical, anti-symmetrical, and SH PAWs UTs were developed via also the
mode conversion approach, and their ultrasonic measurements have been performed and
compared. The results indicated that SH PAWSs in plate structures may be the best
candidate for NDT and SHM purposes. Three other techniques to generate and receive
guided acoustic waves at elevated temperatures were also presented in this thesis, and
they used metallic wedges, mechanical gratings, and IDTs. The experiments with these
three techniques were demonstrated at 200°C, 150°C, and 350°C, respectively. In

addition two non-contact ultrasonic measurement techniques were illustrated in this
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thesis: one uses laser generated ultrasound and IUT receivers, and the other uses the
induction-based ultrasonic measurement technique. The experiments using these two
techniques for L waves, S waves, SAWs and PAWs, on metals and composite materials
were demonstrated. In addition, NDT and SHM of bonded composite patches on Al plates
have been carried out using laser generated ultrasound and IUT receivers. Furthermore
NDT and SHM of delamination on composites using IUTs and FUTs through the

induction-based ultrasonic measurement technique were given.

In Chapter 1, the importance of NDT and SHM in aerospace industry and six
common inspection methods for NDT were briefly described. Ultrasonic testing has been
widely used for NDT because of its several advantages. Six common physical
mechanisms for ultrasound generation and detection were explained. However,
piezoelectric UTs are commonly employed because of high electromechanical coupling
efficiency and low cost. Piezoelectric sol-gel composites were chosen because they have
good ultrasonic performance at elevated temperature and the capability to be fabricated at
curved surfaces. The sol-gel spray technique has the advantages of low capital cost, and
can fabricate piezoelectric composite films on-site; therefore it was further developed for

IUTs and FUTs in this thesis.

In Chapter 2, piezoelectric thick (> than 14 pm) composite films were coated onto
metallic and composite substrates as HTUTs using a sol-gel spray technique. The sol-gel
spray fabrication process was briefly described. Two types of sol-gel sprayed HTUTs,
e.g. IUT and FUT, were presented. The fabrication consists of six main steps: (1) powders
and solution preparation, (2) mixing and ball milling, (3) spray coating, (4) heat
treatment, (5) electrical poling, and (6) top electrodes fabrications. The fabrication
process was firstly reported by Barrow, et al, and further developed by Kobayashi and
Jen, but in this thesis induction heating is introduced for the heat treatment process to
improve ultrasonic performance and reduce fabrication time of the sol-gel sprayed
composite films. The fabrication and ultrasonic performance of sol-gel sprayed HT IUTs
made of PZT-c, BIT-c and LiNbO;-c films on metal substrates were presented for
thickness measurement at temperatures up to 150°C, 400°C and 800°C, respectively. The
results showed that the signal strength of the PZT-c IUTs and FUTs on metallic substrates
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was as good as commercially available broadband UTs, and these IUTs and FUTs may
have sufficiently strong signal strength for many NDT and SHM applications. Moreover,
IUTs are able to be coated (FUTs are able to be glued or brazed [91]) onto curved surface
and operated at HT. IUTs and FUTs with UT array configuration and connections were

also demonstrated.

PZT-c films were also deposited onto the ends of 102 mm long clad steel rod
ultrasonic delay lines to perform ultrasonic measurement at 150°C. The experimental
results also show that the estimated rod length measurement accuracies at 150°C could
reach 32 pum. This evaluation demonstrates that the presented IUTs having broad
bandwidth and high SNR can be used for accurate erosion and corrosion evaluation. In
certain situations parts or structures for NDT cannot be exposed to HT fabricate
procedures of the IUT, and then HT FUT fabricated off-line may be used for HT NDT.
An FUT made of BIT-c film coated onto a 38 um thick SS membrane was bonded to a
steel plate and ultrasonic measurement was performed at up to 303°C. Besides using
metal as substrate, Gr/Ep composites of thickness ranging from 1 mm to 12.7 mm were
used. For demonstration purposes PZT-c film IUTs have been deposited directly onto
planar and curved Gr/Ep composites with high and low electrical conductivities and
different shapes. The measured ultrasonic signals showed that IUTs could generate and
receive L waves propagating in such composites for more than 300 mm. Also
delaminations in the composite were detected and the ultrasonic anisotropy of 0° and 90°
cross ply composite was measured. FUTs using 50 um thick polyimide membranes as
substrates were also presented. A thin electrical conductive was made, either by
electroless nickel plating or by a colloidal silver spray technique, onto the insulating
polyimide film to serve as the bottom electrodes of the FUTs. The flexibility of such
FUTs was achieved due to the thin polyimide, porous PZT-c films and electrodes. In this
thesis, FUTs have been used to evaluate Gr/Ep composites with planar and curved

surfaces conveniently.

In Chapter 3, integrated ultrasonic S wave and L-S probes were fabricated onto
steel and Plexiglas substrates with the use of mode conversion from L to S waves. The L

UTs were made in a plane parallel to the propagation direction of the mode converted S
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waves at the 8 = 61.5° for steel substrates and at the § = 63.2° for Plexiglas substrates.
The reduction of energy conversion rate for steel substrates at 6 = 61.5° is only 0.8%
smaller than the maximum conversion rate 97.5% at 6 = 67.2°. By making a slanted
surface with 45° at the intersection of the slanted plane with angle 8 for mode conversion
from L to S waves and the line from the center of the IUT, a probe that can
simultaneously generate and receive both L and S waves by one IUT was demonstrated.
By an alternative approach using two IUTs instead of the 45° slanted plane, another type
of probe able to simultanelouly generate and receive both L and S waves was also
presented. S wave and L-S wave probes of BIT-c films on steel substrates were

demonstrated at temperature up to 350°C.

In addition, miniature PZT-c film IUT with dimensions of 7 mm by 4 mm by 75
um was directly deposited onto a mild steel screw head. L and S waves were able to
propagate simultaneously along the axial direction of the screw. Due to more than 12 dB
SNRs for both L and S wave echoes it is expected that the axial load of this screw may be
measured on-line using the time delays of these two waves together with digital signal
processing [14]. In order to use every possible screw for on-line average temperature
measurements, one discontinuity of a 1.72 mm step was made near the end of the above
screw. The clearly separated L and S echoes reflected from this discontinuity and screw
end were used for the average temperature measurements. Such a screw with a step

discontinuity was used to measure the temperatures (up to 400°C) in Chapter 3.

Ultrasonic probes integrating two orthogonally polarized Sx and Sy wave and three
orthogonally polarized L, Sx and Sy waves have been presented. PZT-c film IUTs were
fabricated onto the heads of steel rods in screw shape. The typical thickness of the PZT-c
films on those probes is 75 um. Mode conversion from L to S waves and reflection from
a 45° slope for L waves have been used. These probes were operated at room temperature
with a center frequency ranging between 12 MHz and 19 MHz, and a 6 dB bandwidth
ranging between 11 MHz and 17 MHz, and a SNR of more than 23 dB. Such probes may

be used to accurately measure thickness of a sample with a correction of texture [15].
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In Chapter 4, HT PAW and SAW UTs using sol-gel sprayed piezoelectric
composite films and mode conversion techniques were presented. The mode conversions
between L waves generated and received by sol-gel sprayed UTs and PAWs or SAWs
were achieved through the geometry of substrates, wedges, mechanical gratings, or IDTs.
Firstly, sol-gel sprayed PZT-c thick (> 75 um) films were directly coated onto three 2 mm
thick Al plates with different configurations for the NDT and SHM capability evaluation
of symmetrical, anti-symmetrical and SH PAWSs. Each guided acoustic wave mode in
plates used for the experiments was identified by using the theoretically calculated
dispersion curves compared with the experimentally measured group velocity. Two
artifical line defects of 1 mm width and 1 mm depth on the Al plates were clearly
detected at temperatures of up to 150°C in pulse-echo mode for using symmetrical, anti-
symmetrical and SH PAWs. Results indicated that for 2 mm thick Al plates SH PAWs
were the best for the line defect detection, and have the capability to travel a distance of
1.625 meters. A real regional jet horizontal stabilizer made of Al plate of thicknesses
ranging from 1.1 mm to 1.3 mm was also demonstrated for SH PAW propagation. The
results indicated that SH PAWs may be used for NDT and SHM purposes. Also
numerical simulations by solving the 3D visco-elastic wave equation with a finite
difference based method were performed, and the simulation results agreed with the

experimental results.

Theoretical and experimental investigations of ultrasonic wedges which can
generate and receive SH PAWs in a metal plate at temperatures of up to 200°C were
presented. Brass which has a slow S wave velocity was chosen as the high temperature
wedge material. PZT-c film IUTs were coated on the brass wedges. The mode conversion
method is used to convert L waves generated by an IUT to S waves in the brass wedge.
The calculated mode energy conversion efficiency is 79.7% with a conversion angle of
64.1°. The S waves in the wedge which is glued to a SS plate with a wedge angle of 42.9°
have been converted to SH PAWs in the SS plate. The acoustic attenuation ¢y caused by
the back scattering into the wedge of the SHy mode is dispersionless and is inversely
proportional to the plate thickness. SH» PAW mode has a rather dispersive attenuation .

However, it is also inversely proportional to the plate thickness. Regardless of the
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operating frequency, the acoustic attenuation of the SH, mode is always higher than that
of the SHy mode. Such a feature plays a major role in the performance of the wedge. For
example, the wedge can provide single SH PAW mode excitation if ® < w¢. Analysis of
the coupling coefficient from the S waves in the wedge to the SH PAWSs in the plate is
also presented. In the transmission mode predominantly SHy PAW mode has been
obtained at a plate temperature of up to 200°C. Measurement results demonstrated that
SH PAWs using such wedges may be a promising approach for NDT and SHM of metal

structures because of less dispersion and high SNR.

In addition, HT guided acoustic wave IUTs and FUTs have been made using line
shape mechanical gratings together with sol-gel sprayed PZT-c films. The PZT-c films
served as bulk L wave UTs and these L waves were converted to SAW or PAW when
they interacted with the line mechanical gratings. Guided SAW grating IUTs have been
made directly under the line gratings in a 10 mm thick SS plate. The measured SAW
velocity and frequency agreed well with the theoretical and numerical calculation. When
a 75 pm thick SS membrane was used as substrate, the gratings together with PZT-c films
served as guided PAW grating FUTs. Sy) PAW was generated and received. The detection
of an artificial line defect created on a 100 mm and long 50 mm wide SS plate was also
demonstrated in a transmission mode using two guided PAW grating FUTs. These FUTs
may be attached or bonded to parts even with curved surfaces for NDT and SHM
purposes. HT IUTs made of PZT-c or BIT-c films with IDT shape of top electrodes were
also developed to generate and receive PAWs or SAWs. The experimental results showed
SAW propagation along a 25 mm thick Al alloy plate and along a steel cylinder with a
diameter of 102 mm, and ap PAW propagation along a 0.702 mm thick SS plate. The
measured SAW and PAW results agreed well with the theoretically calculated values.
The measured signals with good SNR demonstrated the NDT capability of these
integrated SAW or PAW UTs operated at temperatures up to 350°C.

In Chapter 5, two non-contact ultrasonic measurement techniques, which use IUTs
and FUTs and may be attractive for NDT and SHM of aerospace materials and structures,
were presented. First, [UTs made of sol-gel sprayed thick (> 50 pm) piezoelectric PZT-c

or BIT-c films have been deposited directly onto metal substrates as receivers to detect
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the laser generated ultrasound at up to 400°C. IUTs intrinsically acting as bulk L wave
receiver used various mode conversion approaches and served as L wave, S wave,
symmetrical, anti-symmetrical and SH PAW receivers. The high sensitivity of IUTs
allowed the use of low energy (50 pJ) high repetition (1 kHz) pulsed lasers to produce
ultrasonic signals of high SNR. Steel, SS and Al having different sizes, shapes including
curved surfaces, and thicknesses have been used as substrates. It was demonstrated that
14.9 um of thickness measurement accuracy for a 12.7 mm thick steel plate could be
obtained using laser generation and an IUT as the receiver. Different laser generation
conditions such as different spot sizes, shapes, pulse durations and energy were also
applied to investigate the capabilities of IUT receivers. NDT of line defects which were
nearly 223 mm away from the IUTs using PAWs were illustrated as well. Therefore IUTs
as receivers for laser generated ultrasound may be used for NDT and SHM at elevated
temperatures, at curved surfaces, and using L. waves, S waves, symmetrical, anti-
symmetrical and SH PAWs. The disbond detection of a simulated bonded repair aircraft
specimen by using laser generated ultrasound and IUT receivers coated at the specimen
was presented. Such a laser generation IUT detection approach enables the detection of
disbond in long distances. Since ultrasound generation laser beam can be scanned
[144][145][146], e.g. over the entire Gr/Ep composite patch surface, using the received
ultrasonic signals by an IUT or IUT array and an adjustable signal tracing mechanism,

ultrasonic images of disbond may be produced.

The other non-contact ultrasonic measurement technique presented in this thesis
was induction-based ultrasonic measurement technique. The preliminary results of an
induction type non-contact method for the interrogation of metal and Gr/Ep composites
using the IUTs and FUTs have been presented. Two coils made of copper wires with
lacquer coating (total diameter ~0.16 mm) together with or without ferrites were used for
the induction type non-contact method. One coil was connected to the top and bottom
electrodes of an IUT or an FUT, and the other coil was connected to a pulser-receiver.
The distance beween the two coils in these measurements was from 1 mm to 40 mm. L
waves and PAWs on metals have been generated and received by the induction type non-

contact method. An 8.3 mm thick Gr/Ep composite plate was also implanted with an
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artificial delamination and the NDT and SHM of delamination on composite using both

contact and the non-contact method was demonstrated. Ferrite was used in some

experiments to enhance the signal strength. A 1 mm thick Gr/Ep composite plate was

placed between the two coils to simulate embedded UTs into composite. Such a non-

contact technique is desired for SHM and NDT using an embedded UT and NDT of

rotating composite components. Results of ultrasonic measurements of a 1 mm thick

Gr/Ep composite plate rotated at 1000 rpm were obtained.

6.1 Claims of Originality

The original contributions of this thesis have been mentioned in different chapters.

They are outlined below for the convenience of readers.

(1

)

3)

4

Induction heating is introduced for the heat treatment of sol-gel sprayed
piezoelectric composite films in the sol-gel fabrication process to improve

ultrasonic performance and reduce film fabrication time.

Ultrasonic probes which can simultaneously generate and receive one L and
two orthogonally polarized S waves in metallic screws and Plexiglas were
developed. The experiments carried out by the three-wave steel probes at

150°C were demonstrated, and their potential applications were discussed.

Integrated PAW UTs using mode conversion were developed and
demonstrated at 150°C. Comparisons among symmetrical, anti-symmetrical,
and SH PAWs were done, and SH PAWs may be the best for in situ long
range SHM according to the samples studied in this thesis.

Ultrasonic wedges for SH PAWs were theoretically designed and
experimentally investigated at HT. Regardless of the operating frequency of
UTs, the acoustic attenuation of the SH, mode is always higher than that of the

SHy mode. Such a feature plays a major role in the performance of the wedge.
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(5) Integrated and flexible guided PAW HTUTs using mechanical grating were
presented. The experiments showed that these transducers were able to operate
at up to 150°C, and the preliminary results showed their potentials for NDT
and SHM applications.

(6) Ultrasonic measurements using laser generated ultrasound and various IUT
receivers were presented. Both metallic and Gr/Ep composite substrates were
used as samples. The demonstration of IUTs coated onto curved steel surfaces
was performed at 400°C. It shows the feasibility of this technique for pipe

inspection at HT.

(7) Induction-based non-contact ultrasonic measurements together with IUTs and
FUTs were presented. L waves and PAWs were able to be generated and
received by this non-contact method for NDT and SHM. The detection of

artificial defects and thickness measurements were demonstrated.

6.2 Future Works

For the development of screws simultaneously producing one L and two
orthogonally polarized S waves for axial load and temperature measurement, more

experiments are proposed to be carried out in the future.

The geometry of the PAW UTs with IDT shape top electrodes, such as the
thickness of the composite film and finger widths of the IDT, which affects operating
frequency, is suggested for future investigation in order to excite PAW waves efficiently

in future studies.

The fast scanning of HT NDT using laser generated ultrasound and sol-prayed film
IUT receivers should be an exciting research for the future. Ultrasonic images of defects
and disbonds may be produced using the received ultrasonic signals by an IUT or IUT

array and an adjustable signal tracing mechanism in a short time frame.
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The selection and fabrication of ferrites, coils, etc to improve the ultrasonic signals
for induction-based ultrasonic measurement techniques will be another attractive R&D
direction. The tuning of the electrical impedance matching between the UT and the size,

diameter and number of turns of the coil may be optimized.
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