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This thesis focusses on the development of high temperature piezoelectric transducers
for monitoring of pipes using fundamental torsional guided waves in the 20-100 kHz
frequency range, with the ability to operate at temperatures up to 600°C. A combined
numerical and experimental approach is employed to design, optimise, and
characterise non-resonant transducers for high-temperature torsional operation.
Additionally, the guided wave monitoring capabilities of an existing transducer
system are demonstrated at temperatures up to 150°C. Thermal stability is evaluated
through long-term experiments with simulated defects and field conditions in a
power plant, achieving a defect sensitivity of 1% cross-sectional change with the
proposed temperature compensation and defect detection approach. Multiphysics
finite element models of the transducer are developed and verified, and the approach
is applied to optimise the transducer design by eliminating undesired mode coupling.
The findings are initially applied to a guided wave monitoring system for ambient
temperatures. The modified bismuth titanate and gallium phosphate piezoelectric
materials are then used to develop high-temperature transducers, which are
characterised and verified for continuous operation at 350°C and 600°C. The results
show promising ultrasonic performance, defect sensitivity, and stability for guided
wave monitoring applications, enhancing confidence in the technique for use at
higher operating temperatures.
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T(0, n) Axially symmetric Longitudinal wave mode of nth order -
λ Wavelength m
ω Angular Frequency rad
f Frequency Hz
fa Anti-resonance frequency Hz
fr Resonance frequency Hz
k Wave number -
vl Longitudinal velocity m s−1

vs Shear velocity m s−1

E Young’s Modulus GPa
∆Lshear Displacement of shear piezoelectric m
ϵT

0 Permittivity of ceramic material (at constant T⃗) F/m
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Chapter 1

Introduction

1.1 Overview

The opening chapter of this thesis delves into the motivation behind the
implementation of structural health monitoring for high-temperature pipelines. It
assesses existing commercially available technologies, reviews their performance
characteristics, and examines their limitations. It outlines the aims and specific
objectives of the study and provides an overview of the research methodology used.
It highlights the contributions of this study to existing knowledge, accompanied by a
list of publications resulting from this research effort. An outline of the thesis is also
provided to help the reader navigate the document.

1.2 Motivation for Research

Thermal power plants (TPP) operate with the energy produced by a heat source1 and
are critical to global energy supply, as they generate nearly 80% of global demand
[1, 2]. The heat source generates high-temperature, high-pressure steam in the boiler
that is channelled to the steam turbines using high temperature pipelines (HTPs) to
produce electricity. There is strong motivation to improve plant efficiency to reduce
CO2 emissions and power production costs to remain competitive. This has led to
higher process temperatures, pressures, and cyclic schedules. However, utilities are
reducing operational and maintenance (O&M) costs by optimising inspection and
maintenance procedures and deferring the replacement or maintenance of expensive
components.

TPP with super-critical steam (24-25 MPa, 540-560°C) can achieve higher efficiency
than subcritical power plants [3]. Efficiency can be further increased with
ultra-supercritical (30 MPa, 600°C) TPP [4]. In the next decade (by 2030), other

1Heat source in the TPP are powered by coal, natural gas, oil, biomass or a nuclear reactor.
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advanced ultra-supercritical TPP (35 MPa, 700°C) are expected to enter the operation
and reach even higher efficiency [5]; however, a significant challenge lies in the
limitations of the materials used under these conditions.

TPP includes several complex metallic structures, and during their operational
lifetime, they are subjected to various degradation mechanisms. Damage to these
metallic structures is inevitable and, when unnoticed, could result in catastrophic
consequences. Each TPP has several kilometres of HTPs, including steam tubes,
superheater tubes, headers, and steam transfer pipes. These pipes operate at
temperatures up to 600°C and provide critical connections between the feed water
pumps, the boiler or heat exchanger, and the turbine, as illustrated in Figure 1.1.

FIGURE 1.1: Thermal power plant operating with energy produced by a steam
boiler, whereby the steam is transmitted through high-temperature pipelines and

activates a turbine to drive an alternator generating electricity [6].

Similarly, in refineries, the temperature of the oil furnace outlet is 350-360°C. These
HTPs are of particular concern, as they experience extreme temperatures and
pressures and suffer continuous cyclic loading through vibrations experienced in
operational conditions [7]. As a result, HTPs are known to develop defects through a
variety of damage mechanisms, including creep, fatigue, creep fatigue, thermal
fatigue, and corrosion [8, 9, 10, 11].

A Finite Element Analysis (FEA) study on damage analysis of a heat-resistant steel
(10CrMo910) operating at 540°C with internal pressure of 9.8 MPa formulated the
service life to be 34.2 years [12]. However, most TPPs have an average operating age
of more than 30 years [13]. Many operators extend the lifetime beyond their original
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design life to improve economic viability and increase profitability [14]. However,
harsh operating conditions and the ageing infrastructure have increased the
probability of failure which have severe consequences. The severity of failure
depends on the content of the pipe (pressure, temperature, and toxicity) and the
impact on production, health and safety, the environment, potential outages, and
equipment costs [15]. The failure to detect such defects in HTP has resulted in
catastrophic failures (examples in Figure 1.2) every year, causing loss of life and
widespread power cuts with environmental damage and adverse financial
consequences due to plant unavailability.

FIGURE 1.2: Examples of HTP failure: (top-left) vapor line corrosion failure
caused explosion in Narco refinery [16]; (top-right) pipe rupture in Mount
Storm TPP that led to the explosive release of steam [17]; (bottom-three) crack

appearance on the outer and inner walls of a furnace tube [18].

Root-cause analyses of super-heated boiler tube failure indicated that thermal shock2

and differential thermal expansion were responsible for crack initiation [19]. High pH
values for steam have also been reported to cause stress corrosion cracking (SCC) in
heat affected zones (HAZs) [18]. The requirement to assess the structural integrity of
critical pipelines has encouraged research and development activities for their
inspection and monitoring technologies.

2The thermal shock was caused by the return of condensate along the pipe, which flashed off as
steam that produced rapid surface cooling.
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1.3 Current Industrial Approach

Non-destructive testing (NDT) includes several analysis techniques for the evaluation
of the material or the structure without affecting or degrading the functional
performance of the structure [20]. These have become a necessary industrial operation
to assess critical components for their fitness for service. Several high resolution NDT
techniques are now standardised, including radiographic X-ray testing [21], magnetic
particle testing [22], eddy current testing [23], and Ultrasonic testing (UT) [24].
Current industrial standards suggest implementing these NDT techniques for routine
pipeline inspection.

Inspection of pipelines using conventional UT and high-resolution techniques
requires repeated access to the pipes. Repeated access may include the removal of
insulation, the erection of scaffolds for difficult-to-access locations, or the excavation
of the ground for buried pipes, which can be time-consuming, expensive, and can put
the safety of the operator at risk. Only a few high-risk points are generally inspected
and an undetected defect can increase the probability of pipeline failure [25]. Recent
developments are advancing the application of NDT techniques for in-service
inspection of HTPs but are limited to temperatures below 250-300°C [26, 27].

1.3.1 Pipeline Inspection and Monitoring using Guided Waves

This thesis focusses on Guided wave testing (GWT), which is a modern NDT technique
that employs low-frequency ultrasonic signals in the kilohertz range and offers long-
range inspection of structures. GWT was first introduced for pipeline inspection in the
early 1990s, but has continued to evolve for inspection and monitoring applications3

to structural components of various geometries4 and materials [29].

Advances in GWT technology have led to the introduction of commercially available
pipeline inspection systems and the development of national and international
standards such as ISO 18211:2016 [30]. These systems are now widely adopted by the
Oil and Gas industry for periodic off-load inspections. They have demonstrated
reliable defect detection capabilities for corrosion and erosion-type defects that
remove around 3-9% of the pipe cross-sectional area (CSA).

3An overview of the existing literature reveals that more than 2000 papers have been published in
the last decade (2012-2022) on GWT and over 500 for guided wave monitoring. This was determined by
a Scopus search conducted in January 2023.

4Recently the research has expanded the application of GWT to storage tanks, bridges, rail, ship hull,
aircraft, and containment structures [28].



Chapter 1. Introduction 5

Various transduction technologies for the generation and detection of Ultrasonic
guided wave (UGW) have been developed, including Electromagnetic acoustic
transducers (EMAT) [31] and magnetostrictive devices [32, 33]. Recent development
has also expanded their application to high temperatures using active cooling [34, 35].
However, they require high drive levels due to inefficient electromechanical coupling,
have poor signal-to-noise ratios, and are very sensitive to perturbations in sensor
lift-off. This study will focus on piezoelectric transduction, which is used in most
commercial systems due to its high efficiency, high temperature stability, low cost,
simple signal conditioning, compact size, and ease of integration.

The current study is based on the Teletest system, developed by Plant Integrity Ltd.,
now acquired and rebranded by Eddify Technologies [36]. The components of the
Teletest system are shown in Figure 1.3, including the pulser receiver unit that
controls the transducer array, collar arrays of different pipe sizes, and transducer
modules containing piezoelectric transducers that are attached to the pipe to generate
and sense UGW signals.

FIGURE 1.3: Teletest GWT system and its components including transducer
collar array for different pipe sizes with multi-mode transducer modules housing

piezoelectric transducers and pulser-receiver unit [37].

Traditionally, GWT has been carried out as a discrete inspection of HTP during
planned maintenance outages under ambient temperature conditions. Their
high-temperature operation is limited mainly due to the transduction system;
however, recent developments have extended their application to intermittent5 use at
high temperatures up to 400°C [39, 38].

5The test duration including system installation and measurement capture is limited to five minutes
above 300°C. After that, the transducers would be damaged by overheating [38].
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GWT requires access to the pipe surface for sensor installation and minimal surface
preparation. Detachable sensors and instrumentation are installed on the pipe to
transmit UGWs, which travel along the pipe and are confined within the walls of the
pipe. Any detected change in the area of the cross section reflects an echo. Thus, any
existing defects are identified by analysing the signals received. The requirement of
continuously assessing the integrity of critical pipelines has encouraged research and
development of damage prognosis systems [40, 41].

Structural health monitoring (SHM) is a methodology that uses permanently installed
sensor systems that allow frequent inspections of the structure while in service.
Changes in acquired measurements enable early defect detection. Monitoring of
defects and severity can transform maintenance management from a schedule-driven
to an optimised condition-based implementation. Several pipeline monitoring
technologies have been developed based on acoustic emission, fibre optic sensors,
and guided wave sensors [42]. Examples of commercially available guided wave
inspection and monitoring systems are shown in Figure 1.4 and their performance
characteristics are given in Table 1.1.

FIGURE 1.4: Examples of UGW pipeline inspection and monitoring systems and
transducer arrays: (a) Compact, (b) HT Inflatable Ring, (c) gPIMS and (d) HT
EFC Solid Ring by Guided Ultrasonics Ltd. [43]; (e) Sonyks by Eddyfi [36]; (f)

MsSR3030 by Guided Wave Analysis LLC [44]; and (g) iPerm System [45].

Permanently installed sensors produce more repeatable measurements as the
variability introduced by sensors and their coupling or installation are minimised.
The repeatability of the measurement can significantly improve the defect detection
characteristics by comparing it with historical measurements [46]. A study showed
that an average 7dB increase in defect sensitivity could be achieved over conventional
guided wave inspection [47]. However, this required signal processing techniques to
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compensate for signal changes due to Environmental and operational condition
(EOC). This also assumes that the ultrasonic performance of the sensor system is not
degraded over time and that the system can perform reliably under EOC.

TABLE 1.1: Commercial pipe monitoring systems, their underlying technology,
operating temperature range, inspection range and defect sensitivity.

System Technology Max Temp Range and Sensitivity

MsS (SwRI) [44] Electromagnetic N/A 150 m; 2-3% CSA
HotSense (Ionix) [48] Ultrasonic 380-550 °C >2.5 mm; 0.05 mm
WT210 (Emerson) [49] Ultrasonic 600°C 3-100 mm; 10 m
Permamount (Eddify) [50] Ultrasonic 200°C N/A; N/A
gPims (GUL) [51] Ultrasonic 90°C 60m; 1% CSA

An example of one such system is the gPIMS developed by Guided Ultrasonic Ltd.
[52]. The gPIMs system is limited to operating at temperatures below 90°C and is
therefore not suitable for HTP. The permamount system [53] developed by Plant
Integrity Ltd. has been reported to operate at temperatures up to 200°C. However, no
stability analysis was performed over an extended period of time. The
magnestrostrictive technology employed by MsS offers low output power,
significantly limiting the inspection range. The acoustic emission technique offers a
limited range in a noisy environment and requires complex signal processing.

1.3.2 Limitations and Challenges

Despite recent advances in GWT technology using piezoelectric transducers that have
made it a promising tool for SHM, there are still some challenges that need to be
addressed [54]. Some challenges are inherent in techniques based on UGW, whereas
some are relevant for High Temperature (HT)-SHM applications. These are listed
below.

• Inherent UGW related challenges including multi-mode propagation and mode
conversion due to interaction with geometric features and dispersive behaviour
that require complicated signal interpretation. This can be further complicated
by ineffective excitation and isolation of the desired wave mode or cancellation
of unwanted wave modes.

• The development of transducers for HT-SHM application with suitable
functional ultrasonic performance. This includes challenges associated with the
integration of high-temperature piezoelectric materials, which possess a lower
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electromechanical efficiency and offer weaker transduction performance. Their
construction into transducer, packaging, and application over wide temperature
ranges can affect electrical continuity, piezoelectric properties, and acoustic
coupling to the structure, and lead to irreversible transducer performance
degradation. Transducers must operate reliably during prolonged exposures to
extreme EOCs with no instability and performance drifts to ensure consistency
of the measurements and the sensitivity of the defect over time.

• Monitoring data interpretation challenges, including the influence of
temperature on UGW propagation. Instability in the transducer response can
mask small defect signals or lead to false defect detection. Advanced signal
processing routines are required to compensate for changes arising from EOCs.

• Design challenges for the transduction system to be mechanically durable and
low profile to allow mounting in restricted or confined areas. It must also have a
modular transducer design for application to different pipe sizes.

1.4 Aim and Objectives

This thesis is devoted to developing an SHM system based on GWT for pipelines
operating at high temperatures up to 350°C and ultra-high temperatures up to 600°C.
The primary focus is designing, developing, and verifying a HT-Piezoelectric
Ultrasonic Transducer (PUT) that can form the core of the GWT transduction system
required to enable SHM of HTP. The desirable specifications of the transducer system
were defined by an industrial partner and are listed in Table 1.2.

TABLE 1.2: Transducer system specifications defined by an industrial partner.

Characteristic Specification Notes

Frequency Range 30-120 kHz Broadband capability
Wave mode T(0, 1) Complete pipe CSA coverage and simple

signal interpretation.
Acoustic Coupling Dry-coupling Rapid installation with minimal surface

preparation

Temperature
350°C HTPs application in Oil&Gas
600°C UHTPs application in NPPs

Operational Life >2 years
SNR and Sensitivity 30 dB and 3% CSA Provide >6dB signal difference
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The development of the HT-UGW transducer aimed to meet these overarching
system requirements while addressing the current challenges described in the
previous section. The development and fabrication of the transducer involves the
selection and characterisation of suitable materials along with numerical and
experimental techniques for their design and validation against target specifications.
The complete application of the GWT-SHM system on HTP under representative EOC
was also desirable to verify the transduction system. The key objectives of this
research are the following.

• Investigation of the current state-of-the-art high-temperature piezoelectric
ultrasonic transducers and their SHM applications, including signal processing
techniques for defect detection in varying EOC.

• Development of a numerical and experimental approach to design and
characterise a high-temperature piezoelectric ultrasonic transducer for guided
wave application that focuses on performance parameters relevant to T(0,1)
mode excitation.

• Characterisation of the existing Teletest transducer and GWT system in
representative EOC for SHM application on a HTP.

• Design and numerical optimisation of a high temperature piezoelectric ultrasonic
transducer for continuous operation at 350°C and 600°C.

• Development of a transducer fabrication process to manufacture prototype
transducers and conduct design verification for the HT-SHM application
through performance characterisation at target temperatures and over extended
periods.

• Study the performance of the complete GWT system in representative EOC for
SHM application on a high-temperature pipe.

• Make appropriate recommendations for future work on this subject.

1.5 Research Methodology

To address the challenges associated with the development of HT-UGW piezoelectric
transducers and their application for SHM of HTP, a unified numerical and
experimental methodology is established, as illustrated in Figure 1.5. These methods
are used throughout this thesis to characterise piezoelectric materials and transducer
performance for the generation and sensing of the desired UGW at high temperatures.
The numerical approach is based on multiphysics FEA for characterising the design of
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the transducer and for analysis of the influence of temperature on electromechanical
and ultrasonic performance. The experimental approach includes characterising the
electromechanical properties of piezoelectric materials as a function of temperature
using Electromechanical Impedance Spectroscopy (EMIS), the vibrational response as
a function of frequency using Scanning Laser Doppler Vibrometry (SLDV), and the
ultrasonic performance for the transmission and reception of desired guided wave
modes under target operating conditions.

Challenges with GWT for
SHM of HTPs

Piezoelectric material efficiency
and high temperature degradation

Excitation of unwanted UGW
modes and poor SNR

Data Interpretation with EOCs
influencing UGW measurements

Experimental or Numerical
Methodologies Analysis and Outcomes

Electromechanical Impedance
Spectroscopy of piezoelectric

material

Piezoelectric
material

verification

Scanning Laser Doppler
Vibrometry of transducer

UGW measurements on
waveguides in representative

EOCs

Vibration mode analysis as a
function of frequency

Ultrasonic analysis as a function of
frequency and operating

temperatures

Multiphysics FEA for transducer
design characterisation

HT properties for
numerical FEA

HT-SHM Performance Evaluation

FIGURE 1.5: The unified numerical and experimental methodology followed
for the design and analysis of the high temperature ultrasonic guided wave

piezoelectric transducer.

These numerical and experimental design characterisation methodologies are
validated through application on an existing transducer. Analysis also provided a
better understanding of the dynamic vibration response of the transducer and the
limitations for high-temperature operation. The methods are used to optimise the
transducer design parameters, verify new piezoelectric materials, and aid in the
design of new transducers with enhanced temperature capabilities. An experimental
approach was also developed to investigate the influence of high temperatures on the
performance of a complete GWT system for SHM on HTPs. This characterises the
ultrasonic performance for the desired UGW in a pipe under representative EOCs to
analyse the defect sensitivity as a function of temperature.
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1.6 Thesis Outline

This thesis is structured in nine chapters, as illustrated in Figure 1.6, which also shows
how the results or findings of one chapter are used in the studies conducted in other
chapters. Chapter 2 provides the relevant theoretical background on piezoelectric
ultrasonic transducers and GWT. The characteristics of UGW modes in pipes,
including their dispersive behaviour and their transduction using a piezoelectric
transducer, are explained. The signal processing methods used in GWT for defect
detection in the SHM application are also described. Chapter 3 reviews the recently
published literature on high-temperature piezoelectric materials and transducers and
the application of GWT for SHM in varying EOC.

In Chapter 4, the methodology for the design and characterisation of the HT-UGW
transducer is established and the unified numerical and experimental approach is
explained. The development of the multiphysics FEA piezoelectric transducer model
and the experimental methods for the characterisation of the transducer are described
and applied to a simple piezoelectric PZT-5A wafer transducer.

CH1. Introduction

CH2. Theoretical
Background

CH3. Literature
Review

CH7. HT-PUT
Material Selection

and Characterisation

CH8. Design,
Development and

Characterisation of
HT-PUT

CH4. Methodology for
HT-PWAS Design and

Characterisation

CH9. Conclusions

CH5. Ultrasonic
characterisation and

optimisation of
Teletest transducer

CH6. GWT System
Characterisation for
HT-SHM Application

FIGURE 1.6: Structure of the thesis showing the interrelation of findings and
inputs to other chapters.

In Chapter 5, the established methodology is used to characterise the Teletest
transducer. Numerical parametric studies are carried out to analyse the influence of
different design parameters to optimise the electromechanical and vibrational
frequency response for transduction of the torsional UGW mode. The optimised
transducer design was used in GWT for SHM under ambient operating conditions.

In Chapter 6, the application of the existing HT -UGW transducer within a complete
GWT system for SHM of HTPs is evaluated in representative EOC. System
performance, including sensitivity to defects as a function of temperature, is assessed
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with artificially introduced defects in the pipe. Additionally, the stability of the entire
GWT system is investigated at high temperatures in a power plant.

Chapter 7 focuses on the selection and characterisation of new high temperature
piezoelectric materials for the design of HT-UGW for continuous operation at 350°C
and 600°C, respectively. Their high-temperature electromechanical properties are
characterised as functions of temperature up to their respective target temperatures
and for extended periods to verify their performance for transducer development.

The design of the complete transducer, including material selection and the design of
passive transducer layers, is reported in Chapter 8. Prototype HT-UGW transducers
are manufactured, and their ultrasonic performance is characterised at the target
operating temperatures. The research conclusions are discussed in Chapter 9, where
contributions to knowledge are thoroughly reviewed in the broader context of the
published literature. Finally, recommendations are offered for future research work.

1.7 Contributions to Knowledge

1.7.1 Research Contribution

The research focusses on the design and characterisation of a HT-UGW piezoelectric
ultrasonic transducer for SHM application on HTPs. This research made the following
contributions to knowledge:

• Developed and validated multiphysics FEA models of piezoelectric materials
and transducers to simulate the high temperature electromechanical and
ultrasonic performance for operation at high temperatures in Thickness-shear
mode (TS-mode).

• Characterised the existing Teletest transducer and the complete UGW system for
HT-SHM application through investigation of the transducer and the system for
the excitation of the torsional guided wave mode at HT and reliability over time.

• Characterised modified bismuth titanate and gallium phosphate piezoelectric
materials at high temperatures up to 350°C and 600°C and evaluated their
performance for TS-mode operation.

• Designed and developed HT-UGW piezoelectric transducers and demonstrated
stable ultrasonic performance for SHM application at 350°C and 600°C.
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Chapter 2

Theoretical background

2.1 Introduction

This research involves two fundamental aspects of physics, namely UGW and
piezoelectricity. The theoretical background presented in this chapter is illustrated in
Figure 2.1 and will be referred to in the following chapters of the thesis. The chapter
starts with an introduction of guided wave behaviour in cylindrical pipe-like
structures and their application for GWT. Then, piezoelectric materials and principles
are described, with a focus on electromechanical properties related to the design of
PUT for the transduction of UGW. The chapter concludes with a discussion of signal
processing techniques that allow efficient analysis of acquired ultrasonic signals for
GWT and SHM applications.

Guided Wave Testing

Bulk Waves and Guided
Waves

Cylindrical Guided Wave
Modes

Propagation Velocity and
Dispersion Curves

Guided wave mode
selection & excitation

Guided wave mode
propagation

Piezoelectric Ultrasonic
Transducers

Piezoelectricity and
Material Types

Piezoelectric Properties
&Operating Modes

Piezoelectric
Electromechanical
Characterisation

Transducer Design and
Construction

Transducer Characteristics
for Ultrasonic Application

Signal Processing for Ulrasonic
Guided Waves

Discrete Pulse Excitation in
Frequency Domain

Hilbert Transform for
Envelope Detection

Signal to Noise ratio in
UGW Measurements

Time Frequency Domain
Analysis

FIGURE 2.1: Theoretical topics covered in the background to guided wave
monitoring of pipes using piezoelectric ultrasonic transducers.
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2.2 Piezoelectric Ultrasonic Transducers

2.2.1 Piezoelectricity and Types of Piezoelectric Materials

Piezoelectricity is a phenomenon in which certain materials generate an electric charge
when subjected to mechanical stress or pressure (direct piezoelectric effect). On the
contrary, these materials can also undergo mechanical deformation when an electric
field is applied to them (inverse piezoelectric effect). Piezoelectric materials can thus
convert electrical energy into mechanical energy and vice versa.

Piezoelectric materials are non-conducting and possess dielectric properties. On the
basis of their composition and structure, piezoelectric materials can be characterised
as single crystals, piezoceramics, thin-film piezoelectrics, composites, and polymers.
Each has its own advantages and limitations, and the choice depends on the specific
requirements of the application [55]. This research focusses on piezoceramics and
single crystals, as they offer superior piezoelectric properties for high-performance
applications where sensitivity and precision are vital.

Piezoceramics are poly-crystalline ferroelectric structures composed of randomly
orientated dipoles (positive and negative poles separated by a distance) in unit
cell-like structures called domains. They have isotropic properties on a macroscopic
scale with no net polarisation. They exhibit reorientable spontaneous polarisation
produced by the domain walls of the crystal structure. They are polarised by applying
a strong electric field at high temperatures, aligning the dipoles parallel to the field.
After poling, the dipoles stay almost in exact alignment, giving the ferroelectric
ceramic a permanent polarisation and thus making it piezoelectric. The most used
ferroelectric materials are Lead Zirconate Titanate (Pb[Zr, Ti]O3), generally known as
PZT, and Barium Titanate (BaTiO3).

Single crystals are inherently anisotropic and possess spontaneous polarisation
because of their non-centrosymmetric crystalline structure. As an example, the
trigonal structure of the quartz unit cell (SiO2) is shown in Figure 2.2. It is longer in
the vertical direction, resulting in a net electrical polarisation of the bulk material.
When a mechanical force is applied to piezoelectric materials, the dipoles within the
material create charges at the two ends of the material. These charges can be accessed
by connecting electrodes, as illustrated in the figure.
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FIGURE 2.2: Silicon and oxygen arrangement in α-Quartz and illustration of
direct and inverse piezoelectric effect [56]

In comparison to single crystals, piezoceramics are low-cost and can be formed into
intricate shapes. However, they provide worse reproducibility because of complex
ceramic processes, loss of piezoelectric behaviour above the Curie temperature, and
practical limitation below this temperature. They also possess higher temperature
coefficients, higher electrical conductivity compared with those of single crystals, and
pyroelectric behaviour (change in surface charge in response to change in
temperature).

Their fast response time, high conversion efficiency, low cost, and compact size have
led to various sensors, actuators, and transducer applications. Pressure, force or
vibration sensors use the direct piezoelectric effect [57], while the inverse piezoelectric
effect forms the basis for actuators, such as displacement actuators for industrial
process control and vibration cancellation in aerospace systems [58]. Transducer
applications, such as bioimaging equipment and NDT, use the same material to
perform direct and inverse piezoelectric operations for actuating and sensing surface
acoustic waves or ultrasonic waves, respectively [59].

2.2.2 Piezoelectric Properties and Operating Modes

The electromechanical characteristics of piezoelectric materials are described by
various interrelated coefficients standardised by the IEEE [60]. These coefficients
include piezoelectric, dielectric, and elastic material properties. The electromechanical
behaviour of piezoelectric materials can be expressed by coupling the electrical and
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mechanical constitutive relationship in Equation (2.1). This describes both direct and
inverse piezoelectric effects.

[
S⃗
D⃗

]
=

[
sE dT

d ϵT

] [
T⃗
E⃗

]
(2.1)

Electrical displacement D⃗ is the electric charge per unit of area and is measured in
[C/m2]. Permitivity ϵT is measured under constant stress, electric field E⃗ is measured
in [V/m], and stress T⃗ in [N/m2]. The piezoelectric charge (or strain) constant, d, is
the polarisation generated per unit of applied mechanical stress and is measured in
[C/N] or [m/V]). The vector S⃗ is the strain, sE is the elastic compliance in a constant
electric field E⃗ (strain per unit of stress) [m2/N], and dT is the transpose of d. Direct
and inverse piezoelectric effects are equal in magnitude.

These parameters are tensor quantities and define the three-dimensional behaviour of
piezoelectric materials. They are described using the axes designation and the
deformation direction illustrated in Figure 2.3. These directions follow the Cartesian
coordinate system where the x, y, and z axes are identified as 1, 2 and 3, respectively.
The shear planes are indicated by 4, 5, and 6 and are perpendicular to axes 1, 2 and 3,
respectively. By convention, the direction of polarisation is defined as axis 3.

FIGURE 2.3: Coordinate system used to define piezoelectric properties and
example representation.

The strain S⃗ and stress T⃗ are vectors with six components where the first three denote
the normal deformation along the x−, y− and z− directions, and the next three
indicate the shear deformation around the x−, y− and z− axes. The electric field E⃗
and the electrical displacement D⃗ are vectors with three components, normal to the
x−, y− and z− axis. The material parameters sE, d, and ϵT are rank 4, 3 and 2 tensors,
respectively. They are represented using the abbreviated Voigt subscript, whereby the
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first subscript denotes the direction of the electrical quantity (electrical displacement
D⃗ or the electric field E⃗). The second subscript denotes the direction of the mechanical
quantity (the strain S⃗ or the stress T⃗). Therefore, the complete description of the
piezoelectric behaviour in Equation (2.1) is described in matrix form by Equation (2.2)
and Equation (2.3).

Dx

Dy

Dz

 =

d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26
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Based on the symmetry of their crystal structure; various dij components are mutually
dependent or zero. For example, quartz with a trigonal crystal structure only has five
non-zero dij components, of which only two (d11 and d14) are independent (Equation
2.4). An overview of the symmetry constraints on piezoelectric tensors for various
crystal point groups is given in [61]. In contrast to single crystals like Quartz,
Piezoceramics are given artificial polarisation and exhibit rotational symmetry around
the poling axis ’3’-direction. All directions perpendicular to the poling direction are
considered as the ’1’-direction. This results in a d matrix of the form in Equation (2.5).

d =

d11 −d11 0 d14 0 0
0 0 0 0 −d14 −2d11

0 0 0 0 0 0

 (2.4)

d =

 0 0 0 0 d15 0
0 0 0 d15 0 0

d31 d31 d33 0 0 0

 (2.5)
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From the piezoelectric constant matrix for ceramic materials, it can be seen that there
are three non-zero elements: d33, d31 (equal to d32), and d15 (equivalent to d24). This
suggests that electromechanical coupling operates in three basic modes, called
longitudinal (”33”), transverse (”31”), and shear (”15”). These modes of operation
apply coupling between the mechanical and electric domains in various directions, as
illustrated in Figure 2.4. In the d33 mode, the deformation and electric field are in the
’3’-direction, parallel to the polarisation. In d31 mode, the electric field is parallel to the
polarisation, and the relevant deformation is perpendicular to the polarisation in the
’1’-direction. The longitudinal and transverse modes are coupled, as the deformation
along the poling axis inherently results in deformation in a perpendicular direction.

FIGURE 2.4: Electromechanical coupling of longitudinal (d33) and transverse (d31)
modes; and the thickness-shear (d15) mode of operation of piezoelectrics [56].

This work focusses on the shear mode of operation, where the electric field is applied
perpendicular (subscript 1) to the polarisation direction, and the shear deformation is
around the other perpendicular axis. The two-port equation for the shear mode, with
the electrical port (D, E) in the ’1’ direction and the mechanical port (S, T) in the ’5’
direction, is written as:

[
S⃗5

D⃗1

]
=

[
sE

55 d15

d15 ϵT
11

] [
T⃗5

E⃗1

]
(2.6)

Several studies have classified vibration modes in piezoelectric plates operating in the
thickness-shear mode of varying aspect ratios analytically and experimentally [62].
Parameters that govern the TS-mode of the piezoelectric element include its thickness,
physical aspect ratio, the direction of polarisation (for ferroelectric materials), and the
angle at which the element is cut (for single crystals). The direction perpendicular to
the most prominent face is the cut axis. The shear mode is less sensitive to the
temperature dependence of the polarisation (pyroelectric effect). Furthermore, the
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shear mode is neither affected by deformation in the other directions nor causes
unwanted deformation in the other directions. Ceramics can be used with positive
and negative voltages for shear mode, thus providing a more significant actuation.
However, one limitation is associated with the shear mode: during operation,
re-polarisation may occur along the ’1’ axis in case large voltages are developed.

2.2.3 Piezoelectric Electromechanical Characterisation

When an alternating field (AC voltage) is applied, the dimensions change at the
cycling frequency of the field and result in dynamic mechanical vibration. If the drive
frequency of the field is adjusted to the mechanical resonance frequency of the device,
a large resonating strain is generated. This phenomenon of strain magnification due
to the accumulation of input energy is called piezoelectric resonance. The frequency
at which the piezoelectric vibrates most readily is called the resonance frequency. The
material is most efficient at converting electric energy into mechanical energy at this
frequency.

Multiple resonances are observed in piezoelectric devices related to their geometry,
density, and elastic constants. The dynamic response of the piezoelectric material can
be captured by measuring the EMIS. For a piezoelectric plate of thickness t and
electrode area A, vibrating in TS-mode, the electromechanical impedance Z as a
function of frequency is described by Equation (2.7), whereby fr and fa are the
characteristic resonance and anti-resonance frequencies.

z(ω) =
t

iωϵS A

[
1 − k2

tan( ω
4 fa

)

( ω
4 fa

)

]
(2.7)

A typical EMIS of a piezoelectric plate operating in TS-mode is shown in Figure 2.5
with annotations to the characteristic resonance frequencies. The Electromechanical
Impedance (EMI) versus frequency plots are generally presented on a logarithmic
scale to emphasise the weaker excitable modes, including any an-harmonics,
spurious, or unwanted modes. The observed resonances are associated with
ultrasound reflection within the ceramic body, resulting in their vibration modes. The
resonance at the lowest frequency corresponds to the motion in the largest dimension
of the ceramic. When a piezoelectric device is mounted on a mechanical structure, the
mechanical boundary conditions of the material change, as do the behavioural
properties of the loaded piezoelectric device.
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FIGURE 2.5: Example electro-mechanical impedance response of a TS-
mode piezoelectric material showing TS-mode resonances and highlighting
the characteristic resonance (Fr) and anti-resonance (Fa) frequencies of the

fundamental resonance.

A useful guide for the selection of an appropriate piezoelectric material is its Figure of
Merit (FOM). The key elastic, dielectric and piezoelectric material properties and their
relation and significance to the transducer application are given in Table 2.1.

TABLE 2.1: Piezoelectric material FOM along with their relation and significance
for transducer application.

Piezoelectric FOM Relation Significance

Strain constant (d) x = dE Measure of strain induced by an
external electric field. Signifies the
performance as an actuator.

Voltage constant (g) E = gX Measurement of the electric field
induced by an external stress. Signifies
the performance as a sensor.

Coupling coefficient (k) k2 = ϵT−ϵS

ϵT Measure of the fraction of mechanical
energy converted into electric energy
and vice versa.

Frequency constant (N) Ni =
Vi
2 Related to wave speed in the

material and used to determine
the fundamental resonance frequency.

Dielectric constant (KT) KT = ϵT/ϵ0 Measurement of the capacity of the
materials to hold charge.
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The characteristic frequencies of the EMI response can be used to derive these
properties. The coefficients relevant for the shear mode of thickness vibration are
taken from the British Standards documents with reference code BS EN 50324-2:2002
[63]. Their relationship with the piezoelectric plate geometry, characteristic
frequencies, and interrelationship with other FOM are given in Table 2.2.

TABLE 2.2: Piezoelectric material FOM for TS-mode operation along with their
relation to geometric properties and their interrelationship with other FOMs.

Piezoelectric TSM FOM Relation

Elastic compliance at constant D⃗ (SD
55) SD

55 = 1
4ρF2

a t2

Electromechanical coupling factor (k15) k15 =
√

π
2

Fr
Fa

cot(π
2

Fr
Fa
)

Elastic compliance at constant E⃗ (SE
55) SE

55 =
SD

55
1−k2

15

Piezoelectric charge constant d15 d15 = k15

√
ϵT

11SE
55

Free electric permittivity (ϵT
11) ϵT

11 = CT t
A

Clamped electrical permittivity ϵS
11 = ϵT

11(1 − k2
15)

Voltage constant (g15) g15 = d15
ϵT

11

For piezoelectric materials in Class 32, TS-mode of vibration can be obtained using Y-
cut plates with electrode surfaces on the plane normal to the direction x2. The electric
field is applied in the x2 direction, which results in a mechanical displacement in the
x1 direction. The independent materials constants for the y-cut resonators are reduced
to c66, e26 = e11 and ϵ = ϵ22 = ϵ11. These piezoelectric properties and their derivation
are given in Table 2.3.

TABLE 2.3: Piezoelectric material FOM for TS-mode operation for Y-cut
single crystals along with their relation to geometric properties and their

interrelationship with other FOMs.

Piezoelectric TSM FOM Relation

Eigenfrequency of TS-mode harmonic ( fn) fn = n v
2h , v =

√
cD

66
ρ

Electromechanical coupling factor (k26) k2
26 = π

2
fr
fa

tan(π
2

∆ f
fa
)

Elastic constants (cE
66) cE

66 = (1− k2
26)ρ fpt2, cD

66 = 4ρ(t fr)2

Piezoelectric constant (e26) k2
26

1−k2
26
=

e2
26

ϵS
22cE

66

Elastic compliance (SE
66) SE

66 = 1
(4ρt2 f 2

a (1−k2
26))
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2.2.4 Influence of Temperature on Piezoelectric Materials

The effects of temperature on piezoelectric materials can be explained using the
theory of propagation of acoustic waves in crystals [64]. Temperature creates a biased
field that leads to geometrical and physical non-linearity. The geometric non-linearity
occurs because of a change in shape from the anisotropic dilation of the piezoelectric
crystal; this change affects the acoustic wave path and increases the attenuation.
Physical non-linearity arises from thermal expansion, weakening the chemical bonds
between atoms. This physical non-linearity and chemical instability increase electrical
conductivity, and excessive charge carriers can lead to chemical decomposition and
ionic defects [65]. For ferroelectrics, the temperature can result in the depinning of the
domains or by the motion of the domain wall, causing the dielectric loss to increase.
As the temperature increases, the orientation of the domains becomes more random,
causing a loss in polarisation and reducing the piezoelectric effect. Moreover, above a
specific temperature, the Curie temperature (Tc), the asymmetric crystal structure
undergoes a phase transition to a high-symmetry paraelectric phase, where all
piezoelectric activity disappears, causing irreversible material failure.

Due to these geometric and physical non-linearities caused by temperature,
piezoelectric materials have temperature-dependent dielectric, piezoelectric, and
electromechanical properties [66]. Significant temperature variation of these
properties can highlight the degradation of the piezoelectric effect, for example, the
elastic constant of quartz changes significantly across the α-β transition [67]. These
temperature effects can grow with a high electric field, compressive mechanical bias,
or mechanical loading. Variation in temperature may also produce pyroelectric
charges that can influence the piezoelectric effect. Many ferroelectrics become
conductive at high temperatures, leading to charge drifts and partial loss of signal.
The conductivity problem can be aggravated during operation in an atmosphere with
a low oxygen content. Many oxygen-containing ferroelectrics can rapidly lose oxygen
and become semiconductive. Thus, the limitation of piezoelectric materials at high
temperatures is governed by increased electrical conductivity, mechanical attenuation,
and variation of piezoelectric properties [68].

The temperature coefficients of these piezoelectric properties are essential to predict
their high-temperature electromechanical performance and suitability for HT-PUT
application. The temperature coefficients of these properties can be derived using
Equations (2.8) and (2.9).

T(P)(n) =
1

P0n!
(

δn p
δθn )θ=T0 (2.8)
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P(T) = P(T0) +
3

∑
n=1

T(P)(n).(T − T0)
n (2.9)

Where T(P)(n) is the temperature coefficient of the nth order of the material property
P, T0 is the reference temperature (usually 25°C), and the property P(T) at temperature
T can be calculated using these coefficients.

2.2.5 Transducer Design and Construction

A PUT employs the piezoelectric material to generate a mechanical (acoustic) signal
from an electrical input or an electrical signal from a mechanical input, allowing the
transmission and reception of ultrasonic signals. Their design requires
multidisciplinary knowledge and consideration of acoustics, vibration, materials,
signal processing, and electronics drive requirements. There is no standard tool or
methodology available for their design and thus is primarily empirical with some
established rules and fundamental theoretical understanding. These empirical design
rules have generally been applied to resonant transducers that are used for ultrasonic
testing in the MHz range. The construction of a typical PUT includes five key
components: a face plate, a piezoelectric element, a damping block, a casing and
electrical connections, as illustrated in Figure 2.6.

FIGURE 2.6: Construction of a generic piezoelectric transducer.

Piezoceramics of thickness in the range of 0.1 to 1 mm are used for the resonant PUT
operating in the thickness mode in the frequency range of 1 MHz to 5 MHz. The
piezoelectric materials require electrodes to allow the transfer of an electrical pulse to
and from the transducer. This is achieved by applying thin-film electrodes of about
100nm thickness using the Physical Vapor Deposition (PVD) method. The live
connection is generally made through a wire, and the grounding is carried out
through the casing.

The casing provides mechanical support for the entire transducer and electrical
shielding for the piezoelectric element. For resonant transducers, an additional
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backing layer made of soft materials, such as epoxy loaded with heavy particles (e.g.
tungsten fillers) is used. This serves a dual purpose in damping piezoceramics as
piezoceramics have low internal damping and a typical mechanical quality factor of
≈ 80 [69]. This prevents ringing and achieves the excitation of short pulses to achieve
the desired axial resolution.

The front layer also called the face plate, is used for wear protection and is generally
made from a durable and corrosion-resistant material. For specific applications,
including immersion, angle beam, and delay line transducers, the face plate also
functions as an acoustic transformer1 between the piezoelectric material and the
medium through which the wave propagates.

Adhesives are used to assemble these transducer layers and can also be used as a
mechanical coupling for permanently mounted transducers. Epoxy resins and
cyanoacrylates are the two most commonly used adhesives and a bond line thickness
of 10-120 µm is generally used. Studies have shown that the ultrasonic performance is
greatly affected by the thickness and shear modulus of the adhesive layer [70, 71, 72].
Adhesives are viscoelastic and their influence on ultrasonic performance is
frequency-dependent. The ultrasonic performance is more sensitive to the shear
modulus at high frequency (>500 kHz) and only slightly affects the signals at low
frequency (<100 kHz). At lower frequencies, the signal with thin adhesive bond lines
is stronger than for those with thicker adhesive bond lines. Adhesive de-bonding or
uneven distribution or air cavities have a negative impact on the ultrasonic amplitude
and can also introduce a phase offset [73, 74].

The PUT transducer used in the commercial Teletest system employs PZT-5A
elements that operate in TS-mode. The transducer layers are illustrated in Figure 2.7.
The rectangular PZT-5A plate used in the transducer is of dimensions 13 mm x 3 mm
x 0.5 mm. The piezoelectric plate is coated with nickel electrodes with a wraparound
configuration that allows ground and live electrical connections to be made on the
same 13 mm x 3 mm surface. An aluminium oxide (Al2O3) wear plate is bonded to
the PZT-5A plate using a nonconductive epoxy. A stainless steel block of dimensions
13 mm x 12 mm x 12 mm is used as a backing layer to house the piezo-wear plate
assembly and provide an electrical connection to the piezoelectric plate.

1Resonant transducers use a face plate of thickness equal to a quarter of the wavelength and an
intermediate acoustic impedance between the piezoelectric layer and the load medium to improve the
power transmission.
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FIGURE 2.7: Schematic of the Teletest shear piezoelectric transducers show
different layers. Images showing the (a) Teletest transducers and (b) high-

temperature variant for operation up to 250°C.

The steel backing block has a through hole feature where the connector is fitted. A
nickel wire is soldered to the connector and fed through to the top of the backing
block. A section of the upper face of the backing block has an Al2O3 coating to
provide electrical insulation and the nickel wire is placed on this coated section. A
layer of non-conductive epoxy is applied on top of the wire, and a layer of conductive
epoxy is used on the other side where the wrap-around electrode of the PZT-5A
element joins the backing block. Thus, the steel backing serves as the ground
connection to complete the circuit. A sealant is applied to the sides of the piezo-wear
plate assembly to avoid moisture ingress.

2.2.6 FEA for Transducer Design

In a multi-layered piezoelectric transducer, the resonances in the frequency response
function are associated with the coupling of vibration modes (eigenmodes) of the
different transducer layers. For prototyping and design verification, manufacturing
new transducers can be expensive and time-consuming, as many transducers may
need to be manufactured and tested to find the optimal design.

Several methods have been developed to simulate piezoelectric transducers,
including analytical methods based on the equivalent circuit model, mathematical
models using the coupling of modes theory and FEA. Analytical methods are based
on one- or two-dimensional models and are suitable for only simple geometries. They
cannot be applied when anisotropic materials, nonuniform physical features, or
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boundary conditions are involved. However, the FEA method provides a direct
numerical approach and is implemented in several commercial software and allows
the development of representative multiphysics piezoelectric transducer models.

Commercial FEA software, including ANSYS, ABAQUS, COMSOL, and OnScale [75],
have the ability to model piezoelectric materials. Several studies have reported using
FEA methods to analyse and optimise piezoelectric transducer designs and have
demonstrated an exceptional ability to predict the transducer response through
experimental validation [76]. These include the analysis of transducers with
complicated geometries and their radiated sound fields as functions of frequency for
different geometric features and wave propagating mediums. Studies have also
employed FEA in combination with optimisation algorithms to define design
parameters that maximise ultrasonic performance while minimising electrical input
[77, 78].

2.2.7 Transducer Characteristics for Ultrasonic Application

The suitability of PUT depends on its sensitivity, dimensions, frequency bandwidth,
and type of contact between the transducer surface and the object under investigation.
Piezoelectric materials with large electromechanical coefficients (e.g. PZT-5A) are
generally used for their design to achieve high ultrasonic output and therefore Signal
to Noise Ratio (SNR). Their performance characteristics also depend on the
interactions between their electrical, mechanical, acoustic, and thermal response
functions. For example, the electrical input impedance is a function of frequency and
several peaks and troughs are observed in their response functions. The transducer
frequency response should be near-linear in the operating frequency range, as
neighbouring resonance frequency can influence the measurement quality. It can
cause mode coupling, frequency jumps, and activity dips in the sensor transfer
function.

For low frequency application, the transducers operate at frequencies much lower
than their first resonance frequency, and therefore the unevenness of their frequency
response is much above the operating frequency range. These are also called
non-resonant wideband transducers and use piezoceramics with planar dimensions
in the order of several millimetres and can achieve UGW sensitivity with a broadband
frequency response in the 20 kHz to 1 MHz range.

The mechanical wave generated within the piezoelectric element can be coupled to
the structure by dry coupling (with high pressure), fluid coupling, or solid coupling.
Generally, a couplant, usually a gel, is used for high-frequency longitudinal
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applications. The coupling of shear waves requires an interface with a high modulus
of rigidity, which is commonly achieved by mechanical bonding using adhesives or
dry coupling with an external load. For high-temperature applications of PUT,
stability of mechanical bonding, piezoelectric properties, and high electrical resistivity
(low dielectric loss) are required to achieve a stable thermal response to maintain their
ultrasonic performance. A review of high-temperature piezoelectric materials and
low-frequency wideband non-resonant transducers is given in Chapter 3.

2.3 Ultrasonic Guided Wave Testing

2.3.1 Bulk Waves and Guided Waves

The term "ultrasound" refers to the propagation of mechanical stress waves in a
medium. Two types of ultrasonic waves can propagate in isotropic solids: bulk waves
and guided waves [79]. Bulk waves travel in infinite media and are not governed by
boundaries. In homogeneous and isotropic materials, there are only two bulk wave
modes, longitudinal (or compression) and shear waves. Bulk ultrasonic waves have
different propagation speeds, which can be calculated analytically from the material
properties of the propagating medium.

The velocity of compression waves (Vl) and shear waves (Vs) in an isotropic solid
material is related to the Young’s modulus (E), Shear modulus (G), density (ρ) and
Poisson’s ratio (µ). It is given by Equation (2.10) and Equation (2.11), respectively. The
longitudinal and shear velocities of a typical carbon steel material are around 5800
m/s and 3200 m/s, respectively.

Vl =

√
E(1 − µ)

ρ(1 + µ)(1 − 2µ)
(2.10)

Vs =

√
E

2ρ(1 + µ)
=

√
G
ρ

(2.11)

Bulk waves travel through a material unaffected by the material boundaries. On the
contrary, UGW propagate along the layers throughout the thickness of the structure
and can cover large distances. The wavelength of UGW modes is large, usually
comparable to the dimensions of the structure. Unlike bulk waves, an infinite number
of guided wave modes can propagate in a structure.



Chapter 2. Theoretical background 30

2.3.2 Cylindrical Guided Waves Modes

In cylindrical pipe-like structures, there are three categories of guided wave modes
based on their displacement patterns [80]. These are axially symmetric wave modes:
longitudinal (L) and torsional (T); and non-axially symmetric flexural (F) modes, as
illustrated in Figure 2.8. Looking down the pipe from one end, the L wave mode can
be visualised as a travelling bulge, the F wave flexing the pipe in many directions,
and the T wave as a twisting motion. The dominant particle motion of a longitudinal
wave mode is axial and radial, whereas the torsional mode generates tangential
displacement in the cross section of the pipe.

FIGURE 2.8: Illustration of the guided wave modes propagating a pipe-like
structure (a) Longitudinal modes with axial and radial displacement, (b)
Torsional modes with displacement in the tangential direction, and (c) flexural

modes with a complex displacement varying along the circumference.

The wave modes are designated with two numbers, as defined by Meitzler [81]. The
first number is the circumferential wavenumber (also known as the order), and the
second denotes the sequential mode. The torsional T(m, n) and longitudinal L(m, n)
wave modes are axially symmetric (m = 0); therefore, their displacement does not
vary around the circumference and only changes along the thickness. For example,
the T(0, 1) mode has a uniform rotational displacement throughout the thickness of
the wall of the pipe. Wave modes of an order greater than zero, for example, F(1, 2),
are not axially symmetric and have a non-uniform displacement distribution along the
thickness.
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2.3.3 Propagation Velocity and Dispersion Curves

The velocity of the guided wave modes depends not only on the material properties
but also on the geometry of the structure. At a given frequency, multiple guided wave
modes can be present, and the velocity of these modes can change with frequency.
This response is due to the nonlinear relationship between the wavenumber or spatial
frequency of the wave modes (k) and the temporal frequency (ω).

When an ultrasonic pulse is transmitted, it will contain many frequencies, due to its
finite length as opposed to a continuous sinusoidal wave at a single frequency. The
propagation properties of the guided wave modes are described by the phase velocity
(Vp) and the group velocity (Vg). The velocity of a single peak within a pulse (or phase
within the wave packet) is termed phase velocity and is described by Equation (2.12).
The velocity of the pulse (or wave packet) is called the group velocity (vg), and is given
by Equation (2.13).

Vp =
ω

k
(2.12)

Vg =
δω

δk
= Vp +

δVp

δVk
∗ k (2.13)

The pulse may not travel at the phase velocity of the transmitted centre frequency. If
the phase and group velocities are different (vp ̸= vg), the pulse is said to be
dispersive. Dispersion elongates the wave packets, increasing the envelope and
lowering its amplitude as different frequency components within the wave travel at
different velocities. However, if vp = vg, the wave packet will travel dispersion-free,
and the shape of the wave packet will be maintained as it propagates [82]. Dispersion
degrades the resolution of the UGW response, as it causes signals to spread over time
or space and, consequently, contributes to coherent noise [83].

Dispersion curves are used to illustrate the variation in vp and vg of each wave mode
over a range of frequencies. The dispersion curves are well-known for simple plate
and pipe like structures. Semi-analytical finite element (SAFE) methods have become
convenient for computing the dispersion curves of a homogeneous waveguide. They
are available through open-source commercially available software such as Disperse
[84] and GUIGUW [85]; and can also be generated using commercial FEA software
using Floquet boundary conditions [86]. These softwares can calculate the dispersion
curves of complex geometries with arbitrary cross-section and multi-layer structures.
The dispersion curves of a 4" Schedule 40 pipe are shown in Figure 2.9.
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FIGURE 2.9: Dispersion curves for a 4-inch NPS Schedule 40 steel pipe [87].

The dispersion curve shows the presence of more than 50 wave modes below 100 kHz.
For non-dispersive wave modes in a particular frequency range, the phase velocity
dispersion curve will be flat with vp close to vg, which can be seen with the highlighted
fundamental torsional T(0, 1) and longitudinal L(0, 2) modes above a frequency of
around 20 kHz. On the contrary, dispersive wave modes spread in space over time as
they have frequency-dependent velocities and different vp and vg.

2.3.4 Guided Wave Mode Selection and Transduction

Axisymmetric wave modes are preferred for GWT because they provide full
circumferential coverage with their uniform displacement throughout the thickness of
the pipe wall. Their sensitivity to defects on the inner or outer surface of the pipe is
the same. There are three axisymmetric wave modes, L(0, 1), L(0, 2), and T(0, 1), in
this frequency range commonly used for GWT. A single transducer excites all UGW
modes (axisymmetric and non-axisymmetric) within the frequency bandwidth of the
excitation signal [88]. The excitation of multiple wave modes and their dispersive
nature make the measurements complex and their interpretation challenging.

A single-wave mode is typically used for GWT to determine the time of arrival of an
echo. An array of transducers is used to selectively excite axisymmetric wave modes
and suppress non-axisymmetric wave modes. It has been shown that the generation
of non-axisymmetric flexural modes F(n, 1) present in the excitation frequency region
can be avoided when more than n transducers are used around the circumference [89].
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For example, a 16-transducer array is required for a 4-inch NPS Schedule 40 pipe that
has a cutoff frequency of F(16, 1) at 96 kHz.

When an axisymmetric wave is generated at a given pipe location, it travels in both
directions. For time-of-flight analysis of ultrasonic measurements, it is desirable to
control the directionality of guided waves. This has been achieved by combining two
arrays of transducers separated by a specified axial separation (quarter wavelength),
generating waves that cancel in one direction and add constructively in the other [87].
A mathematical interpretation of this is explained in [90].

The initial application of GWT employed the L(0, 2) wave mode due to its faster
velocity and relatively constant phase velocity at high frequencies [91, 92, 93]. Two
circumferential rings of the transducer were used to obtain unidirectional
propagation (by applying time delays and phase manipulation between the two
transducer rings) and achieved distances of almost fifty metres with 70 kHz signals.
However, the presence of the second axially symmetric mode L(0, 1) and dispersion
characteristic limited the operation at lower frequencies and complicated the
interpretation of the results.

Subsequent testing methodologies used the fundamental axisymmetric torsional wave
mode T(0, 1), which is nondispersive throughout the frequency range [94]. Thus, the
excitation of the T(0, 1) mode can be isolated from other modes, thus simplifying the
interpretation of the signal. Torsional forcing can be achieved by rotating the shear
transducer used for the L(0, 2) mode by 90°to apply the force in the circumferential or
tangential direction rather than axially as illustrated in Figure 2.10.

Angular
Vibration

Radial
and Axial
Vibration

Torsional Mode ExcitationLogitudinal Mode Excitation

FIGURE 2.10: Schematic diagram showing the excitation of axisymmetric
Longitudinal and Torsional modes on a pipe.

Studies have been conducted to explore the potential of the T(0, 1) mode in the MHz
frequency range, which can lead to improved axial resolution [95]. But in the context
of GWT, T(0, 1) is generally used at frequencies lower than 120 kHz [96]. For
standard NPS pipe sizes, there are no higher-order torsional modes in the range of
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UGW frequencies. For example, the cut-off frequency of the higher order torsional
mode T(0, 2) is greater than 300 kHz for a 3-inch NPS Schedule 40 pipe [97]. Being the
only torsional mode in the frequency range of interest, only two rings of transducers
are required. The torsional mode has an additional advantage; it is not influenced by
the presence of fluid inside the pipe, unlike the L(0, 2) mode due to its radial
displacement.

2.3.5 Guided Wave Propagation

The propagating ultrasonic guided waves are affected by the characteristics of the
pipe and GWT analyses these reflections to identify a potential flaw. Several studies
have explored the interaction of axisymmetric wave modes with defects and features
in pipes such as flanges and pipe supports [89, 98]. When an axisymmetric wave
mode T(0, 1) or L(0, 2) is incident on an axisymmetric feature such as the flange or
uniform weld; only axisymmetric modes are reflected. This interaction is described by
the reflection coefficient, which is the ratio of the reflected and incident wave
amplitudes. However, defects such as localised corrosion or features such as pipe
supports are generally non-axisymmetric and lead to a complex ultrasonic response
due to mode conversion [99]. With non-axisymmetric defects, apart from the
reflection of part of the incoming wave, energy is also converted to other modes, e.g.,
flexural modes [100]. Analysis of these flexural modes can provide further
information on the circumferential extent of the defect. Defects with a smaller
circumferential extent will generate larger-amplitude flexural modes. FEA methods
are generally used to calculate the reflection coefficients [101]. These studies have
shown that the reflection from axial defects varies as a function of its dimensions to
the wavelength due to the interference between the waves reflected from the two
ends of the defect.

The interaction of the T(0, 1) wave mode with non-axisymmetric defects such as cracks,
notches, and holes has been extensively studied [102, 103, 104]. It can be interpreted
that the most influential factor on the reflection coefficient is the reduction in the cross-
sectional area of the pipe. However, other features such as the shape of the defect,
its axial extent, and frequency also have an effect on the reflection of the torsional
mode [101]. The cross-section loss and reflection coefficients may be similar for deep-
localised defects and much larger but shallower defects, although the former is more
critical. Thus, the reflected wave amplitude can only give an indication of the size and
severity of the defect.
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2.3.6 Effect of Temperature on Guided Waves

Temperature can influence UGW by changing the amplitude and phase of the signals
[105]. This is due to the mechanical properties of the pipe, the ultrasonic transducers,
and their bonding. Changes in signal amplitude are generally due to changes in the
temperature-dependent properties of the ultrasonic transducer, particularly
piezoelectric and adhesive materials [106]. However, with small temperature
variations of a few degrees, the effect on the performance of the transducer is
significantly less than that on wave propagation [107]. It is possible to minimise these
variabilities by carefully selecting adhesives and transducer materials.

The phase change in the transducer signals is mainly attributable to the change in wave
propagation velocity due to changes in the mechanical properties of the pipe [46]. The
relevant mechanical properties of the pipe are the elastic and shear moduli, acoustic
absorption, and density. Thermal expansion changes the propagation distance directly
and indirectly through changes in pipe thickness. These, in turn, affect the dispersion
curves and velocity of the guided waves.

Temperature influence can be described by considering two Hanning-windowed tone-
burst signals, sx and sy, representing the baseline and the current signal, respectively.
The current signal is measured at a different temperature, so it expands in time by δt,
which is the time shift, represented by:

s1 = u0h(t)sinωt (2.14)

s2 = u0h(t)sinω(t + δt) (2.15)

where h(t) is the Hanning window function, u0 is the signal amplitude, ω is the
angular frequency, and t is time. The relationship between the time (difference in
Time of Arrival (TOA)) of the signal and the change in temperature can be written as
follows.

δt =
d

Vp
(α − γ)δT (2.16)

Here, δt is the difference in the arrival times of the signals when the structure changes
temperature as δT. d is the distance propagated by the wave of phase velocity Vp. α

is the thermal expansion coefficient and γ is the phase velocity change coefficient. γ is
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usually significantly greater than α; therefore, from Equation (2.16), it can be seen that
the change in wave velocity contributes to the time shift due to temperature variations.

This relation suggests that an increase in temperature will always result in a positive
δt, as this will increase the propagation path due to thermal expansion of the structure
and reduce the phase velocity. The effect of temperature variation increases with an
increase in distance propagated by the wave, as the time shift is directly proportional
to the propagation distance. Also, the inverse relation to the wave velocity suggests
that the faster modes will be less affected than the slower ones.

The temperature-related shift of the UGW signals can be observed as a change in the
instantaneous phase. The TOA of a wave packet is shown to have a linear relationship
with temperature, within a limited temperature range. Therefore, the instantaneous
phase difference of two UGW signals with different temperatures is proportional to
the temperature difference. This can be expressed as follows:

args2(t)− args0(t) =
T2 − T0

T1 − T0
[args1(t)− args0(t)] (2.17)

Where s0(t), s1(t) and s2(t) are the UGW signals at temperatures T0, T1 and T2,
respectively, arg denotes the instantaneous phase of the signal.

These temperature-influenced changes in the UGW signals, including phase shift,
arrival time, and signal amplitude, can decrease the sensitivity and probability of
detecting damage. Signal processing methods are employed to reduce these
temperature effects and maintain sensitivity, and are introduced in Section 2.4.5.

2.4 Signal Processing for UGW

UGW measurements produce low signal amplitudes and are often influenced by
several sources of electrical noise. When a defect appears in the structure under study,
the amplitude and frequency of its corresponding ultrasonic echo signal change.
Several signal processing methods are available to extract these damage-sensitive
features from the time, frequency, or time-frequency domains. Here, the
fundamentals of signal processing methods used to analyse UGW measurements in
this thesis are briefly discussed. The review of recent work on signal processing for
EOC (e.g. temperature) compensation and approaches for damage detection and
monitoring using historic SHM data are given in Chapter 3.
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2.4.1 Discrete Pulse Excitation in the Frequency Domain

To achieve the highest possible resolution, the ultrasonic excitation signals should be
short. However, short pulses have a large bandwidth in the frequency domain,
presenting issues if the transducer has a limited bandwidth or if dispersive wave
modes can be excited in the frequency range. Generally, a compromise is made and
the excitation signal consists of a few cycles. A window function is applied to the
high-frequency carrier wave to generate a discrete excitation signal, often called a
tone burst signal. Hanning window is a standard2 window function used in the UGW
application, as it significantly suppresses the frequencies of the side lobe. The
Hanning window ω(t) is defined as [109]:

ω(t) =
1
2
(1 − cos(

2π fc

N
)) (2.18)

Here, fc is the frequency of the carrier sine wave and N is the number of cycles of
the Hanning window signal. The frequency content is a broadband signal, since the
window function is applied to the carrier harmonic signal. The frequency domain F(ω)

of the Hanning windowed signal f (t) is defined by:

F(ω) =
∫ ∞

−∞
f (t).e−iωtdt (2.19)

The main frequency content of the tone burst signal is centred on the carrier frequency
fc. The bandwidth of the main lobe is related to the number of cycles and has a range
of ±(2 fc/N) [110]. This bandwidth is generally used to apply the appropriate
filtering of the acquired signal. The presented work utilises Hanning window
modulated toneburst signals as excitation signals. An example of a five-cycle 27 kHz
Hanning windowed tone-burst signal, and its frequency domain, is shown in Figure
2.11.
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FIGURE 2.11: A 70kHz 10 cycle Hanning modulated tone burst excitation signal
and the frequency content of the signal showing the bandwidth on the right.

2Several other window functions such as Gaussian and Reicker are also available [108].
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2.4.2 Hilbert Transform for Envelope Detection

It is often desirable to recover the envelope of a measured ultrasonic signals to
analyse the signal amplitude and arrival time. A commonly used method for
envelope detection is the Hilbert transform [111]. The Hilbert transform f1(t) of a real
signal f (t) is given by convolution:

f1(t) = − 1
π

∫ ∞

−∞

f (x)
t − x

dx (2.20)

The Fourier transform of f (t) and f1(t) is F(ω) and F1(ω) respectively and are related
in the frequency domain by the following expression:

F1(ω) = j.F(ω).sgn(ω) (2.21)

Where sgn(ω) is the Signum function, the Hilbert transform recovers the imaginary
part of the signal. Then, both the phase and the envelope can be calculated as the
Hilbert transform of the signal is known. An example with two UGW signals measured
at different ambient temperatures along with their detected envelope and phase are
shown in Figure 2.12.
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FIGURE 2.12: Ultrasonic guided wave measurement at 35 kHz with ambient
temperature variation showing time of arrival and phase difference using

amplitude and angle derived using the Hilbert transforms of measurements.
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2.4.3 Signal-to-Noise Ratio in UGW Measurements

By definition, SNR is the power of the useful signal relative to the power of unwanted
interference [112] and is generally evaluated as the ratio of Root Mean Square (RMS)
value. As the UGW signals contain discontinuous wave packets, RMS does not
represent the actual signal power. Therefore, for the UGW application, SNR is
calculated using the signal amplitude ratio to the noise RMS value using Equation
(2.22). To achieve a suitable defect sensitivity GWT application require large SNR; for
example, torsional wave pipe inspection requires a SNR greater than 40 dB [113].

SNR (dB) = 20 · log10

(
Signal Amplitude

Noise RMS

)
(2.22)

Signal filtering is usually performed on the signal acquisition instrument (electrical
analogue filtering) or during post-processing (digital filter) to improve SNR the
ultrasonic measurements. Measurement SNR can be further improved when the
excitation signal level is increased; hence, larger signal amplitudes are recorded3.
Furthermore, SNR of the measurement can also be increased by performing averages
of the acquired signals. The measured noise is incoherent and can gradually be
decreased by averaging, whereas the signal amplitude remains unchanged. However,
this assumes that the EOC effect does not change the signal during the averaging
process. Ultrasonic measurements may also contain coherent noise due to unwanted
mode or signal dispersion, which are challenging to isolate and filter.

2.4.4 Time-Frequency Domain Analysis

Time frequency analysis extends the time domain and frequency domain analysis by
representing how the frequency content of the signal changes over time. This
representation is generally displayed as a spectrogram or time-frequency plot.
Short-Time Fourier Transform (STFT) is a common time-frequency analysis. It divides
the signal in the time domain into small overlapping windows and computes the Fast
Fourier Transform (FFT) for these windows. When the window is moved along the
signal, a time-frequency plot is created showing how the frequency components
change over time. The STFT provides good frequency resolution at the cost of time
resolution, as longer windows yield better frequency information but lose temporal
details, while shorter windows provide better temporal details but lose frequency
accuracy.

3The excitation signal levels are often limited due to instrumentation and safety constraints [114].
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The wavelet transform is another method used to analyse the frequency content of a
signal at different resolutions. It utilises wavelet functions with varying scales and
positions to achieve this. The wavelet transform offers a more balanced compromise
between time and frequency resolution compared to STFT [115]. Continuous Wavelet
Transform (CWT) and Discrete Wavelet Transform (DWT) are two different
mathematical formulations of the wavelet transform. CWT is computationally
expensive, but offers a higher resolution time-frequency analysis compared to DWT.
As the CWT algorithm automatically adjusts the window length based on the local
frequency scale, it offers better resolution for signals with large frequency changes
compared to STFT. CWT is used to perform the time-frequency analysis of the
ultrasonic measurements in the presented work.

In CWT, a wavelet function, ψ(t), is used, which is also known as the Mother Wavelet.
This wavelet function is oscillatory and localised in both time and frequency. It has a
centre frequency and bandwidth. The CWT examines a signal, x(t), by scaling and
shifting the wavelet function across the signal. This produces a set of wavelets, each
of which represents the signal at a different scale and position. The mathematical
expression of CWT is:

CWT(a, b) =
∫
[x(t) ∗ ψ ∗ [ (t − b

a
]]dt (2.23)

where a represents the scale factor by which the wavelet is stretched or compressed, b
represents the translation (position), and ∗ denotes the complex conjugate. The CWT
provides a time-frequency representation of the signal, where the scale parameter a
corresponds to the frequency and the translation parameter b corresponds to the time.
By varying a and b, a 2D representation showing how different frequency components
of the signal evolve over time can be obtained. An example of CWT based on Time-
frequency response (TFR) of an ultrasonic measurement is shown in Figure 2.13.
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FIGURE 2.13: Example of ultrasonic guided wave measurement with 10 cycles
35 kHz Hanning modulated toneburst showing multiple reflections in the time
series and the corresponding time frequency representation using continuous

wavelet transform.

2.4.5 Baseline Subtraction and Temperature Compensation

The monitoring signals based on UGW are analysed to provide information on the
presence of a defect and information on its type, location, and severity. The most
common signal processing technique for SHM applications that use GWT is the
baseline subtraction method [46]. Initially, a signal is collected when the structure is
known to be in a defect-free state. This baseline signal is then compared with
subsequent measurements using various techniques. The difference between two
time domain signals, s1(t) and s2(t) is computed as:

Err = 20log
∥(|s2(t)− s1(t)|)∥∞

∥(|s1(t)|)∥∞
(2.24)

where ∥.∥∞ is the l∞ - norm of a vector. Ideally, any change in the ultrasonic signal
refers to a change in the structure alone. However, UGW data are susceptible to
changes in EOCs such as temperature, humidity, pressure, vibration, and flow, which
influence electronic devices, the behaviour of the transducer, and even the structure
itself. Of these EOCs, temperature has a dominating effect, as described in Section
2.3.6.
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The decibel values (dB) of the residual signal are generally calculated using envelope
detected amplitudes relative to those of a known feature in the baseline signal. This
relation is given by:

resdB(t) = 20log10
(

|sa(t)
|ba(t = p/vT0

gr )|

)
(2.25)

The relationship between the baseline subtraction residual and the temperature can be
described by subtracting the signal s2(t) from s1(t) and defining U0 = u0h(t):

s2 − s1 = U0(sinω(t + δt)− sinωt) (2.26)

where h(t) is the Hanning window function, u0 is the signal amplitude, ω is the angular
frequency, and t is time. If δt is small enough, a small angle approximation can be used:

|s2 − s1|max = 2π f U0δt (2.27)

Where f is the frequency and from Equation (2.26), it can be seen that if two waves of
equal amplitude arrive in phase, the amplitude of the residual signal will double.
This suggests that the residual signal is proportional to the temperature difference
between the current signal and the baseline, the number of overlapping arrivals and
the excitation frequency. The number of reflectors in complex structures increases;
therefore, interference will occur more frequently, increasing the subtraction residual
of the baseline. Taking into account λ = v/ f , for non-dispersive modes (with a
velocity constant with frequency), the residual for a given propagation distance is
directly proportional to frequency. This is an important issue to consider when
choosing the mode and frequency of the guided wave monitoring system.

These temperature-induced variations in UGW measurements can lead to a significant
subtraction residual that can mask the damage response or lead to false diagnostics
[116]. This is illustrated in the example shown in Figure 2.14.
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FIGURE 2.14: (a) Baseline and current signals, obtained from the same EOCs
or after temperature compensation; (b) residual signal derived from subtracting
signals in (a); (c) baseline and current signals obtained from different EOCs or
without temperature compensation; (d) residual signal derived from subtracting

signals in (c) [117].

It is therefore crucial to minimise the residual from the subtraction between the
signals measured from the undamaged structure at varying temperatures. Baseline
subtraction is generally used with temperature compensation techniques, and
depending on their effectiveness, the residual signal will change only due to a
structural change. Various compensation and signal processing techniques have been
developed to overcome the effect of temperature and are reviewed in Chapter 3.

2.5 Summary

This chapter summarised the relevant theoretical background on PUT, UGW and
signal processing. These are the enabling technologies for the application of GWT for
SHM of HTPs and are referred to in the rest of the thesis. The piezoelectric theory is
introduced to understand the behaviour of the material at high temperatures and its
application for the design of PUT. An overview of GWT technology covered the
fundamental theory of UGW in pipes, the components of the system, and the desired
performance parameters for HT-SHM application. The fundamentals of the ultrasonic
signal processing techniques applied for GWT under varying temperature conditions
are discussed.
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Chapter 3

Literature Review

3.1 Introduction

This chapter reviews the most significant work related to the present research on the
application of GWT to SHM of HTPs. Critical review has been documented in areas
where contributions to knowledge have been made by the thesis. The review covers
published research1 on the topics shown in Figure 3.1. This included HT piezoelectric
materials, HT-PUT design, modelling and development, and UGW application for
SHM at varying temperatures, including temperature compensation and defect
detection techniques.

High Temperature
Piezoelectric Materials

High Temperature
Ferroelectric Materials

High Temperature Non-
ferroelectric Materials

Piezoelectric Transducers for High
Temperature and UGW Applications

Teletest transducer and
related studies

High Temperature
Transducer construction

and coupling

Alternative Shear-mode
Transducer Designs

FEA for High-temperature
piezoelectric transducers

Electrodes for High
Temperature Piezoelectrics

Guided Wave Monitoring under
varying EOCs

Temperature
Compensation 

Defect detection and
monitoring

FIGURE 3.1: Topics covered in the literature review for structural health
monitoring of high temperature pipelines using ultrasonic transducers.

1The presented research and development activities were completed in 2019 but this review includes
the reported research and findings till 2022.
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3.2 High Temperature Piezoelectric Materials

Increasing demand for the monitoring of critical structures in aerospace, material
processing, and power plants; has led to the research and development of novel HT
piezoelectric materials. These materials have been used in accelerometers, pressure
sensors, and ultrasonic transducer applications. This review focusses on
polycrstalline ferroelectrics and piezoelectric single crystals and considers both
commercially available and those under development. The following sections provide
a critical review of these materials, including their electromechanical properties for
operation in TS-mode and limitations relevant for the HT-PUT application.

3.2.1 Ferroelectrics Materials

Ferroelectrics offer high piezoelectric performance, but their operation at high
temperature is limited due to the Curie temperature and can degrade over time due
to domain-related thermal ageing, as described in Chapter 2. Significant research has
been done to develop ferroelectric materials with high Curie temperatures
[118, 119, 120]. Depending on the crystalline structure, these materials can be
classified into the following categories.

Polycrystallines with Perovskite and Tungsten Bronze Structures

Ferroelectrics with perovskite structure (ABO3) can achieve high sensitivity but offer
poor temperature stability. The most widely used Lead Zirconate Titanate
(Pb(Zr, Ti)O3 or PZT) belongs to this category and offers a high electromechanical
coupling k ≈ 70% and a piezoelectric coefficient d ≈ 370pC/N. However, with a
Tc ≈ 350◦C, they are limited for long-term operation below (1/2Tc), above which they
are known to undergo thermally activated ageing [121]. Lead titanate (PbTiO3 or PT)
is another example with Tc = 490◦C, however, undergoes sudden dielectric losses at
350°C [122]. Studies have also observed that the influence of temperature is more
significant at low frequencies and increased over a period of 36 hours [123].
Bismuth-based perovskite (BS-PT) has also been extensively studied, but Tc = 450◦C
limits its HT operation [124, 125].

Ferroelectrics with tungsten bronze and oxygen octahedral structures (AB2O6), such
as lead metaniobate (PbNb2O6), offer a high piezoelectric coefficient (d15=95pC/N;
k15=0.25; g15=31mV.m/N) [126]. However, their high temperature operation is
restricted due to Tc ≈ 460◦C and high conductivity above 300°C.



Chapter 3. Literature Review 46

Ferroelectrics with perovskite layer structure (PLS) have a general formula A2B2O7.
They have better temperature stability compared to perovskites but offer lower
sensitivity. Two compounds of this family - Sr2Nb2O7 and La2Ti2O7 are well
recognised due to their very high Tc of approximately 1300°C and 1500°C,
respectively. They offer d ≈ 3pC/N and a high electrical resistivity of the order
108Ωm at 500°C and 107Ωm at 700°C. Their proposed operating temperatures are in
the 900°C range. However, the growth of good quality crystals is a challenge due to
the high melting points of these compounds, and therefore fabrication is limited to
thin film techniques such as sol-gel [127].

Bismuth Layer Structured Ferroelectrics

Bismuth-layer-structured ferroelectrics (BLSF) is a family of piezoelectric materials
that includes compounds such as Bi4Ti3O12 (BIT), SrBi2Ta2O9 (SBT), CaBi2Nb2O9

(CBN), Bi3TiNbO9, CaBi4Ti4O15 (CBT). They possess low dielectric permittivity and
piezoelectric properties (e.g. CBN has d = 5pC/N) but offer high Tc of up to 950°C
and low ageing rates. Doping can improve their piezoelectric properties, but with a
compromise to Tc, resulting in a range of d and Tc of 10 − 45pC/N and 500-900°C
[128]. Modifications to BIT with suitable doping have achieved d ≈ 20pC/N with
Tc = 650◦C and several modifications are now commercially available. A study
evaluated two such commercially available BIT maetrials and showed a stable
response up to 500°C where the values of kt and d13 ranged between 0.19-0.23 and
1.3-4.6pC/N, respectively [129]. Although they have shown improved temperature
stability; thermal ageing limits their application to below 600°C. A study of high
temperature endurance of BIT showed a decrease in performance (5%) for 34 days
with an average temperature of 365°C [130]. Limited studies have evaluated their
ageing response over extended time periods.

Crystals with Corundum structure

Piezoelectric crystals with a corundum structure (point group 3m) include Lithium
Niobate (LiNbO3) and Lithium Tantalate (LiTaO3) with Tc of 1150°C and 700°C,
respectively. Lithium Niobate has d15 = 68pC/N, which is much higher than its
d33 = 6pC/N, and therefore has been extensively studied for TS-mode operation in
transducers. Studies have reported a variation in TS-mode electromechanical
coupling factor of 45-70% with variation less than 2% up to 500°C [131]. However, it is
known to suffer from chemical decomposition at 600°C due to oxygen loss [132]. This
results in a decrease in resistivity, variations in electromechanical performance, and
increased attenuation. A study investigated the losses and the ageing response of a
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LiNbO3 device up to 450°C for more than 10 days [133]. Continuous performance
degradation below 450°C was reported and described due to chemical decomposition
above the congruent melting point of 300°C.

3.2.2 Non-ferroelectric Materials

The limitations of ferroelectric materials motivated research on several innovative
single-crystalline piezoelectric materials that are structurally and compositionally
stable, can retain their piezoelectricity at higher temperatures and offer excellent
thermal stability. Many articles have reported a comprehensive review of recent
developments in high-temperature crystals [134, 135, 120].

Quartz and Tourmaline

Quartz (SiO2) belongs to the triclinic crystal system (point group 32), and was one of
the first discovered piezoelectric single crystals. Synthetic quartz is hydrothermally
grown and different crystal cuts have been used for a variety of applications; for
example, AT-cut quartz is used in TS-mode for oscillators in clock sources, and ST-cut
quartz has a zero temperature coefficient and is used for Surface Acoustic Wave
(SAW) devices. However, it offers a low piezoelectric coefficient d11 ≈ 2.3pC/N,
undergoes mechanical twinning at 300°C and phase transition at 537°C from α−
quartz to its non-piezoelectric β− form [136]. Tourmaline belongs to the symmetry 3m
and has a piezoelectric coefficient d33 = 1.8pC/N. Tormaline does not undergo
twinning or phase change, but its application is limited because of its strong
pyroelectric effect and the difficulty of growing crystals of usable sizes. Lithium
Tetraborate (Li2B4O7) belongs to the tetragonal symmetry 4mm and does not undergo
phase transition until its melting point at 917°C. It has been reported to have
d33 = 19.5pC/N, but is not suitable for low-frequency applications due to high levels
of ionic conductivity [137].

Gallium Phosphate and other Quartz Analogues

Quartz-like crystals such as gallium orthophosphate (GaPO4), berlinite (AlPO4) and
gallium arsenate (GaAsO4) can be synthesised using hydrothermal processes. GaPO4

shows features similar to quartz, such as a high electrical resistivity and a mechanical
quality factor, but it also exhibits high electromechanical coupling and greater
piezoelectric sensitivity until the phase transition α to β occurs around 970°C [138]. It
offers high electrical resistivity, low acoustic losses, no pyroelectricity, and thermally
stable properties, for example, a constant value of d11 (two times as quartz) up to
700°C. An X-cut GaPO4 resonator was investigated for phased arrays and displayed
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encouraging results for the SHM application [139, 140, 141]. A 3 mm x 12 mm x 1 mm
plate with platinum electrodes (100 nm thick) was used for HT-EMI characterisation
at temperatures up to 580°C. A stable electromechanical response with kt of 7.5%, d11

of 4 pC/N and elastic properties S11
E and C11

E of 19 pm2/N and 61.6 GPa, respectively,
was reported. The physical and electromechanical characterisation of the material
with high-temperature exposure to 705°C did not show an effect on the
microstructure or chemical composition of the material [142]. The temperature limit is
due to the decrease in the mechanical quality factor due to the increase in structural
disorder at temperatures above 700°C [120]. It is commercially available from Roditi
[143] and Piezocryst Advances Sensorics [144].

In 1994, AVL developed the first commercial product, GM12D, an uncooled pressure
sensor for combustion engines. Since then, GaPO4 has been explored for a large field of
HT resonator applications, including temperature-compensated cuts for Bulk Acoustic
Wave (BAW), SAW and microbalance devices operating at temperatures up to 720°C
[145, 146, 147]. Previous work has investigated GaPO4 as a pressure transducer and has
evaluated its quality factor and sensitivity to temperature and pressure variations [148].
Studies have investigated singly rotated Y-cut GaPO4 resonators with different angles
and reported that the Y-11°cut is 100 times less sensitive to temperature compared to
AT-cut quartz [149].

Langasite, Melitite and Rare-earth Oxyborate

LGS has been thoroughly reviewed and its performance has been compared to GaPO4

and shows more promising performance [150]. Dielectric constant 3 times as GaPO4,
piezoelectric constant 2 times as GaPO4. High-temperature SAW sensors based on
LGS crystals have been developed and evaluated at temperatures up to 850°C [151].
The study showed good performance for the SAW application for continuous
operation up to 600°C. The sensing performance of langasite sensors can be limited
due to its relatively low electrical resistivity and low quality factor at elevated
temperatures, which result from the transport and diffusion of oxygen ions in the
lattice [152].

RECa4O(BO3)3 - (RECOB, Re:rare-earth elements) has promising dielectric,
piezoelectric, and electromechanical properties up to 1000°C. YGdCOB has
demonstrated a variation in d26 of less than 5% [135]. Yttrium calcium oxyborate
(YCOB) is one of the rare-earth calcium oxyborate single crystals which has gained
special attention for ultra-high temperature applications. YCOB is known to be a
promising candidate for HT sensors due to its stable piezoelectric properties and no
phase transformation before the melting temperature of 1500°C. The temperature
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independence of their electromechanical properties (k = 15% and d = 4pC/N) was
demonstrated to be up to 950°C [153]. A study developed a TS-mode accelerometer
for vibration detection applications and tested at temperatures up to 1000°C at
frequencies ranging from 50-350 Hz [154]. Stable performance was observed by a
9-hour test at 1000°C that demonstrates the reliability of the accelerometer prototype.

Yb3+:Ca3NbGa3Si2O14 (Yb3+:CNGS) single crystal is relatively new with an operating
temperature range of up to 800°C. A study characterised their electromechanical
properties using HT-EMIS. The observed variation in dielectric constant (ϵ11/ϵ0; 17.89
to 21.78), elastic constant (s11; 9.01 to 9.57 pm2/N) and piezoelectric coefficients (d11;
3.87 to 5.10 pC/N) was relatively low in the 20-30% range [155].
Ca3TaGa3Si2O14(CTGS) is another single crystal that has been characterised at
temperatures up to 900°C [156] and demonstrated good temperature stability. The
divergence in the elastic stiffness constant, piezoelectric constant (e11) and dielectric
constant was up to 20%, 16% and 9%, respectively. The dependence of temperature on
the electromechanical properties of calcium yttrium aluminate (CaYAl3O7) has also
been characterised up to 500°C [157]. The electromechanical coupling k and the
piezoelectric coefficient d varied by ≈ 20% at 500°C, while the elastic constant was
stable with a variation of less than 4%. SrGdGa3O7, SrLaGa3O7 and BaLaGa3O7 have
high piezoelectric coefficients (d14 = 14.5, 13.7, 12.3 pC/N, respectively), which are
much higher than those of Quartz (2.3 pC/N), Gallium Phosphate (4.5 pC/N) and
LGS (6.3 pC/N). However, these crystals are not commercially available.

Aluminium Nitride and Gallium Nitride

Aluminium Nitride (AlN) and Gallium Nitride (GaN) belong to the point group 6mm
and have d14 of 9.7pC/N and 6.4pC/N, respectively. High temperature operation of
GaN is limited to around 350°C due to intrinsic carrier concentration, which can
significantly reduce the sensor output, as seen in a previous study [158]. AlN suffer
oxidation even at ambient temperatures, but have been successfully applied in a
hydrogen or carbon dioxide environment at temperatures up to 1100°C [159]. The
piezoelectric properties of AlN have been characterised at temperatures up to 1000°C
[160]. A moderate variation in the electromechanical coupling of 17% was observed.
However, the variation in d was much higher (≈ 60%) and the dielectric values
increased sharply after 800°C, which was described due to the strong pyroelectric
effect. The application of AlN and GaN is limited to thin films due to difficulties in
the manufacture of good quality crystals, as defects develop due to their low
resistivity [161]. A study using a AlN transducer for ultrasonic application
demonstrated pulse-echo measurements with minimal degradation up to 750°C and
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with acceptable performance up to 950°C [162]. A high temperature endurance study
using AlN showed an increase in performance by 11% over 35 days with an average
temperature of 441°C [130].

A summary of HT ferroelectric and single crystal piezoelectric materials, together with
their TS-mode electromechanical properties and high temperature limitations, is given
in Table 3.2.

TABLE 3.1: TS-mode FOMs of candidate high-temperature ferroelectric materials
along with references to temperature limitations.

Material Tc/Tp To High Temperature Limitation d15 g15 k15

Lead Zirconate Titanate 350 200 Accelerated ageing [163] 710 41 0.77
Bismuth Titanate 600 500 Low electrical resistivity [68] 14 10 0.08
Lead Metaniobate 400 300 Suffers high conductivity [164] 95 31 0.25
Lithium Niobate 1142 600 Chemical decomposition [132] 69 91 0.6
Lithium Tantalate 1500 900 Dielectric loss [137] - - -
Quartz 570 300 Mechanical twinning at To and α − β

phase transition at Tp [136]
2.3
(d11)

50
(g33)

0.08
(k)

Langasite 1300 700 Frequency shifts caused by changes
in oxygen stoichiometry at high
temperatures[165, 166]

4.5
(d11)

0.12
(k22)

Tourmaline 900 450 Strong pyroelectric effect and difficult
to grow in suitable sizes [164]

1.8
(d33)

Lithium Tetraborate 920 500 Not suitable for low-frequency
applications [137]

19.5
(d33)

220
(g33)

-

Aluminium Nitride 2000 700-
1000

Suffers from oxidation when
approaching Tr [162]

5.6
(d33)

0.2
(k33)

Gallium Phosphate 970 700-
900

Stable thermal response but lower
sensitivity [138]

4.5
(d11)

- 0.16
(k33)

3.2.3 Electrode materials for high-temperature piezoelectrics

The electrodes applied to the piezoelectric material should remain stable under high
temperatures and exhibit good adhesion and high conductivity. The primary cause of
deterioration in thin-film electrodes at elevated temperatures is agglomeration, which
is a surface diffusion-driven capillarity process due to dewetting. Other failure
mechanisms, such as oxidation, evaporation, stress, and inter-layer reaction, are also
present, but are not as influential [167]. For HT applications, many metallic (platinum,
palladium and iridium), metal alloy (platinum - 10% rhodium), and conductive
ceramic electrodes (lanthanum strontium manganite - LSM and silicon-alumina
nitrogen - SiAlON) have been studied for temperatures up to 1000°C [168, 169].
Platinum is the most commonly used thin film electrode for operation at temperatures
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of up to 650°C due to its excellent electrical properties, high melting point, and
resistance to oxidation. However, at temperatures greater than 700°C it degrades due
to agglomeration, even with an additional titanum adhesion layer [170, 171]. Studies
have also shown that Pt film agglomeration can worsen with an electrode thickness
less than 100 nm [172]. The stability of platinum films was demonstrated for a
Langasite-based surface acoustic wave device at temperatures up to 600°C. The
combination of layered (Pt/Zr; Pt/ZrO2) and alloy electrodes (Pt 5% and 10% Au; Pt
10% Rh) hindered the agglomeration of the Pt films and extended the long-term
operation from 600°C to 950°C [173].

3.3 Piezoelectric Transducers for HT-UGW Application

A range of HT active and passive piezoelectric sensors have been developed for
applications including accelerometer, surface acoustic wave sensor, ultrasound
transducer, acoustic emission sensor, gas sensor and pressure sensor for operation at
temperatures up to 1,250°C [167]. The primary focus of this review was on the PUT
design for the transduction of torsional guided wave modes in pipes for HT-SHM
application. However, due to limited research in this area, this review was extended
to studies on the development of HT-PUT for high-frequency ultrasonic applications.
The design of transducers for selective generation of shear modes for high-wave
mode purity is also reviewed. The fundamental piezoelectric component of HT-PUT
can be developed using materials described in Section 3.2. The challenge lies in the
selection of compatible high-temperature materials for passive transducer
components, their bonding, and sufficient and stable ultrasonic performance for the
desired application. It is extremely challenging to achieve long-term stability of the
measurement system, especially when transducers operate in harsh conditions. Only
a few studies have investigated the high-temperature ultrasonic performance of
piezoelectric transducers, and even fewer have investigated the long-term stability at
high temperatures. The reported designs are discussed including material selection,
numerical modelling, assembly procedures, performance characteristics, and
limitations.

3.3.1 Teletest transducer and related studies

The maximum operating temperature of the Teletest transducer described in Chapter
2 is limited due to the low glass transition of the epoxies used in its construction. A
study investigated their ultrasonic performance at temperatures up to 225°C by
analysing the amplitude of the excited UGW signal [174]. Ultrasonic signals were
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shown to degrade by 60% at 100°C, by around 85% at 160°C and ultimately failed at
225°C. The study extended the operating temperatures of the Teletest transducer by
replacing epoxies and sealants with high-temperature alternatives and the proposed
designs are show in Figure 3.2. Modified transducers were shown to operate at
temperatures of up to 250°C with less than 10% decrease in signal amplitude. Their
performance was also investigated when subjected to thermal cycling and ageing at
250°C. An initial decrease in ultrasonic output of 20% was observed during thermal
cycling, but afterward a stable response was observed for 35 days at 250°C.

Another HT-PUT design using lithium niobate as a piezoelectric crystal has been
reported for operation at temperatures up to 580°C [175]. The lithium niobate
piezoelectric plate was bonded to an aluminium oxide backing using the vacuum
brazing technique. The design omitted a wear plate to minimise the number of
transducer layers for the brazing process. The transducers were shown to work at
temperatures up to 580°C, although with a reduction in ultrasonic output of 50%.
Furthermore, an unexpected decrease in performance (≈ 80%) was observed around
350°C which was explained due to the known oxygen loss problem with lithium
niobate material.

FIGURE 3.2: Previously developed HT-UGW transducers using PZT-5A for
operation at 250°C and Lithium Niobate at 580°C [174].

The ultrasonic performance of the Teletest transducers has been characterised at high
temperatures up to 250°C [174]. Pitch catch measurements were recorded on a bar
waveguide using a reference PZT Piezoelectric Wafer Active Sensor (PWAS), which
was kept under ambient conditions. The peak-to-peak amplitude of the first arriving
UGW mode was analysed to assess transmission and reception performance at a
single operating frequency of 70 kHz as a function of temperature. Signal degradation
less than 10% decrease in signal amplitude. However, the excited-wave modes and
their variation as a function of temperature and temperature over time were not
evaluated. These performance characteristics are related to Signal to Coherent Noise
Ratio (SCNR), which is a crucial parameter that governs the sensitivity to defects for
UGW applications.
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3.3.2 Transducer construction for HT application

Polymer-based piezoelectrics such as polyvinylidene fluoride (PVDF) and its
copolymers and composites have been developed and offer flexible transducers, but
their operation is limited to moderately high temperatures in the range of 100-150°C
[176]. Simple PZT-based PWAS with epoxy adhesives have been used for space SHM
applications with temperatures ranging between -70 and +150°C [177]. For operation
at temperatures up to 200-300°C, several designs of ultrasonic transducers have been
reported using single element BS − PT, PZT − 5A piezoelectric materials [178, 179].
These reported designs use ceramic or metal backing and high-temperature
conductive and isoluating epoxies. The bulk piezoceramic range from thickness 0.1-1
mm for operation in the 1-3.5 MHz operation. A number of HT-PUT designs for flow
metre application in liquid-metal-cooled reactors with operating temperature ranges
of 180-300°C in sodium and 450°C in the Pb/Bi alloy [180, 159]. The transducer
designs incorporated PZT, LiNbO3, GaPO4, AlN, and sodium bismuth titanate
materials for operation in the 2-5 MHz frequency range. Additional copper layers
have been used to improve the adhesion quality between internal components and
avoid failures such as electrode delamination due to thermal stresses during multiple
heating-cooling cycles [181]. Although a performance degradation of around 12dB
was observed at 225°C, it was completely recovered when the transducer cooled to
ambient temperature and demonstrated relatively good repeatability during different
heating cycles.

Transducers with thin and thick film ceramics manufactured using spray-on
technologies (for example Chemical vapor deposition (CVD) and sol-gel) have been
developed using HT piezoceramics (bismuth titanate, AlN, etc.) for temperature
ranges 600-1150°C [182, 183, 184, 185]. Spray-on deposition techniques offer a
cost-effective way to fabricate transducers and combine the fabrication of
piezoelectric materials and the bonding process and have been successfully applied to
engineering structures for ultrasonic SHM applications [186]. They offer stable
bonding and good acoustic coupling, provided that Coefficient of thermal expansions
(CTEs) are compatible with the substrate. These spray-on fabrication techniques are
limited to thin film deposition with typical thicknesses in the range of 10 to 200 µm to
avoid delamination and fracture failures. This limits their application to
high-frequency applications within the 1-30 MHz frequency range and hence have
only been applied for thickness measurements and corrosion mapping applications.

Several studies have designed and developed transducers with delay lines (also
called wave guides or buffer rods) to isolate the transducer from high operating
temperatures. Piezoelectric materials such as PbNb2O6, BS − PT have been used for
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operating temperatures ranging from 215-400°C [187, 188]. Transducer designs have
also combined sol-gel-sprayed PZT, bismuth titanate, and lithium niobate
piezoceramics with delay lines for operation up to 150°C, 400°C and 800°C,
respectively [189]. However, limited studies have been conducted to investigate
long-term stability. The delay line solution only works well at high frequencies (2-10
MHz) when the waveguide dimensions are proportional to the ultrasonic wavelength
in the rod and are also not suitable for low-frequency applications.

Several HT-PUT design have been reported using LiNbO3 crystal with Z-cut, 30°Y-cut,
and 36°Y-cut. Z-cut crystal has been bonded directly using ceramic adhesives for 4-8
MHz operation at temperatures up to 1000°C [190]. The design with 30°Y-cut used a
porous zirconia-based backing layer and an alumina matching layer assembled
through brazing [191]. The study reported a loss of signals above 200°C due to
coupling instability, although the transducer was functional at 600°C. Another
transducer for 3MHz operation used 36°Y cut with Pt coating and Ti adhesion layer
with powdered steel with calcium aluminate cement as backing [192]. Dry coupling
was achieved using 50 thick silver foil and ultrasonic performance was demonstrated
up to failure at 650-750°C. Thermal cycling at 500°C resulted in a degradation of
2.3-5.6dB after 3-6 cycles. Stable performance was demonstrated at 550°C for 1 month,
but at 650°C 36dB degradation was observed within 14 days. The low resistivity of
LiNbO3 can limit their use as a low-frequency device, and the evaporation of Li that
starts around 300°C restricted their continuous operation at higher temperatures
[120].

A comparative study developed HT-PUTs with materials YCa4O(BO3)3, LiNbO3 and
AlN, in which a wave spring was used to compress the piezoelectric material onto the
substrate [193]. Longevity of several days was observed when the temperature was
below 560°C, while the springs provided a pressure of 150 psi. Ultrasonic
performance was also characterised by "cook and look" tests after heat treatment of
950°C for 24 h and 1000°C for 48 h. All three candidate materials showed stable
ultrasonic performance, and YCOB exhibited the least change in properties.

A newly grown single piezoelectric crystal YSr3(PO4)3 (YSP) was used to fabricate an
X-cut YSP wafer of dimensions 5mm x 5mm x 1mm ( fr = 346 kHz) for operation in face
shear mode for transduction of SH0 UGW [194]. The reported d14 of YSP is 9.7 pC/N
and the wafer transducer was able to achieve highly directional SH0 waves in the
frequency range of 300 − 400kHz. The stability at high temperature was demonstrated
to be up to 800°C with variation in dielectric losses of less than 1% and piezoelectric
properties of less than 10% and resisitivity of (2.3x107Ωcm), which is comparable to
GaPO4. However, no ultrasonic characterisation was reported at high temperatures.
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Piezoelectric sensors with bismuth titanate have been tested in a nuclear reactor for a
period of 448 days. During this time, the sensors were subjected to temperatures in
the range of 400-450°C and neutron flux comparable to that of a commercial reactor
[195]. A previous study used BIT to develop a high-temperature transducer that
demonstrated stable performance over time at 350°C [196]. The design and fabrication
of a wideband GaPO4 transducer using a porous ceramic backing for operation at
2.8MHz have been reported [197]. An operating temperature range of 700-800°C was
achieved; however, no high-temperature ultrasonic measurements were presented.

TABLE 3.2: Reported high-temperature piezoelectric transducer designs and their
temperature limitations.

Piezoelectric
Material

Passive
Materials

Construction Bonding Frequency
[Hz]

Tmax [°C] Thermal
Stability

Ref

PZT - PWAS Adhesive - 100-120°C Low [198,
199]

PZT - Sprayed Not required - 150°C N/A [189]
BIT - Sprayed Not required - 300°C N/A [189]
LiNbO3 - Sprayed Not required - 800°C N/A [189]
AlN Pt coated

SiO2

Sprayed 0.5-2µm N/A 1150°C N/A [182]

BIT Pt coated
SiO2

Sprayed 120µm 6 MHz 600°C Good (7 days) [183]

LiNbO3 Zirconia
backing

Brazing PWAS 200-600°C Coupling
failure
(200°C)

[191]

GaPO4 None PWAS Adhesive - 435°C Adhesive failure [142]
BS-PT Aluminium PWAS HT epoxies 4MHz 200°C (50%

amplitude
reduction)

N/A [178]

PZT-5A Ceramic
backing

Delay line HT Epoxies 3.5MHz 300°C N/A [179]

LiNbO3 - PWAS Ceramic
adhesive

4-8MHz 300-600°C Li evaporation
(300°C)

[190,
120]

LiNbO3 Calcium
aluminate
cement
backing

PWAS Dry
coupling
silver foil
(50m)

3MHz 650-750°C 1 month (550°);
14 days (36dB
degradation at
650 °C)

[192]

3.3.3 Transducer coupling for HT application

For the acoustic coupling of PUT to the substrate, standard bonding methods include
epoxies, but these are generally limited to around 100-120°C due to their glass
transition temperature. High-temperature epoxy and thermosetting polymer have
been used for HT-PUT. The thickness and shear modulus of the adhesive have an
effect on the transmission of guided ultrasonic waves [71]. Bonding layers with
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uneven distribution or air pockets can significantly reduce transducer performance.
Although techniques such as EMI characterisation and time-domain terahertz
spectroscopy can be used to quantitatively assess adhesive bonds and ensure
consistency [73]. Several studies have investigated the thermal stability of adhesive
bonding PUT and for application UGW and have demonstrated excellent short-term
performance, but its performance fluctuates with temperature and degrades over time
even in the ambient temperature ranges. The amplitude and phase of UGW can vary
and degrade, complicating their use for HT-SHM applications [198, 199, 200, 107].

Other methods include regular soldering, diffusion bonding, ultrasonic welding,
cementing, sol-gel, and vacuum brazing. A comprehensive review of these
high-temperature ultrasonic transducer bonding techniques and designs can be found
in [119]. Glass solder can be used up to 500°C, but it can react chemically with other
components. A study compared bonding and brazing methods for use in HT-PUT
and compared solder, ceramic, and gold indium as joining materials for ceramic and
steel [201]. PZT was bonded with a solder bond and LiNbO3 with a ceramic or
gold-indium bond and showed a stable response up to 250°C and 400°C, respectively.

A study used 36°Y cut LiNbO3 and investigated various adhesives and brazing alloys
to achieve stable acoustic coupling [202]. The transducer for operation at
temperatures up to 700-800 °C was achieved with a porous ceramic backing and an
alumina matching layer. However, the long-term durability under steady-state
conditions at elevated temperature was not evaluated. A study used GaPO4 for
HT-PWAS for ultrasonic application SHM, however, adhesive failure caused
premature loss of ultrasonic performance at 435°C [142].

An alternative for high-temperature operation is a dry-coupled transducer, where the
ultrasonic energy is transmitted by pressing the transducer to the structure. A study
investigated the use of silver foil for dry transducer coupling and evaluated the
influence of transducer component alignment, cyclic clamping, component roughness,
and component flatness [203]. A clamping force of 25 MPa was required with high
hardness and surface finish of precision aligned material for plastic deformation of
foil asperities to produce echoes SNR greater than 25 dB compared to 32 dB when all
transducer interfaces were coupled with an ultrasonic gel. Studies have shown that
even a small air gap (>0.01µm) can substantially reduce the acoustic energy for
operation in the MHz range and may require pressures of up to 300 MPa [204].
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3.3.4 Alternative Shear-mode Transducers for UGW Application

Traditionally, thickness-poled d15 PZT PWAS has been used for the generation and
detection of UGW [205]. These were also assembled into arrays for the generation of
longitudinal wave modes in pipes [91]. Transducers with in-plane polarisation in the
pipe circumferential direction were used for torsional wave modes [206]. However,
in-plane poled PWAS can generate unwanted lamb wave modes, and their dispersive
characteristics can significantly increase coherent noise and restrict their application
[207]. Recent studies have optimised PWAS designs for the selective generation and
detection of shear wave modes.

A study compared conventional thickness poled (d15) with two new types of shear
mode: poled in the plane (d15) and face shear (d24), for the generation and reception of
SH0 waves through FEA and experiments [208]. All three variants were of the same
dimensions. The thickness poled generated SH0 coupled with lamb wave modes. The
d24 provided a higher purity of the SH0 wave with high energy efficiency. Of the
thickness-poled and in-plane-poled d15 wafers, the in-plane generated a higher
amplitude and acceptable SNR but both generated SH0 waves coupled with lamb
wave modes with relatively low energy conversion efficiency.

Geometric optimisation has also been performed on a rectangular piezoelectric plate
to obtain a directional SH0 transducer with a signal amplitude of at least 20dB higher
than the lamb modes confirmed by FEA and experiments [209]. The dimensions of
PZT − 5H PWAS polarised along the L direction were L = 25.4mm, W = 3.9mm, and
T = 1mm, where W was selected to be λ/2 and L close to an integer multiple of λ for
400kHz. However, the design was optimised for a single operating frequency, and the
purity of the wave mode will not be maintained at different operating frequencies.

A study proposed a bidirectional SH0 dual wafer PWAS made up of two rectangular
face shear (d24) PZT plates of dimensions L = 24.8mm, W = 6.2mm, T = 1mm [210].
Dimensions were not required to be multiples of λ as the symmetric shear stresses
distributed along the width were eliminated due to destructive interference of the two
wafers. FEA and experimental studies of the transducer on a plate confirmed a highly
directional SH0 output with no additional wave modes over a wide frequency range
from 150kHz to 250kHz. This approach could also be applied to cylindrical pipe-like
structures.
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3.3.5 FEA for HT-PUT design

Several studies have reported using methods FEA to analyse and optimise
piezoelectric transducer designs and have demonstrated an exceptional ability to
predict the response of the transducer through experimental validation [76]. However,
very limited studies have used FEA for the design and analysis of HT-PUT.

A semi-analytical FEA model has also been used to simulate the effect of temperature
on the generated and received UGW using PZT in the temperature range of -40 to
60°C [211]. The effects of temperature were introduced through
temperature-dependent dielectric permittivity, piezoelectric coefficient, adhesive
stiffness, and thermal expansion. However, such a semi-analytical approach is limited
to simple isotropic piezoelectric structures with poling in normal direction.

FEA has been applied to evaluate complex piezoelectric geometries and different
crystal cuts. A study analysed the orientation of HT piezoelectric crystals, lithium
niobate, and Langasite in the propagation of acoustic waves for a SAW device using
Comsol [212]. Different crystal cuts were evaluated, and the capability of identifying
optimal crystal orientation for the given application was demonstrated.

An FEA of a PZT-5A ultrasonic transducer immersed in liquid sodium evaluated the
effect of transmitted and received signals at temperatures up to 200°C [213]. A Two
Dimensional (2D) model was used and incorporated thermal expansion,
temperature-dependent piezoelectric material, and degradation of the bonding by the
introduction of air pockets. Temperature-dependent piezoelectric properties resulted
in an insignificant reduction in signal amplitude of around 1 − 2dB in the temperature
range considered. The simulated debonding resulted in increased ringing in the
signal, as the transducer appeared to be lightly damped, which increased the acoustic
noise and reduced the transducer bandwidth.

The effects of temperature-dependent piezoelectric losses on resonance and
antiresonance frequencies, admittance amplitudes, and ultrasonic amplitude of a
bismuth titanate material [214]. Elastic losses tanϕ in sE

11; dielectric losses tanδ; and
piezoelectric losses tanθ in d31 were evaluated in orders of magnitude 0. 1%, 1%, and
10%. The greatest impact of these three losses was on the amplitude at antiresonance.
Only the elastic losses affected the sound level at the resonance frequency and the
admittance at every frequency.



Chapter 3. Literature Review 59

3.4 Guided Wave Monitoring

Several investigations have been conducted to investigate temperature-induced
changes in the propagation of UGW. A study characterised the temperature
dependence of longitudinal and shear wave velocity as −0.8m/s and −0.44m/s
respectively in a carbon steel material within the 0-50°C temperature range [215].
These temperature-induced variations can adversely affect the sensitivity of defect
detection. A study characterised the effect of temperature variation on guided waves
at ambient temperatures of up to 70°C, and the observed effect of temperature effect
was much more pronounced than damage from drilled holes [216].

3.4.1 Temperature Compensation Techniques

Optimum Baseline Selection (OBS) is a data-driven technique that selects a baseline
signal from a large data set of signals collected from the structure at different
temperatures. The optimal baseline is selected to minimise differences relative to the
test signal for that temperature. Different implementations of OBS have been reported
with selection criteria based on the mean square deviation or the maximum residual
amplitude [106, 113]. The detection of notch- and hole-type defects was demonstrated
on a plate. It was shown that a detection probability of more than 95% can be
achieved with a temperature variation of more than 30°C. The ambient temperatures
were 5-40°C. A similar approach has been applied for the detection of simulated
corrosion-type defects of increasing severity in pipes under ambient temperature
conditions [217]. Experimental studies have shown that the OBS method performs
well for variations in ambient temperature; however, a temperature step of less than
1°C was required to achieve the desired residual levels [218]. Signal subtraction using
signal envelopes gave a significant improvement in sensitivity over raw signal
subtraction, but at the expense of introducing blind spots [46]. A study achieved a
residual of −38dB with ∆T=0.5°C which worsened to -34dB with ∆T=1°C [219].
Compensation performance can degrade with time due to the influence of
temperature degradation on the measurement system [220]. An impractical number
of baselines may be necessary to ensure acceptable results, which is not always
feasible in practical engineering applications.

Methodologies based on the signal stretch are the most widely used temperature
compensation technique. Several approaches based on stretching in the time,
frequency, and scale domains have been presented in the literature [221]. In
time-domain stretching, the signal delay is estimated as a function of time through
local coherence using methods such as short-time cross-correlation, which is
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subsequently used to stretch either the baseline or the current signal. The frequency
domain stretching is performed by stretching the frequency axis by changing the
frequency step size. Optimal stretch is achieved when the residual signal is
minimised in time, or maximum correlation is achieved between the spectra of the
two signals. The scale transform method is computationally efficient, since it uses FFT
to estimate the stretch factor. Stretch-based methods are effective only for small
temperature changes and their performance deteriorates for large temperature
variations, large propagation distances, and high frequencies. A modified
stretch-based temperature compensation procedure has been proposed for wave
velocity and transducer phase response [222]. This approach varied the phase change
of the current signal and demonstrated an improvement in residual signal levels at
higher temperature differences compared to the standard Baseline Signal Subtraction
(BSS). Residual levels were reduced to half at ∆T = 15°C in the temperature ranges of
7-28°C or 35-55°C. A Dyanamic Time Warping (DTW) method has also been applied
to adjust misaligned guided wave data [223]. This was compared with the scale
transform BSS and achieved better temperature compensation performance for higher
frequencies with temperature variation with a baseline of more than 25°C.

Temperature compensation techniques with optimal baseline selection have been
used to increase the allowable temperature gaps between baseline signals and reduce
the number of signals in the database. A combination of OBS and BSS provides an
effective temperature compensation strategy and allows a reduction in the required
baseline signals. Several studies have applied a combination of stretch-based
compensation and OBS to provide enhanced temperature compensation while
requiring a limited baseline data set [46, 116, 218]. However, these techniques are
affected by the complexity of the signals, wave mode purity, and changes in the
transducer response.

Physics-based compensation techniques are based on the reconstruction of transducer
signals at different temperatures. One such technique considered the influence of
temperature on the physical properties of the base substrate, the piezoelectric
transducer, and the adhesive interface [224]. Although good agreement with
experiments have been observed, such techniques require prior measurements and
are limited to simple structural geometries and boundary conditions with a modest
temperature range within ±50°C.
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TABLE 3.3: Studies on temperature compensation for guided wave monitoring.

Application Temp Comp Defect
Detection

Temp Range Sensitivity Monitoring
Period

Ref

Diffuse
UGW

OBS + BSS NMSE 5-40°C 95% POD of
1-2 mm with
∆ T=30°C

N/A [106]

Diffuse
UGW

OBS + BSS RMS ∆T=8°C 5-10 mm 3 weeks [113]

Diffuse
UGW

OBS + BSS RMS 22-32°C 22 mm 1 week [220]

UGW on
airframe
panel

OBS + BSS Max
residual

∆T=4-5°C N/A 3 weeks [219]

Diffuse
UGW

OBS + BSS Max
Residual

10-20°C with
∆T=0.16°C

N/A 2-3 days [225]

3.4.2 Pipeline monitoring in varying EOCs

Only limited monitoring studies have been performed using UGW on pipes operating
in the above ambient temperature ranges. A study used a magnetostrictive patch
sensor for a small diameter stainless steel tube used for gas transfer in silicon wafer
manufacturing with up to 150°C operating temperatures [226]. Ultrasonic
measurements using 1MHz frequency T(0, 1) excitation were recorded at each 1°C
temperature increase. A combination of OBS and BSS was used to demonstrate the
sensitivity of defects on pitting type defects of 2% CSA over the entire temperature
range. Location-specific temperature compensation (LSTC) of UGW signals has also
been proposed that applies compensation at each axial location considering samples
of the signal separately [227]. A curve is derived to show how the expected signal
amplitude at each location in the absence of damage varies with temperature and can
compensate for temperature-dependent coherent noise more effectively. LSTC has
been used with OBS for bulk waves and has been demonstrated for defect detection
in the 20-70°C temperature range [228]. LSTC and OBS have also been applied to a
pipeline SHM in the temperature range of 30-90°C and a defect sensitivity of 0.1%
CSA has been demonstrated [229]. Such techniques could be applied for much higher
temperature ranges. Statistical pattern recognition techniques such as outlier analysis
have also been applied using machine learning techniques [230, 231, 232]. Several
signal features are extracted for damage classification and can achieve a defect
sensitivity less than 1% CSA. However, to implement such an approach, large data
sets of the structure with known types and levels of damage are required.
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3.5 Gaps in the Literature

From the review of high-temperature materials and their transducer applications,
operating temperatures of more than 1000°C have been achieved but developed for
resonant operation in the MHz frequency range where the electromechanical
efficiency is high. Very few studies have characterised the ultrasonic performance
with long-term operation at temperatures above 300°C. Limited research has been
done on the application of piezoelectric materials operating in TS-mode for the design
of a low frequency broadband transducer for HT application but with limited analysis
of the thermal stability of FOMs such as mode purity or SNR which are crucial for
UGW-SHM application. Alternative TS-mode piezoelectric designs have been
proposed to improve mode purity, but are limited to PZT-5A wafers and their
operation at ambient temperatures. Furthermore, no significant work had been done
to study the effect of temperatures on a piezoelectric transducer-based system and
temperature compensation techniques for a UGW based SHM system above ambient
temperature conditions and under varying damage conditions.
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Chapter 4

Methodology for HT-PWAS Design and
Characterisation

4.1 Introduction

The scope of this chapter is to establish a numerical and experimental approach for
the design and characterisation of HT-PWAS that can be used as an active element in
an UGW-PUT to achieve the design specifications introduced in Chapter 1. The
numerical characterisation methodology is based on the multiphysics FEA approach
and focuses on assessing the electromechanical dynamic performance of PWAS
relevant to the HT-UGW application. The experimental characterisation includes
Electromechanical Impedance Spectroscopy (EMIS) for resonance analysis and
Scanning Laser Doppler Vibrometry (SLDV) for vibrational frequency response
analysis for guided wave performance assessment. Both numerical and experimental
methodologies are developed to characterise the design of PWAS as a function of
temperature and operating frequency.

4.1.1 Motivation

The elastic, dielectric, and electromechanical properties of piezoelectric materials
depend on their polarisation and mode of operation as described in Chapter 2. These
properties are also temperature-dependent, due to changes in the electrical properties
at high temperatures that affect the mechanical behaviour and vice versa. Variation of
these properties can limit their high-temperature application due to increased
electrical conductivity and mechanical attenuation.

These piezoelectric properties can be used as FOMs to evaluate their performance in a
particular mode of operation for HT-PUT devices. Several studies have been
conducted on PZT-5A-type piezoelectric materials, and their HT material properties
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are available for operation in TS-mode. A study characterised the ten mutually
independent piezoelectric coefficients of the PZT-5A using EMI at temperatures up to
195°C [233]. It was also shown that each piezoelectric coefficient varied differently at
high temperatures compared to its baseline value at ambient temperature, and some
displayed a non-linear temperature behaviour. This highlights that the temperature
coefficients of piezoelectric properties available in literature may apply to a limited
temperature range.

For newly developed HT piezoelectric materials, their properties are generally not
available for a particular mode of operation or the desired temperature range. Even
for well-known materials, not all relevant properties are available from their
datasheets, and the actual values may deviate from those specified as a result of
differences in shape, electrodes, and polarisation. Therefore, it is essential to derive a
complete data set of the TS-mode properties as a function of temperature and
characterise any deviation in performance due to temperature coupling effects.

For ultrasonic applications, it is also critical to assess the dynamic behaviour of the
piezoelectric material to assess the ultrasonic output. Multiphysics FEA can consider
all design parameters and EOCs by coupling the relevant associated physics. This
numerical approach enables an accurate simulation of the transducer’s dynamic
behaviour and can identify design parameters for potential performance
improvements. The literature reviewed in Chapter 3 has shown that the multiphysics
FEA approach can be used to accurately simulate the high temperature
electromechanical behaviour of piezoelectric materials using temperature-dependent
properties.

4.1.2 Aims and Objectives

This chapter seeks to create a numerical and experimental approach for the design and
evaluation of a piezoelectric ceramic wafer transducer for the HT-UGW application.
The numerical and experimental design characterisation methodology was developed
and validated using PZT-5A PWAS from an existing Teletest transducer through the
following objectives.

(1) Establish a multiphysics finite element model of a PWAS to characterise
electromechanical response as a function of frequency and temperature.

(2) Extend (1) and perform multiphysics finite element modelling to study the
influence of the passive layer on the vibrational response of PWAS.



Chapter 4. Methodology for HT-PWAS Design and Characterisation 65

(3) Develop an experimental method to evaluate the electromechanical response of
a PWAS and characterise the TS-mode properties of the piezoelectric material at
high temperatures.

(4) Establish an experimental method to characterise the vibrational frequency
response of PWAS to interpret the excitation of the ultrasonic wave mode.

(5) Validate the numerical and experimental approach by evaluating the PZT-5A
PWAS from the existing Teletest transducer design; by comparing the simulated
response of the models in (1) and (2) with measurements using (3) and (4),
respectively.

4.2 Overview of the proposed methodology

The proposed design characterisation methodology for the HT-UGW piezoelectric
transducer combines numerical, experimental, and analytical techniques.
Characterisation of the transducer design is focused on analysing the FOM derived
from the transducer design specifications described in Chapter 2. These include
electromechanical properties for TS-mode operation at high temperatures, resonance
and vibration frequency response in the frequency range of interest for UGW and
ultrasonic performance of the transducer for excitation of the T(0, 1) wave mode.

This design characterisation methodology is established using a simple PZT-5A
PWAS from the Teletest UGW transducer described in Chapter 2. This allowed
validation experiments to be performed on the well-known and readily available
PZT-5A material. The design characterisation also allowed for a better understanding
of the current design parameters and provided a baseline for comparing the
performance with different HT-UGW transducer designs.

The numerical characterisation methodology was established using the COMSOL
Multiphysics finite element modelling software package [234]. First, an FEA model of
a piezoelectric plate operating in TS-mode is developed. This model was used to
analyse the vibrational response of the piezoelectric plate and to evaluate changes in
electromechanical performance with increasing temperatures. An experimental setup
was established to measure the EMI response at high temperatures. The HT-EMI
measurements were compared with the simulated response for model validation. The
HT-EMI measurements were also used to characterise the HT elastic, dielectric and
piezoelectric material properties. The measured HT properties are compared with
those reported in the datasheet or other studies to validate the experimental
methodology.
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The piezoelectric plate model was then advanced to study the influence of the passive
transducer layer (wear plate) on the vibrational and frequency response. Frequency
domain studies were performed on developed models to evaluate the vibration
response in the 20 to 100 kHz frequency range. The simulation patterns were
examined to understand the excitation of the potential UGW modes and to evaluate
the effect of the passive transducer layers on TS-mode performance for UGW
application. The simulated vibration response was validated through SLDV
measurements on transducer sub assembly.

4.3 FEA of HT-PUT

4.3.1 Piezoelectric material modelling using COMSOL

This study used COMSOL Multiphysics simulation software to characterise the
piezoelectric transducer. The Piezoelectric Device module was used to simulate the
electromechanical behaviour of the piezoelectric device. This multiphysics module
combines Electrostatics and Solid Mechanics physics by coupling the structural and
electrical domains. This electromechanical coupling of the piezoelectric material is
defined by the relation between the material stress and its permittivity under constant
stress or between the material strain and its permittivity under constant stress,
described in Section 2.2.2. An electrical input to the piezoelectric material will result
in a forced vibration based on the piezoelectric properties, crystal orientation, and
mechanical boundary conditions. The influence of temperature is incorporated with
thermal expansion of the piezoelectric device and the introduction of
temperature-dependent material properties. Since the HT-UGW application will
operate piezoelectrics at a much lower frequency, structural damping due to internal
friction and resulting vibration-induced heating is ignored. The multiphysics setup is
shown in Figure 4.1.

Electrostatics Piezoelectric MaterialElectrical
Input

Electro-mechanical
Vibration

Forced
Vibration

Temperature dependent
material properties

Thermal
Expansion

Heat transfer

Heat
Source

Vibrational Heating

Structural
Damping

FIGURE 4.1: Multiphysics finite element modelling approach used for high
temperature piezoelectric materials.
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4.3.2 Geometry and mesh consideration

This study considered the PZT-5A piezoelectric plate of the Teletest transducer as
PWAS. The geometry of PZT-5A PWAS was modelled as a rectangular plate with a
length, width and thickness of 13mm, 3mm, and 0.5mm, respectively. The rectangular
geometry included two edges on one of the length-width surfaces to model the
boundaries of the wrapped-around electrodes. The CuNi electrodes of PWAS were
not included in the model as an additional layer. It was assumed that their thickness
of 150nm did not contribute significantly to electromechanical behaviour. The
geometry of PWAS was set with the length (longitudinal dimension) along the
geometric Z axis to model the polarisation along its length.

The piezoelectric plate was discretised with a fine-mapped mesh to achieve uniform
meshing throughout its rectangular geometry. Previous studies have indicated
different recommendations for mesh size, ranging from 8 elements to more than 20
elements per wavelength [235]. Initially, a mesh size equivalent to 10 elements per
wavelength was used and was later optimised through a mesh analysis study. For the
mesh size equivalent to 10 elements per wavelength, a maximum element size of 0.05
mm was used to capture any vibration modes for a maximum operating frequency of
12 MHz. The geometry of the PZT-5A PWAS model with dimensions, meshing, and
an example of the displacement profile showing the TS-mode vibration response is
shown in Figure 4.2.

FIGURE 4.2: FEA model geometry, meshing and vibrational response of the PZT-
5A piezoelectric wafer transducer.
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4.3.3 Piezoelectric material properties

Depending on the known properties of the piezoelectric material, either of the
stress-charge or strain-charge relations could be used to define the piezoelectric
domain in the model. For this study, the stress-charge relation was used and this
material model required density, elastic compliance (sE), coupling matrix (d) and
relative permittivity (ϵT). Heat transfer physics was introduced to model the effect of
high temperatures on the piezoelectric material. It included temperature-dependent
properties of the piezoelectric material and thermal expansion as a result of an
external heat source. The vibration-induced heat of the piezoelectric PWAS was not
considered as the heat source and the viscoelasticity-based losses were ignored.

The material properties for PZT-5A, including the elastic, piezoelectric and dielectric
properties, were obtained from the supplier data sheet [236]. Piezoelectric material
losses were included in the dielectric, elastic, and piezoelectric properties. The model
accounted for internal losses in the piezoelectric material using isotropic elastic and
dielectric loss factors of 0.0006 and 0.004.

PZT-5A CTEs were coupled with the dimensions of the plate to model the
unconstrained volumetric thermal expansion of the piezoelectric plate. The CTE of
PZT-5A is a rank 2 tensor with two independent coefficients. These material
properties were set up as analytical functions of temperature using their respective
temperature coefficients. Assuming zero loss in mass of the PZT-5A element at high
temperatures, the change in density (factor of 10−6) was ignored and a constant
density of 7500 kg/m3 was used for HT simulations.

4.3.4 Boundary conditions

The Piezoelectric Devices module accepts the transducer drive conditions and circuit
parameters from the Electric Circuit module. An AC voltage source built into the
Electrical Circuit module provides an excitation signal to the piezoelectric device. The
input and output impedances of the piezoelectric device change according to the
excitation frequency of the drive circuit. These changes affect the charges generated at
the output, which are coupled with the Electric Circuit module and used to analyse
the electrical characteristics of the transducer. Similarly, the generated electrical
displacement is coupled with the Solid Mechanics module and used to analyse the
mechanical characteristics of the transducer. Representative electrical boundary
conditions were applied to the piezoelectric plate model, as shown in Table 4.1.
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TABLE 4.1: Boundary conditions applied to the PZT-5A piezoelectric wafer
transducer model.

Physics Domain or Geometry Comment

Piezoelectric
Material
Model

The PZT-5A plate was modelled
as a piezoelectric domain. The
plate length was aligned along the
geometric +Z direction to achieve
length polarisation.

Zero Charge

The zero-charge node added zero
surface charge density conditions
on the boundary, enabling floating
potential implementation using a
terminal node.

Terminal

Terminal nodes were applied to the
selected boundary of the piezoelectric
domain to implement a connection to
the external circuit.

Ground

Ground node was applied on the
top wrapped around surface of the
piezoelectric domain to implement
zero potential boundary conditions.

Electrical ground and terminal boundary conditions were applied to the surfaces of the
piezoelectric plate representing the wrapped-around electrode configuration. A zero
initial charge condition was applied to all other edges.

4.3.5 Electromechanical analysis

Frequency domain analysis was used to study these electromechanical characteristics
parametrically in the frequency spectrum. It allowed the analysis of the electrical load
dependence and displacement of the PWAS transducer as a function of the operating
frequency. The electrical load dependence was used to analyse the frequency response
and impedance spectrum of the transducer. At the same time, electrical displacement
patterns of the transducer surface were used to analyse the vibrational modes.
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Frequency domain analysis was performed to evaluate the electromechanical response
of PWAS. Two studies in the frequency domain were performed, one to simulate the
full resonance spectrum of EMI and the other for the analysis of vibrational modes.
The first study was conducted within the 40 Hz to 12 MHz frequency range in steps of
15 kHz. The simulated EMI response was then analysed for the resonance frequencies
of TS-mode.

The second study in the frequency domain was performed from 20 kHz to 100 kHz in
steps of 2 kHz to evaluate the electrical displacement pattern of the vibration modes
of the piezoelectric plate. The displacement components on the geometric X, Y and Z
axes were averaged on the surface of the piezoelectric plate or the transducer face plate,
as they would be in contact with the waveguide during the UGW application. The
displacement fields and the associated vibration modes were analysed as a function of
frequency to identify any electromechanical resonances and interpret the UGW mode
being excited by the transducer.

4.3.6 Piezoelectric plate resonance analysis

A mesh analysis study was conducted to ensure appropriate discretisation of the
piezoelectric domain to capture its dynamic electro-mechanical behaviour accurately.
Previous modelling studies have shown that the number of mesh elements in the
thickness direction significantly affects the response of the simulated TS-mode
response [237]. Therefore, the mesh refinement study was carried out by analysing
the simulated EMI response and characteristic frequencies with increasing mesh
elements (Nel) along the thickness.

The resonance frequency of the second harmonic was chosen as the characteristic
frequency because it was more significantly affected by the thickness than by the
fundamental resonance. The results of the mesh analysis are shown in Figure 4.3.
They indicate that at least twelve mesh elements (Nel ≥ 12) along the thickness
dimension were required to accurately simulate the amplitude and frequency of the
second harmonic of TS-mode.
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FIGURE 4.3: Mesh analysis study showing the effect of increasing number
of mesh elements in the thickness direction on the (top) PZT-5A PWAS EMI

response and (bottom) second TS-mode resonance harmonic frequency.

Twelve mesh elements along the thickness translated to a cubic mesh element of 42
µm, resulting in 263,000 total elements for the piezoelectric plate model. This mesh
size equated to 14 elements per wavelength at the highest frequency of interest. The
piezoelectric material model used in all subsequent FEA studies in the reported work
was optimised in the same way.

4.4 TSM electromechanical FOM characterisation

The EMIS method was chosen for the characterisation of the properties of the
piezoelectric material as a function of temperature. The EMIS measurements can be
analysed to calculate the piezoelectric, electromechanical, dielectric, and elastic
properties following BS EN 50324-2:2002 [63], as described in Chapter 2.
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4.4.1 HT-EMIS measurement apparatus

An Agilent 4294A impedance analyser was used to measure impedance spectra. The
impedance analyser provided a constant voltage signal of 0.5V at the selected
frequency to the piezoelectric material. The magnitude and phase of the steady-state
current drawn from the piezoelectric material were recorded and converted into real
and imaginary parts of the impedance. The frequency was increased, and the process
was repeated for the entire frequency range. In this way, variations in the electrical
impedance over the selected frequency range, known as impedance spectra, were
obtained. Piezoelectric samples were placed inside a Carbolite LHT6-30 furnace for
HT measurements using a purpose-built jig [175]. The measurement system and test
setup used for EMIS on piezoelectric plates are shown in Figure 4.4.

Impedance measurement jig

Static rod

Measurement rod

Sample element

Brass plate

Ceramic spacer

Agilent 16048A fixture

Carbolite LHT6-30 furnace

GPIB

Pico TC-08
Temperature Logger

U
S

B

Python Script

K-type
Thermocouple

Agilent 4294a
Impedance Analyser

FIGURE 4.4: Experimental setup for HT-EMIS used for the characterisation of
piezoelectric materials.

The jig consisted of two brass plates separated by a ceramic spacer. Two rods
provided electrical connections to the piezoelectric element placed on the bottom
plate. One rod, named the static rod, was screwed into the bottom brass plate and
provided the ground terminal connection. The second rod, called the Measurement
rod, was movable through a channel cut into the top brass plate of the jig, allowing it
to be placed on the terminal electrode of the piezoelectric element under test. The
wires were attached to the two rods using screw-terminal connectors. Electrical
connections were made between the impedance analyser and these rods through an
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Agilent 16048A fixture, suitable for measurements from 40 kHz to 12 MHz. The test
jig was placed inside the furnace with two rods that extended out for calibration.
Alumina plates were added between the shelf and the jig for electrical isolation.

A digital interface controlled the furnace temperature and the temperature of the
specimen was measured using a K-type digital thermocouple using a Pico TC-08
temperature logger. A temperature ramp-up rate of 5°C/min was used, and
measurements were made once a thermal equilibrium was achieved. Before each HT
measurement, the jig was calibrated using open and short-circuit compensation to
remove the parasitic impedance of the test jig. The measurement rod was lifted to rest
in the channel groove for open-circuit measurement, and for short-circuit
measurement, the rod rested on the bottom brass plate. The HT measurement
recorded capacitance at 1 kHz and EMI in the frequency range of 40 Hz to 12 MHz
with 15-kHz steps. Data collection was automated using a Python script, whereby a
GPIB interface was used for data acquisition from the Impedance Analyser. A USB
serial interface was used to capture temperature measurements from the Pico logger.

4.4.2 HT-EMI measurements of PZT-5A wafer transducer

The described experimental setup was used to measure the HT-EMI response of the
PZT-5A plate from the Teletest transducer. EMI measurements were taken at ambient
temperatures up to 350°C in increments of 50°C. The impedance response as a
function of frequency at increasing temperatures is shown in Figure 4.5. A decreasing
trend of characteristic resonance frequencies in the Thickness Shear (TS) mode and
anti-resonance frequencies ( fr, fa) with a negative frequency shift can be observed
with increasing temperature.
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FIGURE 4.5: EMIs spectra measurements of the PZT-5A piezoelectric wafer
transducer at temperature increments of 50°C up to 350°C.
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Frequency shifts were significantly higher for TS-mode harmonics at higher
frequencies. These horizontal shifts in the impedance spectrum are associated with
changes in the structural and electromechanical properties of the piezoelectric
material. In addition to the frequency shifts in the impedance resonances, a reduction
in the impedance amplitude was also observed as a result of the increase in
capacitance. The reduction in impedance showed a linear response with an increase
in temperature to 300°C and a significant drop after that. At 350°C, the material loses
its resonance behaviour and is no longer piezoelectric. The observed Curie point is in
agreement with Tc of 340°C provided in the material data sheet [238].

4.4.3 Derivation of TSM electromechanical properties

HT dielectric, elastic and piezoelectric material properties were calculated using the
formulae mentioned in Chapter 2. The CTEs in the material datasheet were used to
calculate the dimensions of the piezoelectric plate for each temperature increase. The
characteristic frequencies and capacitance were measured at 1 kHz.

The datasheet for Pz27 provided by Meggitt [239] only provides two TS-mode FOM,
k15 and d15. Measurements of FOM from the PZT sample matched well and were
within the variation of ± 5% stated in the datasheet. Similar Navy II soft PZT materials
are also available from other suppliers, such as K350 from Piezo Technologies [240]
and EBL [241]. Their datasheets provided some additional TS-mode FOM, which are
also compared to the measured FOM. Although direct comparison is not possible as
they are different PZT materials, this indicates the reliability of measurements and
compares other available PZT materials.

TABLE 4.2: TS-mode electromechanical properties of PZT-5A derived from EMIS
and compared with those available from datasheets and literature.

k [-] d [pC/N] g [Vm/N] KT [-] KS [-] Vs

Measured 0.69 527 375 1587.1 881.3 1710.3
Datasheet [241] 0.69 584 382 1725 - -
Pz27 [239] 0.7 500 - - - -
K350 [240] 0.67 570 400 1750 795 1880

The EMI response of PZT-5A PWAS was simulated for temperatures of 25°C to 350°C
in steps of 50°C, using the high temperature material properties of PZT-5A. Frequency
domain analysis was performed within a frequency range of 40 Hz to 12 MHz in steps
of 15 kHz to match the frequency resolution of the experiments. The electrical
impedance data from the solved models was extracted using the global evaluation
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function using the inverse of terminal admittance (es.Y11) parameter in Comsol. The
comparison of the simulated and measured electrical impedance as a function of
frequency at temperatures of 25°C, 250°C, and 350°C is shown in Figure 4.6. The
simulated HT-EMI was in good agreement with the measured response. There was a
slight difference between the measured and simulated resonance frequencies and
impedance amplitude, but the trend with increasing temperature was accurately
simulated.

0 2 3 4 5 10 12
Frequency (MHz)

10
0

10
2

10
4

10
6

Im
p
e
d
a
n
c
e
 (

)

Meas 25
o
C

Model 25
o
C

Meas 250
o
C

Model 250
o
C

Meas 350
o
C

Model 350
o
C

1.5 1.75 2 2.25 2.5

Frequency (MHz)

10
0

10
2

10
4

Im
p
e
d
a
n
c
e
 (

)

6.5 6.75 7 7.25 7.5

Frequency (MHz)

10
0

10
2

Im
p
e
d
a
n
c
e
 (

)

FIGURE 4.6: Comparison of simulated and measured high temperature
electromechanical impedance response of PZT-5A wafer transducer.

At 350°C, the simulated impedance loss complies with the measured response.
However, the modelled results still indicate the presence of resonance, because the
piezoelectric losses are not simulated as a function of temperature. At temperatures
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up to 300°C, the difference in the simulated resonance frequency for the fundamental
and second harmonic TS-mode resonance was less than 5% and around 15%,
respectively. These minor differences may be associated with manufacturing
variability that may have affected the dimensions of the plate and electrodes.

The capacitance and characteristic frequencies as a function of temperature were
extracted for ten PZT-5A samples to assess the variability of the measurement. This
was compared to the modelled response and is shown in Figure 4.7. The variation
between the measured results is shown using shaded areas and the simulated
response is within the measured range, confirming the accuracy of the simulated
temperature response.

FIGURE 4.7: Capacitance and characteristic frequency derived from HT-EMI
measurements on five PZT-5A piezoelectric wafer transducers at temperatures

up to 350°C and their comparison with simulated response.
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4.5 Vibrational response characterisation

In this study, vibrational characterisation is carried out using SLDV, a scientific
instrument used to make noncontact vibration measurements of a surface. SLDV
allows for Three Dimensional (3D) vibration measurements of small target areas
without mass loading and is ideal for characterising the vibrational response of
ultrasonic piezoelectric transducers.

4.5.1 SLDV measurement apparatus

The vibration response of the transducer as a function of the operating frequency was
measured using a Polytec PSV-400 3D-Laser Doppler Vibrometry (LDV). The
experimental setup used to measure the electrical displacement fields of the
transducer surface is shown in Figure 4.8. The PSV-400 LDV has three laser scanning
heads that employ wavelength 633nm lasers, which can measure a displacement
amplitude range between 1nm to 40µm. These scanners measured the three velocity
components, and the surface displacement is obtained by orthogonal decomposition.
The Polytec Vibrometer contains a velocity decoder to process acquired Doppler
signals with spectral resolution of 1Hz.

FIGURE 4.8: SLDV experimental setup showing (a) Polytec PSV-400 equipment,
(b) PZT-5A PWAS transducer under test, (c) array of scan points, (d) PZT-5A

PWAS with wear plate showing (e) example 3D measurement.
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Teletest Focus pulser-receiver unit was used as an external function generator to
provide excitation signals to the transducer under test. A PC was used to control the
software for the Teletest unit to configure the parameters of the ultrasonic signal. A
Hanning window five-cycle signal of centre frequency was used in the range 20kHz to
150kHz for transducer excitation to cover the entire frequency range of interest for
UGW application. The Teletest unit was connected to the PSV as an external trigger to
ensure that measurement recording was in sync with transducer excitation.

A camera installed on the top head was used to visualise the transducer under test,
and a geometric scan unit was used to control the transducer’s distance from the
vibrometer. There is a periodic variation of the laser intensity with the stand-off
distance. Although the results can be obtained with any stand-off distance, the
recommended optimal distance is calculated using the relation
D = 0.099 + (n ∗ 0.204) as recommended in the PSV-400 user manual [242]. Here D is
the optimal stand-off distance, and n is an integer value. A standoff distance of 2.55m
with n = 1 was chosen for the transducer under test to achieve the best SNR.

The laser beams from the three scanner heads were focused on the active surface of
the piezoelectric device. A two-dimensional and then a three-dimensional alignment
was conducted to line up the laser beams from the left and right laser heads with the
beam from the top laser head. The calibration procedures followed are described in the
user manual [242]. Measurements were recorded after the highest possible resolution
of 0.1mm was achieved, which was indicated by a perfect alignment of 100% in the
PSV software. The PSV system software was used to set a sampling frequency of 5.12
MHz, an average of 512 acquisitions for each measurement to reduce random noise.
A bandpass filter with a limit of [ fc ± 2 fc/n] was used to capture the frequency band
corresponding to the excitation signal provided by the Teletest unit.

An array of scan points are added to the piezoelectric device to cover the active
surface area for 3D velocity or displacement measurements. For each scan point, the
vibration amplitude are extracted from the Doppler shift of the reflected backscattered
laser beam due to the motion of the surface. The Polytec vibrometer software was
used to acquire and process three-dimensional velocity or displacement
measurements caused by electrical excitation of the transducer. Vibrational mode
shapes were also visualised using Polytec software post-processing tools.
Displacement field measurements for different excitation signals were transformed
into the frequency domain, which provided the displacement spectrum as a function
of frequency.
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4.5.2 Vibrational response of PZT-5A PWAS

The PZT-5A PWAS was suspended in air by securing the cables to a foam support
layer to ensure acoustic isolation. An array of scanning points was added to the
surface of the piezoelectric wafer transducer. A minimum of 100 points were
considered adequate to map the active surface area of dimensions 13mm x 3mm. A
frequency domain analysis was performed on the PZT-5A piezoelectric wafer
transducer model within the 20 to 150 kHz frequency range to determine its
electromechanical resonances and displacement patterns. The measured eigenmodes
of the PZT-5A piezoelectric wafer transducer are shown in Figure 4.9 and compared
with those simulated with the transducer model. Four resonance modes were
observed at around 40, 60, 90 and 130 kHz. The simulated eigenmodes matched well
with those measured and their displacement patterns were accurately captured. The
difference in eigenfrequency was less than 12% in all resonance modes and around
1.5% for the mode without out-of-plane displacement.

FIGURE 4.9: Simulated and measured eigenfrequencies and the vibrational
response of the PZT-5A piezoelectric wafer transducer. The bottom shows the
simulated three-dimensional displacement fields for non-resonance operation at

50 kHz.
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The results suggest that the wires soldered onto the piezoelectric wafer transducer
may have affected the out-of-plane displacement. The total displacement and the
electrical displacement fields simulated in the three directions are shown at a
non-resonant frequency of 50 kHz. This highlights that there is a significant
out-of-plane displacement (X) of a magnitude similar to that of the in-plane shear
displacement (Z) and the lateral displacement (Y) is concentrated around the gap
between the wraparound electrodes. The in-plane shear displacement (Z) is
concentrated on the positive electrode surface and in the opposite direction for the
wrapped-around ground electrode, which may decrease the overall in-plane shear
vibration of the piezoelectric wafer transducer.

The 3D-LDV measurements were averaged across all measurement points on the
active transducer surface to derive three-dimensional displacement fields as a
function of the operating frequency. Similarly, the simulated electrical displacement
fields from the model were averaged across the surface area. The measured and
modelled in-plane and out-of-plane displacement fields were normalised to the
maximum value of the simulated in-plane displacement at around 90 kHz. The
frequency spectrum of the simulated and measured displacement fields is compared
in Figure 4.10. The comparison shows a good correlation in terms of resonance
frequencies and the relation between the in-plane and out-of-plane displacement.
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FIGURE 4.10: Comparison of the measured and simulated in-plane and out-of-
plane displacement and frequency response of the PZT-5A piezoelectric wafer

transducer.
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Apart from a slight shift in frequency response, as highlighted by the eigenfrequencies,
there is an order of magnitude difference between the magnitudes of the measured and
simulated displacement fields. The peaks and troughs in the measured response are
also less pronounced. This may be due to the measurement error or damping effect of
the soldered wires on the piezoelectric wafer transducer that is not considered in the
model. Nevertheless, the model depicted the out-of-plane vs. in-plane displacement
ratio reasonably well in the frequency ranges without resonances.

4.5.3 Vibrational response PZT-5A PWAS with wear plate

SLDV measurement and numerical analysis was performed on an Alumina wear plate
bonded on the PZT-5A PWAS. Even with the addition of a wear plate, there were some
vibration modes with significant out-of-plane motion, as shown in Figure 4.11. The
26 kHz, 69 kHz, and 130 kHz wave modes show significant out-of-plane motion. An
example of a displacement pattern for non-resonance operation is shown for 30 kHz.
The displacement fields on the geometric axes X, Y, and Z are shown separately.

FIGURE 4.11: Eigenmodes of the PZT-5A plate bonded to Alumina wear plate
and displacement fields for non-resonance operation at 50 kHz.
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The frequency spectrum of the simulated and measured displacement fields is
compared in Figure 4.12. The comparison shows a good correlation in terms of
resonance frequencies and the relation between the in-plane and out-of-plane
displacement spectrum. The most significant in-plane shear displacement was around
5µm along the Z axis. This is responsible for generating the desired Torsional guided
wave mode on pipes. An out-of-plane displacement along the X axis of
approximately 1.5µm was observed in the gap between the positive and negative
electrodes of the piezoelectric plate. This out-of-plane displacement caused by the
wrapped-around electrode configuration can be detrimental, leading to the
generation of unwanted longitudinal waves in pipes.
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FIGURE 4.12: Comparison of the measured and simulated in-plane and out-of-
plane displacement and frequency response of the PZT-5A piezoelectric wafer

transducer with Alumina wear plate.
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4.6 Transducer Ultrasonic Characterisation

4.6.1 Experimental setup

An experimental setup was developed to collect UGW measurements and
characterise the ultrasonic frequency response of the piezoelectric transducers. The
setup required a waveguide on which the transducer under test would transmit and
receive the ultrasonic-guided waves. A waveguide with a profile smaller than that of
a full-scale pipe was required to test the transducers in a confined space of an
environmental chamber. A 12mm square bar was chosen as the waveguide as it
provides a flat surface to allow easier positioning and dry coupling of the transducer.
The dispersion curves of this bar waveguide were calculated for the transducer
excitation frequency range (20 to 120 kHz) using GUIGUW and indicate the presence
of three UGW modes. The group velocity and phase velocity dispersion of these
modes, along with their displacement profile, are shown in Figure 4.13. The three
wave modes shown in blue, green, and black are equivalent to the longitudinal,
torsional, and flexural wave modes in a pipe, respectively. Therefore, the guided
wave measurements on this bar waveguide represent those on the pipe of a similar
wall thickness.
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FIGURE 4.13: Dispersion curves and guided wave mode shapes of a 12mm2

square steel bar used as a waveguide for ultrasonic measurements. The group
and phase velocity of the three wave modes are colour-coded with (a) T(0, 1) in

green (b) L(0, 1) in blue and F(1, 1) in black.
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These dispersion curves are used to calculate the expected time of flight of these UGW
modes. A length of 1.5 m was chosen for the square bar to allow for the propagation
of UGW without destructive interference from a reflection. This was calculated using
a 5-cycle Hanning windowed wave packet traveling at the L(0, 1) mode velocity at
20 kHz, that is, the lowest frequency of interest with the largest wavelength of 0.25m.
Thus, excitation signals of five cycles will ensure effective mode separation throughout
the frequency range for the chosen length of the bar waveguide.

The experimental apparatus is shown in Figure 4.14. An assembly of PZT-5A and face
plate was connected on a custom-built flexible connector. The transducer under test
was connected to the Teletest Focus Pulser-Receiver unit using a coaxial cable. The
Pulser-Receiver unit provided the electrical excitation of 5 cycle tone bust signal of the
different centre frequencies and collected the received pulse-echo ultrasonic
measurements.

FIGURE 4.14: Experimental setup used for UGW characterisation on a 12 mm
square steel bar of length 1.5 m showing the (a) PZT-5A PWAS from the Teletest
transducer (b) PWAS and face plate assembly on a custom flexible connector (c)

dry coupled on the bar using (d) normal force applied using free weights.
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4.6.2 UGW Measurements and Analysis

Ultrasonic pulse echo measurements were acquired at different excitation frequencies
of centre frequencies of 35 to 80 kHz in 5-kHz increments to evaluate the transducer
frequency response and to assess the different wave modes excited in the waveguide.
For each pulse-echo measurement, an averaging of 128 signals was used, as it was
sufficient to remove any incoherent noise. A transmitter gain of 30dB to 70dB was
considered. The pulse-echo signal amplitude and SNR as a function of the excitation
frequency were analysed for different transmitter gain settings. The results are shown
in Figure 4.15, which indicates that a 50dB gain offered a suitable trade-off of high
signal amplitude and SNR. A significant drop in SNR was observed at 70 kHz
regardless of the gain settings. This may be due to the out-of-plane displacement of
the PZT-5A and the wear plate assembly as observed in both the simulated and
measured vibrational frequency response in free air.
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frequency performed at different transmitter gain settings.
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Time frequency analysis was performed on the collected pulse-echo measurements.
Each ultrasonic measurement was first filtered with a narrow band filter of
(±2 ∗ fc/5) where fc is the centre frequency of the excitation signal. The signals were
then normalised to the amplitude of reflection from the end of the bar. The TFR
analysis of the measurements is shown in Figure 4.16. Three distinct UGW reflections
were seen at around 0.5 ms, 0.8 ms, and 1.25 ms. The reflection at 0.5 ms and 1.25 ms
correspond to the L(0, 1) wave mode of velocity around 5000m/s reflections with
round trip distances of 3 m and 6 m, respectively. It is important to note that the L(0,
1) modes were excited due to the axial orientation of the transducer vibrating in
TS-mode.
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FIGURE 4.16: Time frequency representation of the ultrasonic pulse echo guided
wave measurements using PZT-5A wafer transducer.

A dispersive UGW reflection was observed around 0.8 ms. The time of flight analysis
from the bar-end reflection indicates the group velocity of around 3750 m/s, which
implies that this mode conversion occurred when L(0, 1) reflected from the end of the
bar. This may be the F(1, 1) or T(0, 1) wave mode or a superposition of the two.
However, it can be observed that noise between the three reflections increased
significantly beyond the 60 kHz operating frequency. This increased coherent noise is
likely caused by the excitation of multiple wave modes due to the out-of-plane
displacement of the PZT-5A and the wear plate assembly, as observed in the
simulated and SLDV measurements.
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4.7 Summary

This chapter presented a unified numerical and experimental methodology for the
design and characterisation of an HT-PWAS transducer for UGW application.
Characterisation parameters were chosen for HT-TS-mode operation for the
transduction of T(0, 1) guided wave mode on HTPs. The methodology involved
analysis of the electromechanical impedance, vibrational behaviour, and UGW
response as a function of frequency. These characterisation methodologies are applied
and validated using a PZT-5A PWAS used in the Teletest transducer.

The TS-mode piezoelectric properties of PZT-5A derived from EMIS at ambient
temperature compared well to those reported in the datasheet. These properties were
derived as a function of temperature from HT-EMI and were introduced as
temperature-dependent properties into the model. The simulated high-temperature
response, including resonance frequencies and capacitance, was within measurement
variations and less than 5% at temperatures up to 300°C.

The simulated vibration frequency response of PWAS and the influence of the wear
plate accurately captured the vibration modes and resonances measured using
3D-SLDV. This allowed the interpretation of the vibration modes of the transducer
and can be used to characterise the purity of TS-mode and thus the torsional guided
wave mode. The simulated response and the LDV frequency response indicated the
presence of out-of-plane vibration around 70 kHz, which was confirmed by the UGW
measurements on a waveguide. This is detrimental to the UGW application around
that frequency range, as it introduces unwanted wave modes.

The numerical FEA approach provides an appropriate tool for simulating the
dynamic electromechanical response piezoelectric devices as a function of frequency
and temperature and can be used to study different transducer materials and their
design parameters to evaluate and optimise performance for HT-UGW applications.
This is applied to characterise and optimise the Teletest transducer in Chapter 5 and
for the analysing HT piezoelectric materials in Chapter 7.
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Chapter 5

Ultrasonic characterisation and
optimisation of Teletest transducer

5.1 Introduction

This chapter applies the design characterisation methodologies established in Chapter
4 to optimise the design of an existing Teletest transducer. The validated PZT-5A
PWAS FEA model is used to analyse the influence of design parameters of the PWAS
and passive transducer layers on the electromechanical and vibrational response of
the transducer. Parametric design studies are conducted to maximise in-plane
vibration over out-of-plane vibration to optimise operation in TS-mode and achieve
higher SNR for transduction of the torsional wave mode. The formulated design
hypotheses are validated by experimental measurements, whereby the optimised
transducer performance is characterised and compared with the current Teletest
transducer. The amplitude of the ultrasonic signal and the wave mode response are
evaluated as a function of frequency to analyse the SCNR of the transducer. An
application of the optimised transducer design for GWT is presented.

5.1.1 Motivation

PUT have a complex, multi-layered structure, and their characteristics depend on the
interaction between its electrical, mechanical, and thermal properties. A typical
transducer has active piezoelectric and passive layers as described in Chapter 2. The
design parameters of each transducer layer, such as material and geometry, affect
their natural frequencies and mode shapes. This, in turn, affects the vibrational and
electromechanical frequency response of the transducer and thus their ultrasonic
performance in the given application.
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The numerical FEA approach to optimising the design of the transducer can
significantly reduce the time and cost involved in the mechanical and electrical design
process, especially when complex designs are involved. Numerical studies can
evaluate different parameters of the transducer design to improve its
electromechanical and ultrasonic performance, which would lead to a more effective
UGW application with improved accuracy and sensitivity to defects, and a wider
range of inspection.

For ultrasonic applications, if there is resonance in the operating frequency range, i.e.
if the excitation frequency of the transducer matches the natural frequencies, it can
lead to excessive vibration, increased stresses, and reduced ultrasonic efficiency. For a
UGW transducer designed to operate in TS-mode for the excitation of the T(0, 1) wave
mode in pipes, it is critical to ensure that a non-resonant behaviour is achieved in the
operating frequency range (20 − 100kHz) and that no vibration mode is coupled with
TS-mode. This coupling can lead to the excitation of unwanted guided wave modes
that can degrade the purity of T(0, 1) and therefore limit SCNR and overall system
performance. If a resonance does exist, it is crucial to analyse its origin, so it can be
mitigated by choosing a different geometry or damping materials in the transducer to
ensure stable operation.

Electrical connections using wrap-around or edge electrodes are common to simplify
transducer assembly and reduce transducer footprint. However, this electrode
configuration results in non-uniform electric fields at the edges of the piezoelectric
plate. Previous studies have shown that electrodes wrapped around can significantly
degrade electromechanical performance [243, 244]. From the numerical studies
performed on PZT-5A PWAS in Chapter 5, it was evident that the wraparound
electrode design led to the introduction of out-of-plane resonances, which can have a
negative impact on TS-mode and the purity of the wave mode. A study evaluated a
modification of the Teletest transducer with PZT-5A PWAS with a parallel electrode
and analysed the UGW modes excited in a plate with a single excitation frequency of
90kHz [245]. Although the signal amplitude and SNR are not reported, the purity of
the SH0 wave mode was significantly improved with a parallel electrode, showing
promising results for further investigation.

A previous study investigated the mechanical resonances within the Teletest
transducer and the influence of the dry coupling force using FEA which was
validated with LDV measurements [246]. Eigenfrequency analysis of the Teletest
transducer with steel backing of dimensions L = 14mm, W = 14mm, T = 12.5mm
indicated the lowest resonance frequency at around 80 kHz in free air. However, an
additional contact resonance at 20kHz was introduced when constrained with dry
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coupling force. A parametric study on the width considered
W = [6mm, 7.5mm, 10mm] and this additional resonance was found to increase with
reduced width. It was also shown that an asymmetry in the backing mass caused by
the connector hole generated an imbalance and a rotational moment in the transducer.
The influence of the backing layer and materials is not adequately reported in the
literature. Therefore, the design parameters of the backing layer are also of interest for
this investigation.

5.1.2 Aims and Objectives

The purpose of this study was to understand the influence of the design parameters
of PUT on the electromechanical and vibrational characteristics for GWT application,
and propose design improvements to optimise the ultrasonic performance for the
transduction of the T(0, 1) mode. For this study, the following specific objectives were
set:

(1) Application of the PZT-5A PWAS model of Chapter 4 to study the influence of the
parameters of the piezoelectric wafer design, including dimensions, polarisation,
and electrode configuration.

(2) Analyse the natural frequencies of the backing layer of different dimensions and
their influence on the vibrational response of the transducer.

(3) Validate the design hypothesis of (1) through experimental analysis of optimised
piezoelectric wafer design parameters.

(4) Propose a optimised transducer design with the hypothesis of (1) and (2) by
characterising the performance for UGW application.

5.2 FEA of Teletest Transducer

5.2.1 Geometry and Mesh

The PZT-5A PWAS and Al2O3 face plate model from Chapter 4 was advanced to
study the Teletest transducer. The transducer geometry was simplified to include only
the stainless steel backing block and excluded the adhesive layers and electrical
connections. The adhesive layers were approximately 100µm thick and the connector
was pressfit and not mechanically coupled to the body of the transducer. Therefore, it
was assumed that their contribution to the structural stiffness of the transducer and
its motion was negligible. Although the connector housed on the backing of the
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transducer was excluded, the shape of the access hole in the backing layer was
preserved to achieve representative physical properties.

This simplified geometry of the transducer significantly reduced the meshing
requirement and the number of elements and nodes. The PZT-5A piezoelectric plate
and the wear plate were discretised using the fine-mapped mesh optimised in
Chapter 4. The backing layer of the transducer was discretised using a tetrahedral
mesh that efficiently covered the slots and access holes in the backing layer. A higher
mesh density was used in the regions near the piezoelectric layer where the most
significant displacement was expected. The geometry of the transducer model with
dimensions, meshing, and an example of simulated displacement profile showing the
TS-mode vibration response is shown in Figure 5.1.

FIGURE 5.1: Geometry of the transducer being studied and incremental models
of the piezoelectric plate, wear plate assembly and complete transducer.

5.2.2 Boundary Conditions

The three layers of the transducer were defined as explicit domains, where the
piezoelectric plate was modelled as a piezoelectric domain, and the rest of the
transducer was modelled as a linear elastic domain. The Form Union operation in
COMSOL created a single transducer object with the sequence of joined domains. The
form-union case assumes that domains cannot move or slide relative to each other;
thus, the internal friction between the bonded surfaces was ignored. The physics and
boundary conditions applied to the transducer domains are shown in Table 5.1.
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TABLE 5.1: Boundary conditions applied to the transducer model.

Physics Domain or Geometry Comment

Piezoelectric
Material Model

The PZT-5A plate was modelled
as a piezoelectric domain. The
plate length was aligned along
the geometric +Z direction to
achieve length polarisation.

Linear Elastic
Material Model

The non-piezoelectric layers -
wear plate and backing layer
were defined as a linear elastic
domain.

Zero Charge

The zero-charge node added
zero surface charge density
conditions on the boundary,
enabling floating potential
implementation using a
terminal node.

Terminal

Terminal nodes were applied
to the selected boundary of
the piezoelectric domain to
implement a connection to the
external circuit.

Ground

Ground node was applied
on the top surface of the
piezoelectric domain to
implement zero potential
boundary conditions.
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5.2.3 Electromechanical Vibrational Analysis

Electromechanical analysis was performed to analyse the resonances and vibration
modes of the transducer within the frequency range 20 − 160kHz. A wider frequency
range was used, as previous studies have found that resonances can shift to lower
frequencies due to the applied dry coupling force [246].

The eigenmodes in the frequency range between 20 kHz and 150 kHz and their
respective displacement patterns are shown in Figure 5.2. The results suggested five
eigenmodes at 140 kHz, 142 kHz, 146 kHz, 150 kHz, and 152 kHz. It can be seen that
the resonances around 140 and 150kHz show out-of-plane displacement is dominated
and that this would lead to the generation of unwanted wave modes.

FIGURE 5.2: Vibrational response of the Teletest transducer at eigenfrequencies
along with the displacement fields in a non-resonance frequency of 50kHz.

The three-dimensional displacement fields of the active transducer surface were
calculated as a function of frequency as described in Chapter 4. The displacement of
the face plate surface was averaged in the three directions shown as a function of
frequency. The in-plane displacement and flat frequency response were seen in the
20-70kHz range, but resonances were observed at higher frequencies as seen in the
displacement spectrum in Figure 5.3. From the displacement patterns, it is evident
that these resonances occur in the stainless steel backing layer. However, these would
influence the TS-mode vibration of the piezoelectric plate and thus can introduce
unwanted wave modes. The displacement and deformation profiles of the contour
curve show wave propagation over the piezoelectric material. Even in the
nonresonant region, there is stress concentration around the gap between the
wraparound electrode.
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FIGURE 5.3: Measured and modelled in-plane shear and out-of-plane
displacement fields averaged over the wear plate surface as a function of

frequency.

5.3 Analysis of Transducer Design Parameters

This study used the current Teletest transducer as a baseline and investigated several
design parameters to optimise ultrasonic performance. Transducer FEA models
developed and validated in Chapter 4 were used for this optimisation study. The
alternative design configurations are characterised and their performance is
compared to that of the Teletest transducer. This numerical modelling then creates a
design hypothesis for the HT-UGW transducer which is validated through
experiments.

The transducer design has multiple degrees of freedom that can influence the
transducer’s ultrasonic performance. This includes dimensions and material for
different components of the transducer, including the piezoelectric plate, the wear
plate, and the backing layer, as illustrated in Figure 5.4.

Firstly, the design optimisation of the piezoelectric plate was performed by analysing
the effect of the piezoelectric plate design variables, including plate dimensions,
direction of polarisation, and electrode pattern. The design parameters evaluated in
this study focus on the findings of the PZT-5A PWAS model developed in Chapter 4.



Chapter 5. Ultrasonic characterisation and optimisation of Teletest transducer 95

FIGURE 5.4: Design parameters of the transducer backing block and the
piezoelectric element.

The dimensions of the backing layer should be minimised to reduce material and
manufacturing costs and maintain the density of the transducer array required for
smaller NPS pipes. The key transducer layers for the design of HT-UGW and their
design parameters are listed in Table 5.2. The table indicates the design variables and
parameters considered for the transducer design and compares them with those used
in the current Teletest transducer.

TABLE 5.2: Design variables for modelling and analysis of HT-UGW transducer.

Transducer
Component

Design
Parameter

Teletest
Transducer

Values Characterised

Piezoelectric
Plate

Dimensions
(mm)

lpzt = 13 lpzt=[6,7,8,9,10]
wpzt=3 wpzt=[1,2,3,4]
tpzt=0.5 tpzt=[0.25, 0.5, 0.75, 1.0]

Polarisation L-Polarised L-Polarised, W-Polarised
Electrode Wrap-

around
lwrap = 2

Parallel and Wrap-around
lwrap = [0.5, 1, 1.5, 2]

Backing
Layer

Dimensions
(mm)

lback = 13 lback=[14, 15, 16]
wback=12 wback=[6, 7, 8, 9, 10, 11, 12]
hback=12 hback=[6, 7, 8, 9, 10, 11, 12]
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5.3.1 Piezoelectric Polarisation and Electrode

The PZT-5A piezoelectric plate of the current Teletest transducer is polarised along
the longitudinal dimension of 13mm. When installed on the pipe, the length of the
piezoelectric plate is aligned in the circumferential direction, and the shear motion in
the length direction provides the tangential force for torsional mode excitation. This
creates a contact length that is equal to the width of the piezoelectric plate. To
maximise the contact, the piezoelectric plate can be polarised in the shorter lateral
width direction, aligning it with the circumferential direction of the pipe. In this case,
the contact length is equal to the length of the piezoelectric plate. The piezoelectric
plate of the same dimensions and two described polarisation configurations along
with the contact are illustrated in Figure 5.5.

P

P(a)

(b)

FIGURE 5.5: Illustration of the piezoelectric plates with (a) length polarisation
and (b) width polarisation installed on the pipe for torsional mode excitation.

A dry coupling force is generally applied to the piezoelectric transducer for the
transduction of guided waves. Under a coupling force, the contact surface area can be
approximated using the Hertzian theory of elastic contact [247]. The theory and
calculations for contact surface area between a cylinder and a flat plate are described
in Appendix A.1. This theory can be used to calculate the expected contact area
between the rectangular piezoelectric plate and a cylindrical pipe. This example
calculation considers a 4-inch pipe (ϕ=114.3mm), a 13mm x 3mm x 0.5mm piezoelectric
plate and a contact force of 200 N. The length polarised piezoelectric plate shown in
Figure 5.5 (a) will have a contact area of ≈ 0.87 square millimetres, whereas the width
polarised plate shown in Figure 5.5 (b) will have a contact area of ≈ 3.76 square,
which is higher by a factor of 4.33.
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The influence of the direction of polarisation on a piezoelectric plate was analysed
using the PZT-5A PWAS model from Chapter 4. The eigenfrequency analysis was
performed on the plate with polarization along the lateral 3mm width direction and
compared to longitudinal polarisation. The vibration frequency response and
displacement pattern for PZT-5A piezoelectric plates polarised in the length or width
direction with parallel electrode configuration is shown in Figure 5.6.

FIGURE 5.6: Vibrational analysis of PZT-5A PWAS eigenfrequencies with
polarisation along the longitudinal 13mm length direction with (a) parallel
electrodes and (b) wrap-around electrodes; and with lateral polarisation along the
3mm width direction with (a) parallel electrodes and (b) wrap-around electrodes.

For longitudinally polarised PWAS with a parallel electrode, two out-of-plane
resonances were observed within the frequency range of interest at 20kHz, 70kHz and
the next overtone at 140kHz. For the longitudinally polarised plate with wrapped
around electrode, additional out-of-plane vibration modes at lower frequencies of
22kHz, 30kHz and 42kHz were introduced. With the laterally polarised PWAS , the
first resonance with significant out-of-plane vibration was at 240kHz, which was
outside the UGW frequency range. The wrap-around electrode configuration on the
lateral polarised plate introduced out-of-plane vibrations at 20kHz and 30kHz as seen
with the length-polarised plate, but the next overtone was at a much higher frequency
of 110kHz. The simulated electromechanical impedance amplitude and the
three-dimensional displacement components as a function of frequency for the four
PZT-5A PWAS variants are shown in Figure 5.7.
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FIGURE 5.7: Simulated EMI and displacement fields as a function of frequency
for the four PWAS designs considered with lateral or longitudinal polarisation

with parallel or wrapped electrode configuration.

The impedance response of both length and width polarised plates was the same for
each of the electrode configurations, suggesting that it is purely capacitive due to the
difference in electrode area. The difference in impedance at 60kHz was ≈ 24% with a
corresponding difference in the electrode area of 26%. The out-of-plane displacement
in the X direction was highest for the length-polarised wraparound plate and was
orders of magnitude higher than the other variants. The out-of-plane displacement
was around 0.45nm at 60kHz and was highest at 1.6nm at the resonance out of the
plane at 42kHz. The TS-mode in-plane shear displacement in the Z direction was also
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comparable for both length and width polarised plates for each of the electrode
configurations. The in-plane shear displacement was on the order of 44nm for the
parallel electrode and 33nm for wrapped electrodes; a difference of around 28.5%. The
reduction in in-plane shear displacement was more significant around the
out-of-plane resonance frequencies of 22kHz and 70kHz. The ratio of displacement
in-plane to out-of-plane was assessed as TS-mode FOM. The ratio of in-plane over
out-of-plane displacement shows that the current length polarised wrapped-around
configuration had the worst performance by several orders of magnitude compared
to the other variants. The width-polarised parallel electrode had a 11dB higher ratio
compared to its respective wrap-around configuration.

A time domain analysis was performed by applying a five-cycle tone burst signal of
70kHz centre frequency on the length polarised PZT-5A PWAS in parallel and
wrapped-around electrode configuration. The in-plane and out-of-plane
displacements generated and the resulting charge are shown in Figure 5.8.
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FIGURE 5.8: PZT transducer with parallel vs wrapped around in plane-shear
and out-of-plane displacement pattern at a single frequency of 70 kHz model of

parallel vs wraparound ultrasonic simulation

A significant increase in the out-of-plane displacement was observed with a
wrap-around electrode, which could lead to the generation of longitudinal wave
mode and, therefore, increased coherent noise. An in-plane to out-of-plane ratio
suggests a theoretical SNR of 36.5dB that was increased by ≈16dB with the parallel
electrode.
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5.3.2 Wrap-around Electrode Design

The out-of-plane displacement coupled with TS-mode produced as a result of the
configuration of the wraparound electrode can lead to the excitation of undesirable
guided wave modes. This study evaluates the piezoelectric plate design with
alternate electrode configurations. This is carried out by varying the design parameter
lwrap from the existing value of 2mm to 0.5mm in decrements of 0.5mm. This ressults in
a decreased ground electrode and increased terminal or live electrode on the surface
of the PWAS. The different wraparound electrode configuration considered are shown
in Figure 5.9.

(A) 0.5 mm (B) 1 mm (C) 1.5 mm (D) 2 mm

FIGURE 5.9: Geometry of PWAS designs with different wrapped around
electrode configurations.

The analysis was carried out for both length-polarised and width-polarised plates.
The results of the width-polarised variant are presented here, and the
length-polarised showed similar response and are given in the Appendix A.4.2. The
impedance, three-dimensional displacement, and electrical charge for the four
wrapped-around configurations are compared in Figure 5.10.

The compared parameters had a nearly linear relationship with the reduction in lwrap

with a change of ≈3.5% per increment. The impedance of the variant 0.5mm was
around 14% lower than 2mm and the corresponding increase in charge was 14pC to
16pC; and in-plane displacement increased from 33nm to 38nm. The in-plane over
out-of-plane ratio highlights that the change in resonance around 40kHz but the ratio
improved throughout the frequency range for the 0.5mm variant. The in-plane
displacement of 38nm for the 0.5mm variant was still around 11% lower than the
parallel electrode configuration (42.7nm) at 60kHz. The results show that better
sensitivity and electromechanical performance can be achieved with an alternative
electrode configuration with lwrap, however, a parallel electrode provides a
significantly higher improvement.
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FIGURE 5.10: Simulated electromechanical impedance and displacement fields
as a function of frequency for the four width polarised PWAS designs of different

wrapped around electrode configuration.

5.3.3 Dimensions of the Piezoelectric Plate

The dimensions of the piezoelectric plate can also influence the coupling of different
modes with the desired TS-mode for the generation of UGW and the sensitivity to the
received UGW signals at different frequencies. A numerical parametric study was
carried out to study the influence of the dimensions of the piezoelectric plate on their
electromechanical performance for TS-mode operation. The influence of the
dimensions of the piezoelectric plate was analysed using the PZT-5A plate model
developed in Chapter 4. The dimensional parameters of the piezoelectric plate listed
in Table 5.2 resulted in multiple combinations of the length, width and thickness of
the piezoelectric plate. A total of 80 different piezoelectric plates were simulated. The
terminal charge of each piezoelectric plate model and the displacement fields in-plane
and out-of-plane were evaluated at a single frequency of 70 kHz and are shown in
Figure 5.11.
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FIGURE 5.11: Effect of piezoelectric plate dimensions on the in-plane, out-of-
plane displacement fields and terminal charge for a PZT plate polarised along

the width dimension.

The terminal charge, in-plane and out-of-plane displacements for the current PZT-5A
plate with dimensions 10mm x 3mm x 0.5mm were 12.8pC, 3.46µm and 0.22pm,
respectively. The maximum displacement ratio in-plane over out-of-plane
displacement ratio was achieved by 8mm x 0.5mm x 0.5mm, but with a reduction in
charge to 1.4pC. The terminal charge was inversely proportional to the thickness of
the plate and increased by 100% by reducing the thickness of the plate to 0.25mm. The
highest in-plane displacement was observed for 3.5 mm in width and 0.25mm in
thickness. However, with a thickness of 0.25mm, the out-of-plane displacement
almost doubled. It is important to note that the in-plane displacement was directly
proportional to the width of the piezoelectric plate, which was also the polarisation
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direction. The in-plane and out-of-plane displacement did not change for a constant
width and thickness, but the charge increased by 10% for each 1mm increase in length.
For constant width and length and an increase in thickness from 0.25mm to 1mm, the
in-plane displacement decreased by 5%; the out-of-plane displacement decreased
from 190% to 50% and the charge from 200% to 50% of the current value.

5.3.4 Dimensions of Backing Layer

As seen with the FEA of the Teletest transducer, the shape and dimensions of the
stainless steel backing resulted in natural frequencies just outside the operating
frequency range for UGW. These resonances lead to a variation in the
electromechanical performance of the transducer. The resonances may shift to lower
frequencies in the operating range due to boundary conditions or temperature. This
study analysed the natural frequencies of the stainless steel backing layer of different
dimensions. The first six eigenfrequencies of the 13mm x 12mm x 10mm stainless steel
backing of the Teletest transducer are shown in Figure 5.12.

FIGURE 5.12: Eigenfrequencies of 13mm x 12mm x 10mm stainless steel backing
block.

A parametric eigenfrequency analysis was performed on a fixed backing height of
10mm with varying length and width in the range of 7mm to 12mm with increments of
1mm. The lowest eigenfrequency corresponding to each backing shape is given in
Figure 5.13. It can be seen that all the evaluated shapes had resonances above 120kHz
and the highest was achieved for square geometries of 9mm x 9mm and 10mm x 10mm.
This shows a dependency with the aspect ratio and suggests that a more even
distribution of mass leads to symmetric vibration modes of higher frequencies.
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FIGURE 5.13: Eigenfrequencies of different length and width of the backing block
for a fixed height of 10mm.

Next, an eigenfrequency analysis was performed on a block 10mm x 10mm of varying
heights in the range of 1mm to 7mm with increments of 1mm. The first six resonance
modes corresponding to each backing shape are shown in Figure 5.14. Reducing the
height of the backing shows an increase in eigenfrequencies, with the lowest
eigenfrequency doubling from 120kHz for 7mm height to 245kHz for 1mm. This is due
to the reduced mass and increased stiffness of the block with decreasing height.

FIGURE 5.14: Analysis of first six eigenfrequencies of a stainless steel block of 13
mm length and 10 mm width of varying thickness ranging from 1 to 7 mm.
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5.3.5 Alternative Transducer Designs

A frequency domain analysis was performed on a complete transducer with a PZT-5A
PWAS of dimensions 10mm x 3mm x 0.5mm with parallel electrode in the width
dimension sandwiched with the same dimensions wear plate. A square backing of
10mm x 10mm with heights in the range of 6mm to 12mm with increments of 2mm was
considered for a parametric study. The electromechanical impedance response
corresponding to each transducer variant is shown in Figure 5.15. It can be seen that
the resonance in the backing at around 120kHz for the height of 12mm changes to a
higher frequency around 150kHz with a backing height of 6mm. In-plane shear and
out-of-plane displacement were averaged across the wear plate and compared for the
transducer variants. It can be seen that the out-of-plane displacement was
significantly reduced with a square backing of 10mm x 10mm x 10mm, resulting in the
highest displacement ratio from the plane to the out of the plane. The difference in the
ratio related to an improvement of ≈12.5dB. The results also confirmed the
hypothesis of the square aspect ratio of the backing block and it’s impact on the
electromechanical response of the transducer.
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FIGURE 5.15: Electromechanical impedance and simiulated in-plane and out-of-
plane displacement response of the alternative transducer designs.
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5.4 Optimised Transducer Design and Application

The discussed parametric FEA studies guided the design of an optimised transducer.
The results of FEA indicated that lateral-polarised PWAS with both wrapped-around
and parallel electrode design resulted in a significant reduction in out-of-plane
vibration compared to the current design. An alternative transducer and complete
array design was developed using a width-polarised wraparound electrode PZT-5A
PWAS. A smaller backing mass of dimensions 13mm x 3mm x 2mm was used and had
no natural frequencies in the UGW operating range. The design and performance of
the transducer is compared with the current Teletest transducer, but because of
commercial sensitivity, the details of the transducer construction are not shared. The
development work was covered under the H2020-EC-Horizon Fast Track to
Innovation Programme [248, 249]. The EMIS of the width-polarised PZT-5A PWAS
was compared with that of the length-polarised variant and is shown in Figure 5.16.

0 1 2 3 4

Frequency [MHz]

10
0

10
2

10
4

10
6

|Z
| 
[

]

Length Polarised Wdith Polarised

20 40 60 80 100 120

Frequency [kHz]

500

1000

1500

2000

|Z
| 
[

]

0 1 2 3 4

Frequency [MHz]

-100

-50

0

50

100

a
rg

(Z
) 

[
]

20 40 60 80 100 120

Frequency [kHz]

-90

-89

-88

-87

-86

a
rg

(Z
) 

[
]

FIGURE 5.16: Comparison of EMI measurements of longitudinal and lateral
polarised PZT-5A PWAS.
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The EMI amplitude and phase are compared in the MHz and UGW kHz frequency
range. The MHz frequency range shows multiple additional resonances at lower
frequencies of around 900kHz with the width-polarised plate. In the UGW frequency
range, no resonance is observed and the response is purely capacitive, as can be seen
with a phase angle of approximately -90°. The impedance of the width-polarised was
approximately 20% higher 1047Ω compared to 860Ω for the length-polarised at
100kHz. Since both piezoelectric plates had the same wrapped-around electrode and
hence the capacitive area, this variation cannot be due to the dimensions and is likely
a result of the direction of polarisation.

PZT-5A PWAS of dimensions 13mm x 3mm x 0.5mm with wrap-around CuNi
electrodes sandwiched with Al2O3 of the same dimensions was acquired from PI
Ceramics Gmbh and used for the new transducer design. The ultrasonic performance
of the optimised transducer was characterised using the methodology described in
Chapter 4 and compared to the Teletest transducer. Ultrasonic guided wave
measurements were recorded in pitch-catch mode with a bonded PZT-5A PWAS used
as a reference. An example of guided wave measurement where both the Teletest
transducer and the optimised transducer were used as a transmitter with an
excitation signal of 10-cycle toneburst of 70kHz is shown in Figure 5.17.
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FIGURE 5.17: Comparison of transmitted UGW signal by the Teletest transducer
and bespoke transducer with lateral polarisation showing the desired torsional

and unwanted longitudinal wave modes.

The transmitted torsional signal with a velocity of 3000m/s and a travel distance of
1.5m can be seen arriving at 0.5ms and multiple reflections from the end of the bar can
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be seen in increments of 1ms. The longitudinal mode travelling at 5000m/s can be seen
at 0.3ms and its reflections at increments of 0.6ms. Excitation of this longitudinal mode
is significantly reduced with the optimised design with a reduction in amplitude of
around 10dB relative to the desired torsional mode.

A frequency sweep analysis was performed where both the Teletest transducer and
the optimised transducer were used in pulse-echo mode and were individually
characterised. Ultrasonic frequency sweep measurements were made using 10-cycle
tone burst excitation signals with a centre frequency in the 20 − 120kHz frequency
range in increments of 5kHz. Each ultrasonic measurement was normalised to the first
pulse echo reflection from the end of the bar arriving at 1ms. The frequency response
of the Teletest transducer and the optimised transducer is shown as a time-frequency
response in Figure 5.18. Multiple torsional reflections can be seen at roughly 1ms
intervals with a travel distance of 3m. The response of the Teletest transducer shows a
degradation in performance at frequencies higher than 70kHz probably due to
resonances within the backing that caused ringing in the transducer. In contrast, the
frequency response of the optimised transducer with a smaller backing shows
consistent performance at frequencies up to 120kHz. With an operating frequency in
the range of 40kHz a significant drop in amplitude was observed.

FIGURE 5.18: Comparison of the time-frequency response of the (top) Teletest
transducer with the (bottom) optimised transducer.
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This ultrasonic response is likely due to the coupling of the eigenfrequency of the
width-polarised plate with a significant out-of-plane displacement reported earlier.
Torsional reflection was coupled with a slightly slower flexural mode that has a
similar velocity at higher frequencies. However, the flexural mode can be prevented
by excitation using multiple transducers.

The optimised transducer was used in an array design using a flexible connector and
a custom assembly procedure. The optimised transducer design achieved the design
constraints due to the rest of the system. The design of the array using sandwiched
PZT-5A PWAS, optimised backing layer and face plate is shown in Figure 5.19. An
array of optimised transducers is shown as installed on a 6-inch NPS Schedule 40 pipe.
The transducer array was part of a SHM system and its ultrasonic performance was
demonstrated through SHM trials at a refinery [45].

FIGURE 5.19: Design and application of optimised transducer in an array for
SHM application in a refinery.
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5.5 Summary

The numerical methodology established in Chapter 4 is used to characterise the
current Teletest transducer. Several FEA studies are carried out to analyse the design
parameters of the piezoelectric PWAS and the backing layer by evaluating the
influence of the design characteristics on the electromechanical and vibrational
frequency response of the transducer. The design parameters investigated for PWAS
included dimensions, polarisation direction, and electrode configuration. The results
suggested improvement in TS-mode operation with width-polarised PWAS and
further improvement with parallel electrode configuration by reducing unwanted
out-of-plane vibration caused by wraparound electrodes. The physical dimensions of
the backing layer and their influence on the electromechanical response of the
transducer were also investigated. The FEA studies guided the development of an
optimised transducer that achieved 10dB improvement in SNR and TS-mode purity
for torsional operation and non-resonant behaviour in a wider 20 − 120kHz frequency
range for SHM application using UGW.
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Chapter 6

GWT System Characterisation for
HT-SHM Application

6.1 Introduction

This study carried out an experimental characterisation of a transducer array for the
application of SHM to HTPs. The transduction system consisted of an array of
Teletest transducers characterised in Chapter 5 for the excitation and sensing of the
T(0, 1) UGW mode in pipes. Characterisation of the transducer array is carried out
through long-term UGW monitoring experiments on a full-scale pipe over a range of
representative EOCs and a temperature of up to 150°C. The characterisation focused
on the signal amplitude, purity of the T(0, 1) wave mode, thermal stability, and defect
sensitivity.

The experimental investigation was first carried out in a laboratory setting where the
Teletest transducer array was exposed to more than 1000 thermal cycles at
temperatures of up to 150°C over a period of six months. The sensitivity of the system
is evaluated using an artificially introduced defect of gradually increasing severity
from 1% to 4% loss of cross-sectional area during the monitoring period. The baseline
signal subtraction and temperature compensation methods introduced in Chapter 2
are applied to increase the defect sensitivity.

Another monitoring experiment was conducted on a HTP in an operational power
plant. The transducer array experienced a daily thermal cycle of temperatures up to
180°C for more than a year. The ultrasonic measurements are analysed to evaluate the
thermal stability, and the transducer behaviour over the monitoring is discussed.
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6.1.1 Motivation

For the application of SHM to HTPs, it is desirable for the UGW system to operate
reliably in the range of EOCs without any degradation in ultrasonic performance over
time. For the SHM application, ultrasonic measurements of the transducer array are
compared to a known baseline to identify and characterise any developing structural
changes. Therefore, to produce reliable information, the SHM system must be able to
differentiate changes due to damage from those caused by EOCs.

For an UGW transducer array, the inspection range and defect sensitivity are related
to the amplitude and SNR of the ultrasonic signal. To achieve the highest level of
purity for the generated axisymmetric T(0, 1) mode, it is essential that all transducers
in the array have the same signal amplitude and phase. This is difficult to achieve due
to the variability in the transducer output caused by manufacturing variation and its
response to EOCs.

When transducers are exposed to significant temperature variations, their ultrasonic
response is altered, leading to changes in their signal amplitude and phase. When
the phase or amplitude of all transducers changes uniformly, compensation can be
performed if a reference wave packet is present in the signal. However, temperature
can result in uneven amplitude and phase changes among transducers in an array.
When the excitation signal changes differently, it can lead to unwanted modes, such as
flexural modes. These non-axisymmetric wave modes are usually dispersive and can
significantly increase the coherent noise of the signal. This can significantly increase the
variation from baseline, mask the information about the defect, and limit the damage
sensitivity.

Repeated exposure to temperature changes can also degrade ultrasonic performance
over time. Therefore, it is crucial to characterise the ultrasonic performance of the
transducer array in EOCs and investigate its variation or degradation in performance
at high temperatures and thermal stability over time for SHM application.
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6.1.2 Aim and Objectives

This chapter aims to establish an experimental methodology to investigate the
performance of a UGW system for the application of SHM on high temperature
pipelines. The performance of the UGW system is characterised as a function of
temperature, and its reliability is evaluated in the simulated and actual EOCs. The
defect detection and sizing capabilities of the system are also evaluated by artificially
introduced defects. The key objectives of this study were to:

(1) Establish an experimental setup to characterise an UGW system for HT-SHM
application

(2) Assess the ultrasonic response of the transducer array in a range of operating
temperatures and analyse the effect of temperature on velocity, amplitude,
energy, phase, and SNR of the T(0, 1) wave mode.

(3) Assess the stability of the transducer array at high temperatures over time by
evaluating T(0, 1) wave mode FOMs mentioned in (2), but at high temperatures
over time.

(4) Evaluate the damage sensitivity of the high temperature UGW system as a
temperature function and assess whether it is maintained under varying
temperature conditions over time.

6.2 Ultrasonic Guided Wave Transducer Array

The HT transducer collar system was developed as part of the UltraSteamLine project
[250] funded by Innovate UK. The transducer collar was designed for application on a
4-inch NPS pipe and was made of a two-part stainless steel frame that held
transducer holder modules around the circumference of the pipe. The collar consisted
of 16 modules, with two HT-UGW Teletest transducers housed in each of the modules
to form the two-ring array, as shown in Figure 6.1. The 16 transducers in each ring
were evenly distributed around the circumference.

The Teletest transducers operating in TS-mode provided a tangential force on the pipe
surface for the excitation of the T(0,1) wave mode when provided with the same
electrical input. The two rings were axially separated by 30 mm, and this separation
was used to control the directionality of UGW. When released, the transducer holder
module had springs calibrated to apply an axial force of 200 N on each transducer.
This spring loading mechanism allowed the transducers to be dry coupled to the pipe.
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FIGURE 6.1: CAD drawing of the transducer collar array prototype designed
for HT operation. It shows the key components, including the collar
frame, transducer housing modules with spring loading mechanism and the

piezoelectric ultrasonic transducers.

This investigation was carried out before developing HT-UGW transducers for 350°C
and 600°C as described in Chapter 8. Therefore, the transducer array used in this
study consisted of the existing HT variant of the Teletest transducers. The previous
study that developed these transducers has reported stable transducer performance
for 35 days at 250°C [174]. The transducer array was characterised at high
temperatures of up to 250°C; however, no long-term monitoring experiments were
performed. A field trial was attempted, but because operational temperatures reached
350°C, only measurements at ambient temperature were recorded before the
transducers depolarised within the first 14 days.
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6.3 System Characterisation in Simulated EOCs

6.3.1 Experimental Setup

The described transducer array was installed on a 6m long 4 − inch NPS schedule 40
pipe specimen near one end of the pipe. The transducer collar was connected to the
Teletest Pulser-Receiver unit for ultrasonic transduction. Each ring was divided into
eight segments of two transducers, each octant connected to a single channel in the
pulser-receiver unit using high-temperature wires. HT operating conditions were
simulated using flexible ceramic pad heaters that were wrapped around either side of
the collar array. The experimental setup is shown in Figure 6.2.

FIGURE 6.2: Experimental setup for high temperature guided wave monitoring
showing the installation of transducer array, thermocouples, temperature

regulator and their connection with the measurement equipment.
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The heating mats were powered by a Stork Cooper Heat temperature regulator unit
[251]. A temperature control thermocouple was welded to the centre of the transducer
array to ensure uniform heat exposure to all transducers. The temperature reading
of this thermocouple was used to control the relays to turn on the high-power input
connected to the heating mats. The heating mats were covered with high temperature
fibreglass insulation to minimise heat loss. Four K-type thermocouples were installed
in each quarter of the collar array and connected to a Pico TC-08 logger to measure the
temperature distribution around the circumference of the transducer array during the
experiments.

The temperature regulator heated the mats until the temperature reading from the
control thermocouple had reached the target temperature. The controller then turned
on and off repeatedly to keep the temperature steady. After the temperature
stabilised, the high temperature ultrasonic measurements were acquired.
Measurements with 128 averages took less than 30 seconds, so the temperature did
not change significantly during signal acquisitions.

6.3.2 HT-UGW Monitoring Data Collection

A data acquisition script was used to establish an automated test routine for data
collection during the monitoring experiment. Ultrasonic measurements from the
Teletest system and the corresponding temperature profile from the Pico data logger
were recorded before and after each ultrasonic measurement. Ultrasonic
measurements were acquired in pulse-echo mode and the transducers were excited
with a ten-cycle Hanning modulated toneburst signals of centre frequencies of 40 kHz,
50 kHz, and 60 kHz.

The HT-UGW measurements were taken at increasing temperatures in steps of 25°C to
150°C and at 150°C over time. To investigate the sensitivity of the UGW system at high
temperatures, a defect (as illustrated in Figure 6.3) was added and gradually increased
during the monitoring experiment. This was done to determine the minimum level of
damage that can be detected in representative EOC. An artificial crack-type saw-cut
defect was introduced at 1m from the end of the pipe on the opposite side where the
collar was installed. The length and depth of the sawn-cut defect were calculated using
Equations (6.1) and (6.2), respectively.
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FIGURE 6.3: Schematic of the pipe cross-section showing the artificially
introduced defect and its length (y) and depth (d) in the lateral and axial direction.

The size of the defect was gradually increased in 4 steps of loss of 1% CSA from 1%
to 4% CSA to simulate the growth of the defect. The introduced saw cut defects of
increasing size are shown in Figure 6.4.

FIGURE 6.4: Artificial saw-cut defects of increasing size from 1% to 4% pipe CSA
introduced 1 m away from the far pipe end during the monitoring experiment.

The monitoring experiment lasted more than 200 days, during which 12,000
ultrasonic data sets were collected. The temperature of the pipe during the
experiment is shown in Figure 6.5. First, baseline ultrasonic measurements were
taken from pristine pipe samples for 75 days. The baseline data set covered ambient
and HT ultrasonic measurements covering a temperature range from 20°C to 150°C.
The transducer array was exposed to three thermal cycles from ambient temperature
to 150°C and 8,000 thermal cycles from 130°C to 150°C. The latter was due to the
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on-off control of the temperature regulator. In summary, a total of 7000 baseline
ultrasonic measurements were recorded. This dataset was used to analyse the
influence of increasing temperature and thermal cycles on the ultrasonic performance
of the transducer array. After baseline measurements, a saw cut defect of 1% CSA was
introduced. This defect was gradually increased over 30 days in increments of 1%
CSA at 1-week intervals up to 4% CSA, while ultrasonic measurements were
continuously recorded.
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FIGURE 6.5: Average pipe temperature recorded with each of the 12000 ultrasonic
measurements during the monitoring experiment. Measurements are colour-

coded to indicate the damage category.

Before each increment in defects, the pipe temperature was returned to ambient
temperature to collect ultrasonic measurements for the entire temperature range.
After adding the final defect of 4% CSA, the ultrasonic measurements were taken for
an additional 90 days while the transducer array temperature was maintained at
150°C. This data set served as a basis to evaluate the stability of the transducer array
with long-term exposures to high temperatures and to assess the sensitivity to
damage detection over time for the SHM application. A summary of the monitoring
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data, including the number of ultrasonic signals collected for each increment in the
defect, its temperature range, and the dimensions of the saw-cut defects, are given in
Table 6.1.

TABLE 6.1: Summary of ultrasonic measurements collected during the guided
wave monitoring experiments.

Signal Time No. of Defect Size
Description (Days) Meas. CSA (%) y (mm) d (mm)

Baseline 1-71 7000 0 0 0
Damage 1 71-79 530 1 24.2 1.3
Damage 2 79-85 380 2 30 2
Damage 3 85-93 530 3 34.5 2.6
Damage 4 93-203 5230 4 37.6 3.2

The pulse-echo waveform in the forward direction was obtained by combining the
ultrasonic measurements from the transducer rings. An example of the pulse-echo
measurement from the transducer array and the TOA analysis of the experimental
setup is shown in Figure 6.6. Two examples of ultrasonic measurements are shown
from the baseline and Damage 4 datasets acquired using the centre frequency 60 kHz
at a temperature of around 150°C. These are presented as a time series of filtered
responses normalised to the first Forward Pipe-end reflection (FP1) that can be seen at
3.5ms (5.7m). This is followed by a reflection at 3.8ms (6.2m) comprising the
overlapping echoes of the second Backward Pipe-end reflection (BP2) due to
imperfect backward cancellation and the second Forward Pipe-end reflection (FP2). A
zoomed-in view in the time series shows the reflection from the Defect (FD1) around
2.9ms (4.7m) however, the change is relatively small and can be masked by the noise.

These signals are also translated into an A scan1 using the envelope derived from the
Hilbert transform so the noise floor can be visualised in dB scale relative to the FP1
reflection. From the A-scan, the coherent noise floor is seen around −30dB relative to
the FP1 reflection. For the detection of defects using a single measurement, a threshold
of 6dB is generally required, which in this case was −24dB. Although the FD1 signal
in this example measurement was above the noise floor with −27.4dB but below the
threshold, highlighting the need for advanced signal processing techniques.

1Distance on the x-axis converted using the group velocity of the T(0, 1) wave mode.
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FIGURE 6.6: Schematic of the measurement setup used for acquiring high-
temperature ultrasonic signals and time of flight analysis on an example
ultrasonic signal to show the expected ultrasonic guided wave response -
Forward and Backward Pipe-end echoes (FP1 and BP1) and their second

reflections (FP2 and BP2) and the echo from the Defect (FD1).
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6.3.3 Effect of Temperature on UGW Measurements

Pulse-echo measurements from the transducer array were analysed at increasing
temperatures from ambient to 150°C. Selected high temperature measurements
between 25°C and 150°C acquired with excitation frequencies of 40kHz, 50kHz and
60kHz are shown in Figure 6.7.

FIGURE 6.7: Pulse-echo UGW measurements at increasing temperatures of up to
150°C for excitation frequencies of 40, 50 and 60 kHz.

In the waterfall plots for each frequency dataset, the signal amplitude of the HT
measurements is normalised to the FP1 reflection of their respective signal at 25°C to
highlight the signal variations with increasing temperatures. The time of arrival of
FP1 and FP2 is marked by dashed lines, and it can be seen that the wave propagates
at a slightly reduced velocity as observed with the later arrival of the second wave
packet. Since no reflections were expected before 3ms, the time window between
0.5ms and 3ms is considered coherent noise. It can be seen that the coherent noise
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increased with increasing temperatures and was more prominent with excitation
frequencies of 40kHz and 50kHz. This coherent noise may have resulted from the
mode conversion due to BP1 reflection or flexural modes being excited by the
transducer array due to the uneven influence of temperature on the transducers.

The performance of the transducer array is characterised by analysing the change in
signal amplitude, phase, SCNR and time of arrival of the FP1 reflection from the HT
measurements. The effect of increasing temperatures on FOMs is shown in Figure 6.8.
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FIGURE 6.8: Pipe-end signal amplitude, phase, SNR, and arrival time as a
function of temperature with excitation frequency of 40, 50 and 60 kHz.

The peak-to-peak signal amplitude displayed a linear increase with temperature for
all three excitation frequencies. The amplitude of the signal at ambient temperature
was 125mV(40kHz), 130mV(50kHz) and 100mV(60kHz), which at 150°C increased by
a factor of 2-2.5. This increase in amplitude is potentially a combined effect of the
change in material properties of the transducer components, their thermal expansion,
and (or) expansion of the transducer array frame or springs, which may have led to an
increase in coupling force to the transducers.
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The phase delay and arrival time also showed a linear trend with temperature for all
three excitation frequencies. This change is due to the combined effect of temperature
on the transducer array and the waveguide. However, because the waveguide length
did not have a uniform temperature distribution, it is difficult to analyse the
contribution of the waveguide alone. However, the delay in arrival time at 150°C
relative to ambient temperature was around 10µs for all three excitation frequencies.
The phase delay at 150°C relative to the ambient temperature for 40kHz, 50kHz, and
60kHz was -150°, -160°and -200°, respectively.

The SNR of the transducer array at ambient temperature was in the range of 34 to 40
dB. The SNR response to increasing temperature was nearly linear, except for slight
deviations observed at 75°C and 100°C. This is probably due to the interference of
phase-shifted excitation signals from different transducers. The SNR for the excitation
of 40kHz and 50kHz at 150°C decreased by ≈ 6dB, while it increased by a similar level
for 60kHz. This response resulted from the higher coherent noise observed with
40kHz and 50kHz which can also be seen with an increase in the variation in spectral
amplitude of more than 15% in comparison of <8% for 60kHz. Nevertheless, the SNR
at 150°C for the three frequencies was higher than 30dB and highest for 60kHz at 43dB.
Thus, the following defects sensitivity studies only considered measurements with
60kHz excitation frequency.

6.3.4 Defect Sensitivity at High Temperatures

A subset of the monitoring database was created using only high-temperature
measurements to analyse the defect detection sensitivity of the transducer array at
high temperatures. This subset included 3260 measurements with increasing defect
size, collected over a 90-day period from Day 30 to Day 120. The temperature for
these measurements ranged between 138-154°C. To characterise defect sensitivity, a
single baseline measurement with 60kHz excitation frequency is compared with four
measurements corresponding to each defect size acquired at a similar temperature
(∆T < 0.5C) as the baseline considered to reduce any temperature influences. The
measurements are shown in Figure 6.9 and an increasing amplitude of the FD1 defect
reflection is highlighted. The amplitude of the defect reflection is above the noise floor
only for the sizes of the defects of 3% and 4% CSA. For the 4% CSA defect size, the
defect reflection is 6dB above the noise floor of −35dB, suggesting that it can be
detected with a single baseline measurement collected at the same temperature. The
defect reflections from 1% and 2% were masked by coherent noise. However, this may
be improved by more sophisticated defect detection and temperature compensation
methodologies.
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FIGURE 6.9: Ultrasonic measurements at 150°C with increasing defect size.
Measurements are normalised to pipe-end reflection at 3.6 ms and the increasing

reflections from the introduced defect at 2.9 ms.

The OBS and BSS methodologies described in Chapter 2 are applied to this monitoring
data set. For each of the 1000 measurements, an optimum baseline measurement was
selected that minimised RMS of the residual signal after subtraction. An example of the
residual signal from OBS and BSS for each defect category is given in Figure 6.10. The
residual signals are plotted as relative amplitudes to the FP1 reflection. The residual
signal was in the -45 to -50dB range. An increase in the signal residual from the FD1
defect reflection at 2.9ms. The residual signal amplitude for the 1% CSA defect was
still within the residual noise. The 2% CSA defect signal had a residual of 3dB above
the noise floor.
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FIGURE 6.10: Residual signals after optimum baseline selection and baseline
subtraction; applied to measurements from increasing defect size in the

temperature range of 140-150°C.

Two hundred measurements from each defect category were selected for analysis of
the defect monitoring capability of the transducer array. This monitoring data set
consisted of measurements recorded in the 120-150°C temperature range. The SNR of
the time window where the defect signal was expected is shown in Figure 6.11. The
SNR within the baseline ranges within the ±5dB range, and this defines the coherent
noise floor. The measurements corresponding to the 1% CSA defect were within the
noise floor. The 2% CSA defect signal crossed the threshold, but only for temperatures
below 135°C. The measurements corresponding to the 3% and 4% defects were clearly
distinguishable.
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FIGURE 6.11: SNR of the defect reflection over the 120 day monitoring period at
temperatures ranging from 120-150°C calculated from 200 measurements of each

defect category.
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DTW algorithm from Matlab [252] was used to apply signal stretching to improve the
temperature compensation algorithm. The residual signals after applying DTW are
shown in Figure 6.12. The residual signal level was in the range of -55 to -50dB, which
was an improvement of ≈ 5dB compared to just OBS alone. However, the residual
signal from the defect was also reduced by around 2dB. This reduction in residual
level is caused by
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FIGURE 6.12: Residual signals after optimum baseline selection and baseline
subtraction with dynamic time warping; applied to measurements from

increasing defect size in the temperature range of 140-150°C.

The maximum residual signal levels from the subtraction of the baseline signal using
OBS are compared with that of OBS with DWT for all defect categories in Figure 6.13.
A reduction of ≈ 2.5dB was achieved in residual signal levels within the baseline data
set, which is associated with coherent noise. Although the variance in the baseline
residual signal of ±5dB was similar with both approaches, the number of outliers
possibly caused by phase differences was significantly reduced. The residual signal
level in the case of OBS increased with increasing defect size, but only the 4% CSA
defect was outside the variance within the baseline. However, with DTW, there was a
significant step change in the residual level with DTW even for the smallest 1% CSA
defect. The variance within each category was more pronounced with DWT, possibly
due to a generally reduced residual signal level, as explained earlier. Both approaches
showed a similar residual level for 2-4% CSA with DWT significantly outperforming
for the smallest defect, provided that baseline outliers are ignored.
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FIGURE 6.13: Comparison of residual signal level from baseline signal
subtraction using (left) OBS and (right) OBS with DWT.

The analysis was extended to all the monitoring data, including the measurements
recorded at a finer resolution. A combination of OBS, DTW and BSS was used to derive
the residual signal. The SNR of the FD1 reflection time window was computed against
the RMS of the residual signal. Two hundred measurements and the corresponding
SNR for each defect category are presented in Figure 6.14. The baseline spread was still
around 5dB, however, the smallest defect in 1% CSA had a step change of 4dB. This
suggests that if ultrasonic measurements are available at finer temperature increments
of around 0.25°C, the sensitivity to defects can be greatly improved.
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6.3.5 System Thermal Stability

Ultrasonic stability was evaluated by analysing the monitoring data set from Day 110
to Day 200. This data set was associated with a 4% CSA defect and included 8000
ultrasonic measurements taken in the temperature range of 130°C to 155°C. As
described earlier, due to on-off control of the temperature regulator, the transducer
array experienced six thermal cycles of ±6°C each day.

The signal amplitude and SNR of the FP1 reflection were analysed from these HT
ultrasonic measurements. These FOM are analysed to assess the stability of the
performance of the transducer array and are plotted as a time function in Figure 6.15.
The signal amplitude is normalised to the value (245 mV) at the beginning of the
monitoring period. No signal amplitude degradation was observed, demonstrating
the thermal stability of the transducer array. The SNR varied by less than 3dB. The
nearly linear relationship between the signal response (both amplitude and SNR) with
increasing temperatures is evident in the precise colour segmentation in both plots.
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FIGURE 6.15: Signal amplitude and SNR of pipe end reflection in the temperature
range of 130-155°C over the final 90 days of the monitoring period.

These results demonstrate the stability of the transducer array for SHM application to
HTPs operating at temperatures up to 155°C. Ultrasonic measurements corresponding
to each excitation frequency at the start and end of the 210-day thermal soak test were
compared as shown in Figure 6.16. A stable response can be seen for all frequencies.
However, the 4% CSA defect was masked within the much higher coherent noise with
40kHz excitation.
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FIGURE 6.16: Ultrasonic measurements at the start and end of the monitoring
experiment showing signal stability and defect reflection.

6.4 Performance characterisation in a Power Plant

6.4.1 System Installation

The UGW system was installed in a functioning gas-fuelled power station operated by
SSE in Medway, Rochester, UK; to assess the performance in real operation conditions.
The installation process and the monitoring data collection were carried out according
to the business operations of the plant. The transducer array was mounted on a 4-
inch Schedule 40 pipe in the IP Economiser to IP Steam Drum Line. This pipeline was
chosen because of its temperature rating of 160°C suitable for the HT transducer array;
however, it had a complex set of features. The pipe was 2.9 m long with two 90°1.5D
bends on either side, as shown in Figure 6.17.

The welds between the straight and curved sections are labelled BW1 and BW2. The
transducer array was installed 0.5m in front of BW1 and had BW2 1.7m away in the
forward direction. Within the straight section of the pipe, a T-piece was present at 1m
and is referred to as TP. There were circumferential girth welds on either side of the TP
feature, labelled W1 and W2, 0.8m, and 1.1m from the transducer array, respectively.
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FIGURE 6.17: Installation of the transducer array in an operational power plant
showing the installed location and key pipe features.

The transducer array was installed during a routine outage when the pipeline was at
ambient temperatures. The insulation of the pipe was removed to gain access to the
pipe surface and the surface scale was removed with a wire brush to achieve better
transducer coupling; however, the surface was not even. Four thermocouples were
installed at the four quadrants of the transducer array. The pipe insulation was restored
to either end of the transducer array and an insulation sheet covered the top to avoid
direct water ingress in rainy conditions as this was located on the roof in the open air.
The thermocouple and high-temperature cables from the transducer array were fed
along a support beam to the platform level above. They were connected to a custom-
built data logger placed away from HT, which consisted of a mini-computer, a Teletest
Pulser-Receiver unit, a Pico TC-08 temperature logger, and data storage drives. The
same Python data acquisition scripts developed for laboratory experiments were used.
The data logger was powered by a 110V power supply that was available on-site.
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6.4.2 Monitoring Data Collection

The monitoring trial was carried out over a period of 425 days. The data logger was
programmed to collect UGW measurements and the corresponding pipe temperature
at intervals of 30 minutes, resulting in approximately 50 measurements each day. Due
to the lack of network connectivity on site, the data logger measurements were not
remotely accessible. Data was recovered from the logger by visiting the installation
site on Day 55, Day 230, and Day 425. More than 11,000 ultrasonic measurements
were collected during the 425-day monitoring period, while the transducer array was
exposed to live operating conditions. The pipeline temperature corresponding to each
of the ultrasonic measurements during the field monitoring trial is shown in Figure
6.18.
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FIGURE 6.18: Pipe temperature measurements during the in-service monitoring
trial. The zoomed views at the bottom show the daily temperature fluctuations

experienced by the transducer array due to the plant operating schedule.
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The gas-fired power plant operated reactively to meet grid generation demands,
which resulted in regular temperature cycles during the monitoring period. From the
temperature time-series data, it can be observed that the plant was operational for
approximately six to eight hours each day. The transducer array therefore
experienced a daily thermal cycle with temperature swings between 50°C and 150°C
or 70°C and 180°C according to the operation parameters of the plant.

The first 400 measurements were recorded during the routine outage when the system
was installed. These measurements were recorded at ambient pipe temperatures
ranging from 8°C to 14°C. On the first data retrieval visit on Day 55, an issue with the
data logger was observed. The problem was associated with a power outage on Day
10, just before the plant would go operational, as informed by the plant operator. The
power outage interrupted the data logger and did not restart, resulting in no
measurements being collected between Day 10 and Day 55. The data logger was
restarted on Day 55 and measurements were taken at temperatures ranging from 50°C
to 150°C. There was no reported outage between Day 10 and Day 55 so it is assumed
that the transducer array experienced daily thermal cycles of similar temperature
range.

After 500 measurements on Day 70, a similar data logger error had occurred. However,
this was not identified until Day 230, when the second data retrieval visit was made.
This issue led to another measurement gap, although the transducer array was left
installed and exposed to operating temperature conditions. To avoid this issue, the
data logger was programmed to restart at the end of each day. When the data logger
was restarted on Day 230, the operating temperatures of the pipe ranged from 70°C to
180°C. This change in operational temperature may have occurred anytime between
Day 70 and Day 230, and no further data from the plant operators was available to
confirm that. However, more than 10,000 measurements were collected from Day 230
to Day 425 in this temperature range. In summary, more than 11,000 measurements
were recorded during the 425-day monitoring period, in which the transducer array
was exposed to a daily thermal cycle with a temperature range between 8°C and 180°C.

6.4.3 Ultrasonic Measurement and Analysis

A schematic of the measurement setup and an example of the ultrasonic measurement
are shown in Figure 6.19. The TOA analysis and the reflection from the known
features are annotated in the example measurement. The reflections from the
circumferential girth welds, W1 and W2, can be observed at 0.5ms and 0.7ms,
respectively. The BW1 feature was in the backward direction, but its reflection can be
seen at 0.3ms due to imperfect backward cancellation. The reflection of BW2 can be
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seen at 1.5ms. The BW2 reflection is relatively low in amplitude and appears distorted
due to the attenuation from the TP feature. In addition, the non-axisymmetric T-piece
and pipe bend introduced mode conversion. Therefore, signals beyond the W2
feature are complicated with coherent flexural noise, which challenges their
interpretation. Therefore, the analysis of the stability of the transducer array will only
consider the W1 and W2 reflections.
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FIGURE 6.19: Illustration of the pipe in the power plant used to acquire high
temperature guided wave measurements showing key pipe features with an

example measurement presented as A-scan and C-scan.
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6.4.4 Performance in Operational Conditions

The performance of the transducer array was evaluated by analysing the ultrasonic
pulse-echo measurements over time. The transducer array was used to excite an
axisymmetric T(0, 1) wave, and the analysis focused on the ultrasonic reflections from
known pipe features, including W1, TP, W2, BW1, and BW2. These ultrasonic
measurements were normalised to the W1 reflection to compensate for amplitude
changes and visualise the stability of the ultrasonic response over time. As a result, a
consistent ultrasonic response over time can be seen through the distinct W1 and W2
reflections of the TP pipe feature at 0.8m and 1.1m, respectively. The amplitude and
SNR of the reflection of the W1 feature were analysed over time. The normalised
signal amplitude and SNR of W1 reflection as a function of temperature over 425 days
are shown in Figure 6.20. A subset of randomly selected ultrasonic measurements
from the period up to Day 70 is also shown.
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FIGURE 6.20: Signal amplitude and SNR of pipe weld reflection in the
temperature range of 20-190°C over the 435 days monitoring trial and example

high temperature measurements between Day 60-70.

From the start of the monitoring experiment to Day 10, the maximum amplitude of
the W1 reflection was 1mV and varied by ± 0.25mV under ambient temperature
conditions. The corresponding SNR was 20dB and varied by ±5dB. On Day 55, when
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data collection was resumed, an amplitude drop of around 20% and a reduction in
SNR of 6dB were observed under ambient temperature conditions. However, both
SNR and amplitude increased with increasing temperatures, and at 150°C, their
values were relative to those under ambient temperature conditions on Day 1. From
Day 230 to Day 425, a gradual decrease in amplitude and SNR can be observed, which
is more significant after Day 300. As the transducer array displayed a stable response
with long-term exposure at 150°C, it is believed that continuous thermal cycling from
ambient temperatures up to 180°C during plant operation accelerated the thermal
ageing which degraded the transducer performance. At the end of the monitoring
experiment, the amplitude and SNR were reduced by 50% and 15dB, respectively.

6.4.5 System Stability Analysis

To assess the system stability, ultrasonic measurements from the monitoring dataset
with minimal signal residual were selected for ambient and high temperature range.
The measurements are shown in Figure 6.21. The signal amplitude is normalised
against the W1 reflection from the measurements from the start of the monitoring
period. of respective.
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FIGURE 6.21: Selected ultrasonic measurements at ambient and high temperature
during the monitoring trial. The signal amplitude is normalised against the pipe

weld reflection at the beginning of the monitoring period.

The ambient temperature measurements at ≈ 15°C show consistent W1 and W2
reflections up to Day 250. A significant drop in amplitude can be seen in the
measurement on Day 308, whereas, on Day 428, no reflections were observed. From
the measurements at 150°C, the W1 and W2 reflections can be seen up to Day 65.
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However, in measurements from Day 255 onwards, a decrease in amplitude together
with increased coherent noise masked the reflections. This is possibly associated with
non-uniform degradation or failure of some transducers in the array due to
accelerated ageing that would led to generation of non-axisymmetric wave modes.

The degradation in ultrasonic performance was further investigated by analysing the
ultrasonic measurements from each of the sixteen channels, which accounted for three
transducers. The signal amplitude of the W1 reflection normalised with the respective
value at Day 1 as measured by individual channels is shown in Figure 6.22. All
channels were operational from the response on Day 55, with their amplitudes
increasing with temperature, as expected. However, on Day 255 the analysis indicated
that channels CH2, CH5, CH7, CH9, CH11, CH12 and CH15 had declined. Their
reduction in signal amplitude was around 30% or 60%, suggesting a failure of one or
two of the three transducers connected to each channel.

FIGURE 6.22: Normalised signal amplitude measured from transducers in each
of the sixteen channels over the 425 day monitoring period.

The remaining nine channels showed consistent signal amplitude and slight
degradation of up to 10% throughout the monitoring period. It is important to note
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that for two stable channels, including CH3, CH6, CH10, and CH13, the response of
the signal amplitude to increasing temperatures was not linear as expected. On the
contrary, the channels CH4, CH8, CH14 and CH16 showed a very stable response
during the 425-day monitoring period. These channels were in symmetric positions in
each quadrant, suggesting that there may have been buckling of the transducer array
fixture that resulted in uneven or reduced dry-coupling force to the transducers. This
may also have been aggravated by any nonuniformity in the pipe cross section
resulting in a nonuniform force distribution around the array. The coupling force was
not monitored, so the hypothesis could not be confirmed. This analysis confirmed
that non-uniform degradation due to failure of some transducer and changes in dry
coupling force led to reduction of ultrasonic output and increased generation of
non-axisymmetric modes reduced the SCNR for T(0, 1) operation.

After the monitoring test, the transducer array was retrieved and disassembled for
inspection. The mechanical fixture and fastners of the transducer collar had become
stuck and needed extensive force to be dismantled from the pipe. Some transducer
wear plate had adhered to the surface of the pipe and cracked during dismantling.
Closer inspection of other transducers revealed crack-type damage to the face plate of
the transducer, as highlighted in Figure 6.23.

FIGURE 6.23: Transducer collar array after the monitoring trial showing damaged
transducers with cracked face plate and transducer holder springs showing loss

in compression force.
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This failure could have resulted from excessive coupling forces on the transducer,
continuous thermal cycles, expansion of adhesives, residual thermal stress, or a
combination of these. Since most of the transducers had visual signs of damage, no
ultrasonic experiments were performed with these. The springs used in the
transducer collar were examined after the monitoring test and revealed a reduction in
length 10%. This was equivalent to a loss of ≈ 100N (50%) in the dry coupling force to
the transducer that will have impacted the ultrasonic output. Long-term exposure to
high levels of stress and temperature may have resulted in thermally activated plastic
creep in the springs. This problem was not evident in the initial laboratory
experiment due to a more gradual heating rate and a much lower dwell temperature
of 150°C.

6.5 Summary

This chapter investigated the ultrasonic performance of an GWT system with HT
Teletest transducers for SHM application to HTP. Monitoring experiments were
carried out under various extreme conditions, within the temperature limits of the
system to prevent deterioration. A 200-day monitoring experiment was carried out
with simulated EOCs such as high temperature and introduction of defects.
Ultrasonic FOM including torsional T(0, 1) signal amplitude, signal-to-coherent noise
and defect sensitivity as a function of temperature. The signal amplitude and SNR
were highly stable during the monitoring period, with a variation of less than 5% and
1dB, respectively. The defect sensitivity was also demonstrated to be at 4% CSA. A
combination of OBS, DTW, and BSS techniques was used to improve the sensitivity to
defects and produced encouraging results even for the smallest 1% CSA defect
introduced. This validated the performance of the transducer array for SHM
application to HTPs, highlighting its thermal stability, consistent ultrasonic
performance, and the application of temperature compensation techniques to enhance
the sensitivity to defects in a range of EOC. Operational testing in a HTP in a power
plant, which included a complex pipe configuration, revealed reduced signal
amplitudes and SNR due to its complex geometry. During the 425-day monitoring
period, the extreme EOCs had exceeded the rated temperature limits, leading to
gradual deterioration of the transduction system and failure of some transducers. The
analysis highlighted shortcomings in the transduction system for higher-temperature
use, including the mechanical collar fixture for further improvements.
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Chapter 7

HT-PUT Material Selection and
Characterisation

7.1 Introduction

This chapter is dedicated to the selection and characterisation of HT-PWAS for the
design of PUT intended to operate at temperatures of 350°C and 600°C. Two HT
piezoelectric materials are selected for these target temperatures based on their
TS-mode performance and commercial availability. Their design optimisation for
TS-mode operation and HT performance characterisation is carried out using the
experimental and numerical methodologies demonstrated on the PZT-5A material in
Chapter 4. Their HT-FOMs, including elastic, dielectric, and piezoelectric properties,
are characterised at respective target temperatures and also compared with the
reference material PZT-5A. Their performance stability is analysed over a 1000-hour
period to assess their suitability for HT-SHM application at the target operational
temperatures.

7.1.1 Motivation

The piezoelectric material is the active and primary component of an HT-UGW
transducer; therefore, the selection of a suitable material and its performance
characterisation are critical to the PUT design. The properties of the piezoelectric
material, including the elastic, dielectric, and electromechanical properties, are
anisotropic and depend on the mode of operation, the direction of polarisation, and
the cut of the crystal for single crystals. The temperature response of these anisotropic
properties can vary and degrade due to various failure mechanisms described in
Chapter 2.
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Piezoelectric materials operating in TS-mode are required for the design of PUT for
the application of UGW. Therefore, characterising the HT response of their TS-mode
properties is crucial for their verification and evaluation of operational effectiveness.
The temperature coefficients of these TS-mode properties are useful for accurate
numerical analysis, as demonstrated in Chapter 4. These HT-FOMs for the TS-mode
operation have been characterised and well documented for widely used materials as
reviewed in Chapter 3. However, not all TS-mode properties and their temperature
characteristics are available, may deviate from those reported due to differences in
electrodes and polarisation, or may not be available for the entire temperature range
considered. These FOMs must also be characterised at the target operating
temperatures for extended periods to assess thermal stability. A stable response will
ensure that its use in PUT will provide a consistent ultrasonic output for HT-SHM
application.

7.1.2 Aims and Objectives

The purpose of this chapter was to select and validate piezoelectric materials for their
application in HT-UGW transducers for continuous operation at temperatures of 350°C
and 600°C. The key objectives of this chapter are:

(1) Review of commercially available HT piezoelectric materials and their TS-mode
FOMs relevant for UGW-PUT application.

(2) Selection of candidate piezoelectric materials and compatible electrode materials
for target operating temperatures of 350°C and 600°C.

(3) Characterisation of TS-mode FOMs of the candidate piezoelectric materials up
to their target operating temperatures to assess their suitability for HT-UGW
transducer design.

(4) Evaluation of the stability of TS-mode FOMs at the target operating temperature
for extended periods to assess their suitability for HT-SHM application.
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7.2 Design of HT Piezoelectric Plates

7.2.1 Selection of Piezoelectric Materials

The selection of the piezoelectric material is based on its electromechanical properties
described in Chapter 2. A recommended FOM for ultrasonic application is the
product of piezoelectric charge (dij) and voltage coefficients (gij) [253]. A higher value
of this FOM gives a higher electromechanical coupling coefficient k, defining the ratio
of stored electrical energy to applied mechanical energy and vice versa. The
maximum recommended operational temperature (Tmax) is also considered to avoid
domain-related thermally activated ageing behaviour in ferroelectric materials.
Previous studies have suggested that temperatures above 1/2Tc can accelerate
thermal ageing and degradation of properties [254]. Unless specified in the material
datasheets, Tmax was assumed to be 1/2Tc. For single crystals, the phase transition
temperature was taken into account.

From the HT piezoelectric materials reviewed in Chapter 3, only a subset was
commercially available and had Tmax suitable for the intended target temperatures of
350°C and 600°C. These candidate piezoelectric materials, along with their FOM and
Tmax are shown in Figure 7.1. The PZT-5A piezoelectric material used in the Teletest
transducer is marked in blue for reference.

FIGURE 7.1: Commercially available HT piezoelectric materials, their maximum
operating temperature and TS-mode electromechanical coupling factor.

The candidate materials included Pz32, Pz45, Pz46 from Ferroperm [255]; K81, K83
from Keramos [256]; K15 - Piezo Technologies [257]; HPZ510 from Ionix Advanced
Technologies [258]; BT200 (BS-PT based material) from TRS Technologies [259];
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LiNbO3 from Roditi [143]; GaPO4 from Piezocryst [260]. The electromechanical
coupling factors for these candidate materials were taken from their data sheets.

The K-81, K-83 and K-15 materials were modified lead titanate. They were not
selected as previous studies on lead titanate-based materials have reported sudden
dielectric loss at 350°C and significant thermal degradation especially at low
frequencies [122, 123]. Pz46 and HPZ510 were modified bismuth titanate, with k of
HPZ510 ≈50% higher than Pz46. The Tmax of 500-550°C specified for Pz46 is ignored
and assumed not for continuous operation with a Tc of 650°C. Thus, HPZ510 was
selected for continuous operation at 350°C. For the target temperature of 600°C,
GaPO4 was chosen as LiNbO3 is known to suffer chemical decomposition at 600°C
due to oxygen loss [132].

7.2.2 Selection of Electrode Materials

The high-temperature electrode materials reviewed in Chapter 3 were considered for
the selected HPZ510 and GaPO4 piezoelectric materials. Electrode materials with CTE
similar to those of candidate piezoelectric materials were considered to ensure
compatibility and avoid the requirement of an additional electrode matching layer.
For the HPZ510 plate, an electrode of gold was chosen as the CTE of gold (14.2
ppm/°C) matched well with the CTE of HPZ510 (13.5 ppm/°C). For GaPO4, platinum
was chosen as the electrode material, as it has excellent conductive properties, resists
oxidation and has demonstrated HT performance without degradation up to 650°C
[173]. The CTE of Pt (9 ppm/°C) matched well with the CTE of GaPO4 (12.78
ppm/°C).

7.2.3 Fabrication of Piezoelectric Plates

Piezoelectric plates of the selected HPZ510 material were manufactured by Ionix
Advanced Technologies Ltd. and GaPO4 by Piezocryst Advanced Sensorics GmbH.
Rectangular plates with nominal dimensions of L = 13mm, W = 3mm and T = 0.5mm.
The plate dimensions were similar to those of PZT-5A PWAS characterised in Chapter
4 and were chosen to avoid any mode coupling and achieve clean vibration in
TS-mode for accurate characterisation. As a length-to-thickness ratio of less than ten
can introduce additional vibration modes [62].

The GaPO4 plates were obtained in the Y − cut(YXl)0°configuration as a previous
study on different crystal orientations has identified Y − cut to achieve a pure shear
mode vibration [261]. The HPZ510 plate was manufactured with polarisation along
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the W = 3mm dimension. The piezoelectric plates manufactured from materials
GaPO4 and HPZ510 are shown in Figure 7.2.

(A) (B)

FIGURE 7.2: Piezoelectric plate samples used for material characterisation
showing (a) GaPO4 with Platinum coating and (b) HPZ510 with Gold coating.

Platinum and gold electrodes were applied to the GaPO4 and HPZ510 piezoelectric
plates in a wrap-around electrode configuration using the magnetron sputtering
technique PVD. The manufacturer recommended electrode thickness of 100nm was
used. The electrode for ground connection was applied to one of the two large faces
(13mm x 3mm), its adjacent end face (3mm x 0.5mm), and part of the second large
face (2mm x 3mm). The input voltage electrode was applied on the second large face
(10mm x 3mm) with a 1mm gap from the ground electrode, which was achieved by
applying a micromasking tape before sputtering.

7.3 Electromechanical Characterisation

7.3.1 Characterisation of TS-mode FOMs using EMIS

The HT-EMIS methodology described in Chapter 4 was used to measure the
electromechanical impedance response of the HPZ510 and GaPO4 plates at increasing
temperatures. The EMI spectrum was measured for five samples of each candidate
piezoelectric material. The EMIS measurements on each HPZ510 and GaPO4 plates
sample were performed at temperature increments of 25°C up to 525°C and 600°C1,
respectively.

The EMIS response from each of the samples was analysed to extract the characteristic
resonance ( fr) and anti-resonance frequencies ( fa). The characteristic frequencies and

1Although GaPO4 is capable of operating at even higher temperature the high temperature
characterisation was limited to the target temperature of 600°due to the limitations of the test instrument
used.
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capacitance (measured at 1kHz) were then used to calculate the elastic, dielectric and
piezoelectric FOM of the candidate piezoelectric materials as described in Chapter 2.
The exact dimensions of the samples were measured with an accuracy of 0.01mm using
a digital calliper. The dimensions of the plate at high temperatures used to derive HT-
FOM were estimated using the anisotropic CTEs from their datasheet.

The following TS-mode FOM were characterised as a function of temperature using
HT-EMIS: electrical permittivity ϵT

11/ϵ0; elastic constants SD
55, SE

55; piezoelectric
coefficients d, g; and electromechanical coupling factor k. The derived HT FOMs of
the candidate piezoelectric materials were analysed and compared with PZT-5A for
performance comparison. The derived temperature coefficients were also compared
with those available in the literature. A sample of each HPZ510 and GaPO4 material
was examined for 1000 hours of dwell time at their respective target temperatures of
350°C and 600°C. These measurements were analysed to evaluate their thermal
ageing behaviour and evaluate their long-term reliability for the SHM application.

7.3.2 FEA of HPZ510 and GaPO4 PWAS

The piezoelectric plate model described in Chapter 4 was modified for selected
high-temperature piezoelectric materials HPZ510 and GaPO4. The geometry of the
plate was set up to model the piezoelectric plate of 0°rotated Y-cut GaPO4

(YXl)0°piezoelectric plate with its thickness aligned with the geometric Y axis. The
dimensions of the GaPO4 plate were y = 0.5 mm, x = 13 mm, and z = 3 mm. The
HPZ510 piezoelectric plate was modelled with the same dimensions but with the
plate width aligned along the geometric Z axis to achieve the width polarisation.

GaPO4 material belongs to the 32-point trigonal group, such as quartz. Because of its
crystal symmetry, several elements of the property matrices are zero, and some others
are related, as shown in Equation (7.1).
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(7.1)

The numerical modelling approach of the transducer was validated for the current
Teletest transducer design in Chapter 5. Furthermore, the piezoelectric plate models
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for the selected HPZ510 and GaPO4 high-temperature materials were experimentally
validated in Chapter 7.

7.3.3 Vibrational Response Characterisation using SDLV

The vibration response characterisation of PZT-5A PWAS described in Chapter 4 and
the design hypothesis related to the influence of the electrode configuration verified
in Chapter 5 are also applicable to HPZ510, as both materials are ferroelectrics with
polarisation defined in a particular dimension of the plate. GaPO4 is a single crystal,
and this study selected a particular configuration (Y-cut (YXl)0°) for TS-mode.
Therefore, SLDV in this study focused on the vibration response characterisation of
the GaPO4 plate. The influence of wear plate on the vibration response is also
characterised and compared with the simulated response.

The methodology described in Chapter 4 was followed to characterise the 3D
vibrational response of the GaPO4 piezoelectric plates of both electrode
configurations and a wraparound electrode sample bonded with an Alumina face
plate. Thin wires were soldered to the platinum surface electrodes for electrical
connection. As a much lower displacement was expected, a retroreflective glass beads
tape was attached to the surface of the piezoelectric plates to enhance levels of
reflection from the surface. The GaPO4 devices under test are shown in Figure 7.3.
The measured vibration response as a function of frequency was compared with those
simulated by the model.

FIGURE 7.3: GaPO4 PWAS samples used for SLDV measurements (a) PWAS with
parallel electrode (b) PWAS with wraparound electrode bonded to Alumina wear

plate.
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7.4 Results and Discussion

7.4.1 Electromechanical Impedance Response

The measured electromechanical impedance frequency spectrum of HPZ510 and
GaPO4 materials at ambient temperatures is shown in Figure 7.4. The response of
PZT-5A from Chapter 4 is overlayed for comparison. The frequency plots are
presented in a logarithmic scale to emphasise the weaker excitable harmonics and
spurious/unwanted modes. A series of TS-mode harmonics can be seen at higher
frequencies and are progressively weaker than the fundamental mode. The
fundamental TS-mode harmonic and its overtones can be seen at around 2 MHz, 7
MHz, and 11 MHz, respectively.
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FIGURE 7.4: Impedance spectrum of PZT, HPZ510 and GaPO4 samples measured
in the frequency range of 40 Hz to 12 MHz at ambient temperatures.

The EMIS resonance response appears rougher, such as the serrations observed in the
phase response of PZT-5A and the amplitude response of both the HPZ510 and the
GaPO4 samples. These are associated with the harmonics of the lower frequency
modes, which may be excited by or coupled with the strong TS-mode. A spurious
peak is observed at around 4.5 MHz for all three materials and is believed to be due to
the parasitic impedance of the test fixture.
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The room temperature EMI response simulated from the GaPO4 piezoelectric plate
model was compared to the measured impedance spectra as shown in Figure 7.5. The
comparison shows a good correlation between the simulated and measured EMI
amplitude. The modelled response simulated two resonances in the TS mode around
2.5 MHz and 7.6 MHz, consistent with the measured response.

0 1 2 3 4 5 6 7 8 9 10 11 12
Frequency [MHz]

10
3

10
4

10
5

10
6

|Z
| 
(

)

Measured

Modelled

2 2.2 2.4 2.6 2.8 3

Frequency [MHz]

10
3

10
4

10
5

|Z
| 
(

)

7 7.2 7.4 7.6 7.8 8

Frequency [MHz]

10
3

10
4

10
5

|Z
| 
(

)

FIGURE 7.5: Comparison of the simulated and measured EMI responses of the
fundamental TS-mode resonance and its overtone.

The model also successfully simulated the coupling of TS-mode resonance with high
overtone contour and undesired modes, which can be seen around the antiresonance
frequency of the fundamental resonance. These unwanted modes generally have lower
frequencies, and their influence becomes smaller for overtones, as observed with the
cleaner second overtone. A slight frequency change in the simulated EMI affected
both the fundamental and the second resonance frequencies, although the disparity
in the second resonance was comparatively higher. This frequency shift may have
resulted from the mass loading effect of the deposited piezoelectric plate electrode or
the connecting wires, which are not included in the model. This hypothesis agreed
with a previous study in which the mass loading effect was more significant with high
overtone resonances [262].
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Resonance frequencies in the TS mode were also analysed using the frequency
thickness coefficient of the data sheet and the nominal thickness of the piezoelectric
plate. A comparison of the calculated, measured, and modelled resonances is
provided in Table 7.1. The modelled phase of the impedance is always ±π/2 since the
piezoelectric material is assumed to be lossless in the model. The fundamental
resonance of the thickness-shear mode and anti-resonance were used to calculate the
thickness-shear coupling factor k26. A slight variance in the measured resonances was
observed in comparison to those predicted by the model. However, the coupling
factor k26 only varied by a mere 0.25%.

TABLE 7.1: Comparison of measured and simulated TS-mode resonance frequencies.

Parameter Baseline Measured Simulated Error (%)

Fr n=1 (MHz) 2.53(a) 2.52 2.51 0.4

Fr n=3 (MHz) 7.59(b) 7.61 7.62 0.2

k26 (-) 0.183-0.192 [263](c) 0.164 0.169 2.9

(a, b) Calculated using the nominal thickness of the piezoelectric plate and frequency thickness coefficient
from the material data sheet.
(c) The reported value is for a different geometry and a different electrode configuration.

The CTEs (αij) of GaPO4 is a second-rank tensor with only two independent coefficients
α11 and α33 and is temperature dependent. Material properties for GaPO4 and their
temperature coefficients are available in the literature [260] and are given in Appendix
A.2.1. These properties and their temperature coefficients were added as piecewise
cubic interpolation within COMSOL.

For HPZ510, the properties of the TS-mode were not available in the datasheet. Only
properties for the 31 and 33 operation modes were available at discrete temperatures
of 25°C, 200°C and 400°C. Therefore, for the HT-modeling of the HPZ510 piezoelectric
plate, the properties of the material in the TS mode derived from HT-EMIS were used
for the model.

7.4.2 TSM FOM at Ambient Temperatures

The calculated coefficients are then compared with those reported in the literature,
and the relative errors are listed in Table 7.2. The data sheet for the HPZ510 material
provided by Ionix [258] did not provide any TS-mode FOM apart from the relative
dielectric constant KT, which is comparable to the measured value. Other modified
Bismuth Titanate materials D2 and D2+ have previously been reported to have a TS
mode ke f f of 0.46 [264].
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For GaPO4, the measured d26 was approximately three times the value provided in
the data sheet provided by Piezocryst Gmbh [260]. The coupling factor was not
available in the datasheet, but previous work on TS-mode using GaPO4 provided a
k26 value of 0.192 [265], which matched very well with the measured value of 0.195.
The BAW phase velocity previously reported for the Y-cut pure slow shear mode
GaPO4 by Wallnofer was 2550 m/s, Philippot was 2527 m/s, and Palmier was 2546
m/s [261] and is consistent with our measured value of 2538 m/s. The measured
elastic coefficients are in good agreement with those previously reported [265]. There
is a considerably more significant difference in the measured k26. This is due to the
difference in PWAS geometry, since the previous study used a circular plate with gold
electrodes [265]. The deviation is attributed to the electric field concentration at the
electrode corners in a rectangular design, which is reduced in circular designs. The
variation between the measured and modelled electromechanical coupling factor k26

is less than 3%. This shows that the model can accurately predict the
electromechanical resonances and the associated constitutive piezoelectric properties
of the selected piezoelectric materials. These FOMs indicate its performance as an
ultrasonic transducer.

TABLE 7.2: TS-mode electromechanical properties of candidate materials derives
from EMIS compared with those reported in datasheets and literature.

Property k d g KT KS Vs ZL

Units [-] [pC/N] [Vm/N] [-] [-] [m/s] [MRayl]

HPZ510

Measured 0.35 139.5 31.2 506 443 2024 14.16

Datasheet [258] - - - 515 - - -

K15 [266] 0.08 14 10 140 - 4000 28

GaPO4

Measured 0.195 27.2 60.7 50.5 48.6 2538 9.1

Datasheet [260] - 9 - 6.1 5.8 - -

To compare the performance of the candidate materials at ambient temperature, their
electromechanical, elastic and dielectric properties are compared to PZT-5A in Figure
7.6. Blue, black, and green bars represent the properties of PZT-5A, HPZ510, and
GaPO4. This colour scheme is maintained throughout the results.
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FIGURE 7.6: Comparison of TS-mode electromechanical, dielectric and elastic
properties of candidate piezoelectric materials at ambient conditions.

The electromechanical coupling factor of TS-mode, k of HPZ510 and GaPO4, is
approximately 50% and 30%, compared to PZT, respectively. The charge constant d of
HPZ510 and GaPO4 is around 25% and 5% of the corresponding value of PZT-5A. On
the other hand, the charge coefficient g of GaPO4 is almost 1.5 times higher than that
of PZT-5A and HPZ510. This indicates that the GaPO4 material is a worse actuator
but a significantly better sensor under ambient conditions.

7.4.3 Vibrational response characterisation

The vibrational frequency response of the GaPO4 plate was analysed in the 20-120
kHz range. The analysis was carried out on GaPO4 plates with parallel and wrapped
around electrode configuration. The analysis on wrapped around electrode
configuration was extended to evaluate influence of a sandwiched Alumina wear
plate. In-plane and out-of-plane displacement fields in the Y⃗ and X⃗ directions were
averaged across the length-width face of the piezoelectric plate and compared to the
measurements from SLDV.

For the GaPO4 model with parallel electrode configuration, A good correlation was
achieved between the measured and modelled spectrum of the electromechanical
displacement field in terms of resonance frequencies and operating modes of
vibration, as shown in Figure 7.7. The displacement patterns suggest the desired
thickness-shear vibration mode was dominant and a near-linear response was
observed within the frequency range of interest. The measurements also show
first-order and second-order eigenmodes of displacement appear through the
thickness of the plate with higher out of plane displacement at 21kHz, 35kHz, 59kHz
and 104kHz. However, their amplitude was at least an order of magnitude lower than



Chapter 7. HT-PUT Material Selection and Characterisation 151

in-plane displacement. The model also displayed the out-of-plane displacement in the
35kHz and 105kHz range. The measured out-of-plane displacement were lower as the
model does not consider added mass from the electrodes and the electrical
connections to the GaPO4 elements.
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FIGURE 7.7: Frequency response of Y-cut GaPO4 piezoelectric plate with parallel
electrodes showing simulated and measured in-plane and out-of-plane vibration.

The GaPO4 model with the wraparound electrode configuration predicted significant
out-of-plane displacement within the same frequency range as shown in Figure 7.8.
Additional resonances were observed in the measured response near 31, 58, 72 and 98
kHz. These lower amplitude out-of-plane vibrations are believed to be introduced
due to longitudinal mode coupling associated with the boundary effects of the
wrapped-around electrode configuration. The simulated response closely matched
the measured response. A slight shift in the simulated frequency response is depicted,
which increases almost linearly with the increase in frequency. This is possible
because the added mass from the electrodes and electrical connections is not included
in the model.
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FIGURE 7.8: Frequency response of Y-cut GaPO4 piezoelectric plate with
wrapped-around electrodes showing simulated and measured in-plane and out-

of-plane vibration.

The GaPO4 piezoelectric plate model with wraparound electrode was advanced to
study the influence of the Al2O3 wear plate on the electromechanical response of the
piezoelectric element. With the addition of face plate the out-of-plane vibration in the
60kHz and 70kHz range were suppressed due to the increased flexural stiffness.
However, out-of-plane resonances at 34kHz and 89 kHz were still visible as shown in
Figure 7.9.
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FIGURE 7.9: Frequency response of Y-cut GaPO4 piezoelectric plate with
wrapped-around electrode attached to Alumina wear plate showing simulated

and measured in-plane and out-of-plane vibration.
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Resonance frequencies and corresponding vibration mode shapes for the three
models are shown in Figure 7.10. The measured and simulated vibration modes and
resonance frequencies appear to be in good agreement. The out-of-plane resonances
of parallel electrode were weaker in amplitude compared with the wrap-around
configuration. The resonance frequencies were simulated with an error of less than
5%. The two resonance observed at 35kHz and 105kHz have uniform out-of-plane
displacement across the surface so an adequate backing can suppress them. With the
wrap-around configuration, the longitudinal mode coupling and significant
out-of-plane displacement can be seen around 30, 60 and 100 kHz and the mode
shape suggest imbalanced out-of-plane displacement.

FIGURE 7.10: Comparison of simulated (left) and measured (right) vibration
modes of the GaPO4 piezoelectric plate with (a) parallel electrode configuration
and (b) wrapped-around electrode configuration, (c) wrapped-around electrode

configuration with alumina wear plate.

7.4.4 HT-EMI Response of HPZ510

The high-temperature EMI response of HPZ510 material was measured at
temperatures up to 525°C in increments of 25 °C. The measured response at each
temperature step is provided in Appendix A.3.1. HPZ510 lost its piezoelectric
response at 525°C, which was expected with the Tc of 514°C provided by the supplier.
Measurements at selected temperatures and the respective simulated response are
shown in Figure 7.11. The comparison shows that the simulated high-temperature
response matched well with the respective measurements.
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FIGURE 7.11: Comparison of HT-EMI measurements and simulated response of
HPZ510 piezoelectric plate at temperatures up to 500°C.

The HPZ510 high-temperature impedance response showed a decreasing trend of the
resonance peak with a negative frequency shift, which was more significant for the
TS-mode harmonics. This relates to the increase in permittivity and capacitance of
the material. The temperature coefficient of the resonance frequency predicted by the
model is 27.89 ppm/°C, which matches well with the 27.3 ppm/°C calculated from the
measured response with an error of less than 2%. The capacitance data from the model
were extracted by computing the integral of the total electric energy on the edge of
the electrode. The increased capacitance at higher temperatures was observed in both
measured and simulated responses.

7.4.5 HT-EMI Response of GaPO4

The measured and simulated HT-EMI response of GaPO4 and the effect of increasing
temperature on the resonance frequency and capacitance are shown in Figure 7.12.
The comparison is shown for 200°C, 400°C and 600°C. The complete set of high
temperature measurements in the entire frequency range are provided in Appendix



Chapter 7. HT-PUT Material Selection and Characterisation 155

A.3.2. The measured impedance amplitude at HT has been reduced by a factor of ten
compared to the response at ambient temperature. No mode coupling was observed
around the antiresonance frequency. This has resulted from the HT conductive
adhesive used to attach an electrical connection to the plate. GaPO4 did not show any
significant frequency change, indicating no change in the structural properties of the
material. A linear drop in impedance amplitude was observed with increased
temperature; however, the sample remained piezoelectric until 600°C. The change in
measured capacitance is around 100 times more than in the simulation. This is due to
the combined effect of the dielectric losses in GaPO4 and the parasitic capacitance
from the electrical connections and measurement setup.
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FIGURE 7.12: Comparison of (a) measured and (b) simulated HT-EMI response of
GaPO4 with resulting (c) change of frequency and (d) capacitance at temperatures

up to 600°C.
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The first-order temperature coefficients were derived from the measured HT properties
and are compared with those available in the literature in Table 7.3. A relative error of
approximately 3% was observed for the four critical FOM for the TS-mode transducer.

TABLE 7.3: Temperature coefficients of TS-mode GaPO4 elastic and piezoelectric properties

Tp(1)ij [K−1]

Property [263] Measured Rel Error (%)

CE
66 44.9e-6 46.4e-6 3.23

SE
66 -26.9e-6 -27.8e-6 3.34

fr 19.9e-6 - 35.7e-6 (a) 27.3e-6 1.8 (b)

k26 4.52e-4 4.69e-4 3.62

(a) Values reported with and without the correction from stay capacitance
(b) Error calculated based on the average of the two reported values

The material properties calculated from the HT-EMI measurements in Figure 7.13 are
compared with those calculated using first-, second-, and third-order temperature
coefficients provided in the datasheet. The temperature dependence of the elastic
constants exhibits a stable state up to 600°C with a variation of less than 3%. The
measured k26 is extremely consistent, showing less than 1% variation up to 600°C.
This demonstrates excellent temperature-independent behaviour and the accuracy of
the simulations.
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7.4.6 High temperature TSM electromechanical properties

The HT-FOM of both candidate piezoelectric materials were derived from the EMI
measurements as described in Section 2.2.2 and compared with PZT-5A.

Dielectric Properties

As piezoelectric materials are predominantly capacitive, it is crucial to analyse their
capacitance at increasing temperatures. Static capacitance CT measured at 1 kHz was

used to calculate the values of the relative dielectric constant KT
11 (

ϵT
11

ϵ0
). The static

capacitance and the dielectric constant of all candidate materials are analysed as a
function of temperature in Figure 7.14. Temperature-dependent KT for ferroelectric
materials is dominated by polarisation rotation, domain wall mobility, phase
transitions, and ionic conduction caused by mobile charge carriers [120]. The KT of
PZT and HPZ510 remained consistent up to 200°C and 250°C, respectively, below
their respective Tc. However, KT increased sharply as the temperature approached Tc,
as the Curie-Weiss law also predicts this phenomenon. For HPZ510, there is a
significantly large increase in capacitance, consistent with the significant decrease in
impedance amplitude observed in Figure 7.11. This results from the high shunt
capacitance of the material and can lead to a significant loss in the sensing capability
of the material.
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candidate materials at high temperature.
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On the other hand, GaPO4 showed a consistent response of up to 600°C. Both CT and
KT

11 show a linear increase but are significantly lower than the other candidate
materials. It follows the dielectric temperature behaviour for non-ferroelectric
piezoelectric crystals described by the Clausius-Mosotti equation [120]. For materials
with small electromechanical coupling, such as GaPO4, the piezoelectric and dielectric
constants generally have a negligible effect on the temperature response of devices
that use the material; only the temperature coefficients of the elastic constants and the
thermal expansion coefficients are significant.

Characteristic Resonance Frequencies

The characteristic resonance ( fr) and anti-resonance ( fa) frequencies of the
fundamental TS mode derived from high temperature impedance measurements are
shown in Figure 7.15. The resonance frequencies of PZT and HPZ510 were found to
show a linear behaviour as a function of temperature. The difference between fa and
fr decreased with increasing temperature and decreased as the temperature
approached their respective Tc.
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FIGURE 7.15: Characteristic resonance and anti-resonance frequency of the
fundamental TS-mode as a function of temperature for candidate materials.

Temperature coefficients of frequency (TCF) were found to be on the order of 350
ppm/°C and -475 ppm/°C for PZT and HPZ510, over a temperature range of 25°C to
300°C and 500°C, respectively. GaPO4 exhibited a stable temperature frequency
characteristic up to 600°C with a TCF≈0.
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Elastic Properties

The elastic compliance of the materials with constant electric displacement (SD
jj ) and

constant electric field (SE
jj) is calculated as a function of temperature and is shown in

Figure 7.16. The subscript j for PZT and HPZ510 is 5 and 6 for GaPO4. The measured
elastic compliance constants for PZT remained consistent up to 300°C with a variation
of less than 2% for SD

55 and 10% for SE
55. For HPZ510, the elastic constants increased

monotonically with increasing temperature. An increase of around 30% for SD
11 and SD

33

was reported in the HPZ510 datasheet. Measurements showed an increase of 41% for
SE

55 in the same temperature range. The elastic constants increased by approximately
65% at 500°C. For both PZT and HPZ510, a sharp increase in the elastic constant SD

55

was observed as the temperature approached their respective Tc. Above Tc, the sudden
drop in elastic compliance is due to the diminishing resonance as the material loses its
piezoelectric behaviour.
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FIGURE 7.16: Characteristic resonance and anti-resonance frequency of the
fundamental TS-mode as a function of temperature for candidate materials.

A proportional decrease in elastic constants SE
66 was observed with increasing

temperature and a small dependence at low temperatures for GaPO4. At 600°C, SD
66

and SE
66 had decreased by approximately 5% of their respective values at 35°C. Highly

stable elastic properties are seen in most single crystals [135]. The temperature
response of elastic constants CD

ij and CE
ij is inversely proportional to SD

66 and SE
66,

respectively, due to their inverse relation.



Chapter 7. HT-PUT Material Selection and Characterisation 160

Electromechanical and Piezoelectric Properties

The piezoelectric coefficients dij, gij, and kij for the TS mode were determined for all
candidate materials as a function of temperature. The TS mode is represented by
subscript (i, j) = (1, 5) for PZT-5A and HPZ510 while (i, j) = (2, 6) for GaPO4. The
variations of these coefficients with increasing temperature for all candidate materials
are shown in Figure 7.17. Variations are represented as PT/P0 versus temperature,
where PT is the property measured at temperature T, and P0 is measured at 25°C.
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FIGURE 7.17: Electro-mechancal coupling, k as a function of temperature for
candidate materials.

The charge constant d for all materials increased linearly with temperature. For
PZT-5A, the d15 value increased by 70% from 526 pC/N at 25°C to 914 pC/N at 350°C.
For HPZ510, the temperature response is much more significant and follows the trend
observed with its dielectric constant, as seen in Figure 7.18. The d15 for HPZ510
increased by a factor of 100 from its ambient temperature value of 139 pC/N. The
charge constant d26 for GaPO4 increased by 35% from its room temperature value of
27.2 pC/N to 121 pC/N at 600°C.
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FIGURE 7.18: Piezoelectric material properties d, g and k as a function of
temperature for the candidate materials.

The value of g15 for PZT reduced by 70% from 37.5 mVm/N to 11 mVm/N at 350°C.
Compared to PZT-5A, g15 for HPZ510 showed a sharper decline of 100% from 31.2
mVm/N to 0.5 mVm/N in the same temperature range. For GaPO4, g26 decreased
more gradually from 60 mVm/N to 10 mVm/N at 600°C. It should be noted that the
values of g are less temperature dependent than those of d, as d is closely related to
the dielectric permittivity. By analysing the temperature-dependent coefficients g and
d of all materials, it can be observed that they become better transmitters but
significantly worse receivers as the temperature increases. Therefore, as a transducer,
its performance will degrade.

The variation in the coupling factor k15 for both PZT and HPZ510 displayed linear
behaviour with increasing temperature as they approached their respective Tc, after
which they decreased sharply. For PZT, k15 decreased by 10% from 0.69 to 0.51 at 350°C.
HPZ510 increased linearly from 0.35 at 25°C to 0.41 at 450°C, approximately increasing
18%. The temperature coefficients of k31 reported in the HPZ510 datasheet are 0.18 at
25°C and 0.20 at 400°C. The coupling factor k26 of GaPO4 is exceptionally consistent,
showing less than 2% variation up to 600°C.
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7.4.7 Thermal Stability Analysis

The ageing response of HPZ510 and GaPO4 was evaluated at 400°C and 600°C,
respectively, for 1000 hours. The variation of their dielectric (KT

11), elastic (SD
jj ) and

piezoelectric (dij, gij, kij) properties over time at temperature is shown in Figure 7.19.
Variations P/P0 are plotted as a function of time, where P0 is the property measured
at the target temperature during the start of the ageing experiment, and Pt is the
property measured at the target temperature at time t.

For HPZ510, the three piezoelectric coefficients d15, g15 and k15 and the elastic constant
SD

55 show a gradual decline during the initial 250 hours at 400°C. Properties degrade
by approximately 20% from their initial values at 400°C. After this gradual decline, a
stable response was demonstrated for the remaining 750 hours.
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FIGURE 7.19: Comparison of piezoelectric material FOMs of BIT at 400°C and
GaPO4 at 600°C over a period of 1000 hours.

On the other hand, GaPO4 showed a more consistent response from the beginning,
with variations less than 10% in d and g and less than 2% in its values SD

55 and k.
Compared to the elastic and piezoelectric properties, the temperature sensitivity of
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the dielectric properties is much higher. Therefore, the responses of KT for both
materials varied by around 20% over time and were possibly associated with minor
temperature variations in the furnace due to temperature control.

7.5 Summary

This chapter addressed the selection and characterisation of HT piezoelectric
materials for their use in the design of HT-UGW transducers. Commercially available
piezoelectric materials were reviewed for target operating temperatures of 350°C and
600°C. HPZ510, a modified Bismuth Titanate (m − Bi4Ti3O12) and Gallium Phosphate
(GaPO4) materials were chosen based on their TS-mode FOMs and recommended
operating temperatures. These materials were used to fabricate PWAS with
appropriate polarisation or crystal cut to obtain the desired TS-mode operation. Their
TS-mode performance was verified by characterising their dielectric, elastic, and
piezoelectric properties as a function of temperature using EMIS.

Characterised material properties were used to model m − Bi4Ti3O12 and GaPO4

piezoelectric plates using the multiphysics FEA approach developed in Chapter 4.
The model was able to simulate the high-temperature response of both materials,
which was demonstrated by comparing it with the measured frequency and the
electromechanical response. The model was also used to evaluate the vibration
response of the Y cut plate GaPO4 and the bonded wear plate and the simulated
vibration frequency response matched well with the measurements using SLDV.

The high temperature TS-mode FOMs of HPZ510 and GaPO4 demonstrated their
suitability for use in HT-UGW transducers for application at temperatures up to
350°C and 600°C, respectively. Their performance for SHM application was verified
through a thermal ageing experiment that was carried out for a period of 1000 hours.
HPZ510 showed an initial settlement period of 250 hours, after which performance
was stable. GaPO4 demonstrated an extremely stable high temperature response up
to 600°C, although FOM suggested a much weaker ultrasonic performance compared
to PZT-5A and HPZ510. The experimental and numerical characterisation verified the
HPZ510 and GaPO4 materials for the design of HT-UGW transducers for SHM
application at 350°C and 600°C, respectively.
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Chapter 8

Design, Development and
Characterisation of HT-PUT

8.1 Introduction

This chapter presents the design, development, and characterisation of HT-UGW
transducers for SHM application at 350°C and 600°C. The design of the transducer is
based on the improvements made to the Teletest transducer and the hypothesis
formulated from the numerical FEA studies in Chapter 5. The materials HPZ510 and
GaPO4, which are characterised and validated for continuous operation at 350°C and
600°C in Chapter 7 are used as active piezoelectric elements. Passive transducer
materials for the transducer backing and face plate are selected to ensure
compatibility with these piezoelectric materials.

A methodology for the assembly of the transducer is devised based on the adhesive
bonding of the active and passive layers of the transducer. This included the selection
of adhesives based on their electrical characteristics, suitability for continuous
operation at the target operational temperatures, and compatibility with the
transducer layers.

The prototype PUTs are manufactured using PZT − 5A, HPZ510, and GaPO4 and
their ultrasonic performance is characterised using the methodology established in
Chapter 4. Ultrasonic characteristics in the time, frequency, and space domains are
used to assess their mode purity and SNR for UGW application. The characterisation
is extended to high temperatures and over extended periods to qualify their
performance for HT-SHM application.
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8.1.1 Motivation

The transduction of directional axisymmetric UGW in pipes requires an array of PUT.
All PUT within the array should have a comparable performance to achieve high SNR
and wavemode purity. Furthermore, for the HT-SHM application in HTPs, transducers
must maintain their ultrasonic performance in the desired temperature range and over
time. PUT have complex multilayered constructions, and each layer or its interfaces
can influence ultrasonic performance, making them susceptible to degradation at high
temperatures.

Degradation in ultrasonic performance can be associated with a variation in signal
amplitude or frequency response at high temperatures, both of which affect their
UGW performance by limiting the inspection range or sensitivity to defect detection.
Changes in the transducer frequency response are generally due to degradation of the
bonding or changes in the stiffness of the materials. Numerical and experimental
studies have shown that even partial debonding of the transducer layers can result in
excessive ringing due to reduced damping [198]. This ringing can distort ultrasonic
signals by adding noise and thus affect the sensitivity for defect detection. Thermal
stresses caused by differential thermal expansion between transducer layers can also
result in variations in their ultrasonic response [167]. Excess differential thermal
expansion can even cause permanent damage, such as a crack-type defect in the
transducer layers. Such a failure can result in the diffraction of ultrasonic waves and
significantly affect the transducer performance.

Transducer performance can also drift or worsen when exposed to high temperatures
over time as a result of thermal ageing and fatigue caused by cyclic thermal stresses.
This can affect their performance for HT-SHM applications. These problems can be
minimised by selecting appropriate temperature resistant transducer materials with
closely matched CTEs and suitable assembly techniques [267]. However, the selection
and validation of piezoelectric materials in Chapter 7 minimised the risk of ultrasonic
degradation.

It is critical for the design and assembly of the transducer to use compatible materials
and their manufacturing process to achieve consistent performance. To validate their
design for the HT-SHM application, it is crucial to characterise their
electromechanical and ultrasonic response and any variation with long-term exposure
to high temperature.
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8.1.2 Aims and Objectives

This chapter aims to design and validate HT-UGW transducers for SHM application
at 350°C and 600°C through numerical and experimental characterisation. The
manufacturing of prototype transducers required the selection of adhesive materials
and the development of an assembly procedure to provide a reliable electrical and
mechanical connection between the transducer layers. The characterisation of
piezoelectric materials HPZ510 and GaPO4 in Chapter 7 displayed a suitable and
stable high-temperature performance over time. This chapter focuses on the effects of
temperature on the complete transducer, including passive transducer layers and
their bonding.

The key objectives of this study are:

(1) Design and numerical analysis of HT-PUT using HPZ510 and GaPO4

piezoelectric materials and hypothesis formulated in Chapter 5.

(2) Selection of compatible HT adhesives for the construction of PUT.

(3) Development of an assembly procedure for the manufacture of HT-PUT and the
construction of prototype transducers.

(4) Verification of the assembly procedure by assessing the performance variation
among a batch of manufactured PUT prototypes.

(5) Experimental ultrasonic characterisation of manufactured HT-PUT prototypes
following the methodology established in Chapter 4:

(a) UGW transmission and reception performance (signal amplitude and SNR)
for torsional wave mode in UGW frequency range (20-120 kHz).

(b) Thermal response of the transducer by evaluating performance FOMs at
increasing temperatures up to the target temperature.

(c) Examination of the reliability of the transducer at the target temperature for
an extended period to examine its suitability for SHM application.
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8.2 Design and FEA of HT-UGW Transducer

8.2.1 Transducer design with parallel electrode configuration

The findings of Chapter 5 highlighted that the design of the piezoelectric plate with a
parallel electrode and polarisation along the width can significantly increase the SNR
of the transducer by avoiding unwanted out-of-plane vibration caused by wraparound
electrodes. This study aims to realise a transducer design with a parallel electrode
piezoelectric plate and redesigned the wear plate and the backing layer to facilitate the
electrical connections. The wear plate was designed to be longer than the piezoelectric
plate and metallised on the surface in contact with the piezoelectric plate. This allowed
the attachment of the wire to the wear plate to provide electrical continuity with the
electrode of the piezoelectric plate. The backing layer of the transducer was designed
to accommodate the piezoelectric element, the wear plate, and the electrical wiring, as
illustrated in the transducer cross section in Figure 8.1.

Electrode

HT Piezoelectric Plate

Conductive Adhesive

HT Transmission Cables

Electrode

Alumina Wear Plate

Ceramic Backing

Non-conductive Adhesive

FIGURE 8.1: Cross-sectional schematic of the proposed HT-UGW transducer
design showing the active piezoelectric plate with parallel electrodes and passive

transducer layers.

The piezoelectric plates were designed with HPZ510 and GaPO4 materials qualified
in Chapter 7 and used for HT-UGW transducer variants for operation at 350°C and
600°C, respectively. Other design parameters considered for the piezoelectric plate
include the dimensions of the plate, the electrode configuration, and the direction of
polarisation. For the wear plate and backing layer, the selection of material compatible
with these piezoelectric materials is described in Section 8.2.2. The physical parameters
of these passive layers are governed by the dimensions of the piezoelectric plate and
are described in Section 8.3.1.
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8.2.2 Material Selection

For the design of an HT-UGW transducer, only materials with an operational
temperature limit much higher than the hot standby temperature requirement of
350°C and 600°C were considered. Material selection for these transducer
components requires careful consideration of their CTEs to ensure compatibility with
the chosen piezoelectric materials HPZ510 and GaPO4.

Selection of wear plate material

The transducer wear plate will be in direct contact with the pipe surface and is
therefore required to be resistant to corrosion and wear. The material must also be
mechanically stable under the dry coupling force of the transducer, resulting in
pressures of around 5 MPa with 200N of normal force. The mechanical stability of the
wear plate depends on the hardness of the material, the surface roughness, and the
hardness of the material in contact. It is also preferable that the wear plate be
electrically non-conductive to isolate the piezoelectric materials from the metallic pipe
substrate, and it reduces electrical cross-talk between transducers of an array. With
this criterion, the ceramic materials were the most suitable for the wear plate because
of their high dielectric strength, thermal stability, and resistance to wear and
corrosion. A list of potential ceramic candidates and their CTE and elastic properties
are listed in Table 8.1. Aluminium oxide (Al2O3) was chosen as its CTE of 8.4 ppm/°C
matched closely with that of HPZ510 (9 ppm/°C) and GaPO4 (12.3 ppm/°C)
piezoelectric materials.

Selection of backing layer material

The function of the backing layer is to support the piezoceramic structure and to act as
a buffer when a normal load is applied to the dry coupling of the transducer. The CTE
of the backing material should also be closely matched to the CTE of the piezoelectric
plate. Materials with a high Young’s modulus are preferred to withstand the load
required for transducer coupling and any thermal stresses caused by mismatching
CTE. The backing layer should also be able to suppress any out-of-plane vibration of
the piezoceramic seen in Chapter 7. For high-frequency operation, materials with
high density are generally used as backing to reduce damping and improve axial
resolution. However, for the given non-resonant transducer design with less efficient
high-temperature piezoelectric materials, it is desirable to maximise their ultrasonic
output. The machinability of the material was also considered, as the material will
need to be machined to house the wiring, piezoelectric wafer and wear plate.
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Ceramics have high Young’s moduli and can withstand the high stresses caused by
CTE mismatch. Several ceramic materials met these requirements and their physical
and thermal properties are given in Table 8.1. These candidate ceramic materials
possess a spread of densities. Aluminium Nitride offers high thermal conductivity
since it is commonly used as an electronic substrate material. Tungsten carbide is an
incredibly tough ceramic and its machining requires specialist manufacturing
processes. Aluminium oxide appears to be a good choice of material; however, thick
layers of Al2O3 (greater than a few millimetres) can only be manufactured using the
sintering process. This is due to the high modulus of Al2O3, which poses
manufacturing challenges for the machining features on the substrate. Zirconium
dioxide is a promising candidate material as it has a similar CTE and a density
relatively close to that of steel.

TABLE 8.1: Properties of candidate ceramic backing and wear plate materials

Material Tmax CTE ρ Z E ν
(°C) (ppm/°C) (kg/m3) (MRayl) (GPa) (-) Rank

MACOR 800 9-11.2 2520 - 66.9 0.29 1
Aluminium
Oxide

2072 8.4 3970 26.28 390 0.235 2

Beryllium
Oxide

2507 8 2850 24.41 345 0.26 4

Zirconium
Dioxide

2715 13.5 5800 36.42 150 0.27 3

Tungsten
Carbide

2870 6 15800 58.44 550 0.24 5

Aluminium
Nitride

2200 5.3 3260 36.7 308 0.28 6

1 Calculated using the bulk modulus of 210 GPa.
2 Calculated using the bulk modulus of 222 GPa and the density of 6000 kgm−3.

Macor, on the other hand, is a machined glass ceramic and remains continuously
stable at 800°C. Macor is composed of approximately 55% fluorophlogopite mica and
45% borosilicate glass. It is highly rigid, has low thermal conductivity, and is also an
electrical insulator. The CTE of Macor is 9.3 ppm/°C up to 300°C and 11.2 ppm/°C up
to 600°C [268]. Macor’s CTE are compatible with HPZ510 (9 ppm /°C) and GaPO4

(12.3 ppm/°C), making it an excellent ceramic alternative to stainless steel for the
backing layer.
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Selection of adhesives

The selection of suitable adhesives for transducer bonding is critical to ensure the
reliable performance of the transducer over EOC. The adhesive bond must be elastic
to allow the piezoelectric element to vibrate and be compatible CTE with those of the
selected piezoelectric and passive materials. Their CTE should also be compatible
with the selected piezoelectric and passive materials. The temperature and pressure
required for the adhesive application should also be considered, as too high a
temperature or pressure could damage the transducer layers. The target operational
temperatures excluded most epoxy-based adhesive materials, as they lose thermal
stability at glass transition temperatures less than 200°C. A list of suitable
commercially available candidate adhesive materials is given in Table 8.2. This
includes their recommended maximum operating temperature, number of
components, thermal conductivity, electrical resistivity, CTEs, and curing regime.

TABLE 8.2: Properties of candidate adhesive materials for transducer assembly.

Adhesive Tr (°C) Base CTE
(ppm/°C)

Curing (°C, h)

Conductive Materials

Duralco 124 343 Silver - -
Duralco 952 1093 Ni 4 -
Duralco 954 1093 Al/SS 10 -
Pyroduct 597A 927 Silver 17.28 25, 2 & 200, 2
Resbond 931C 1370 Graphite 7.4 -

Non-conductive Materials

Cotronics 989 1650 Alumina 8.1 150, 4
Duralco 4703 343 - 39 -
Cermabond 571 1760 Magnesium Oxide 12.6 200, 2
Cotronics 7030 982 SiO2 13.5 150, 4

One-part adhesives were preferred over two-component adhesives to achieve a more
straightforward and repeatable transducer assembly procedure. Mixing of two-part
adhesives can introduce variability in batches of transducers unless precision
dispensing systems and curing in a vacuum chamber are used. Otherwise, it may lead
to the introduction of trapped air, which has a detrimental effect on the ultrasonic
performance of the transducer, as indicated in previous studies [269].

High-temperature epoxies such as Duralco 124 and Duralco 4703 have a
recommended maximum temperature close to the desired target temperature of
350°C for the HPZ510 transducer variant. The remaining candidate adhesive
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materials are ceramic-based or metal-based one-component adhesives with a
maximum operational temperature above 600°C, the target temperature for the
GaPO4 transducer. The same conductive and nonconductive adhesives for the
HPZ510 and GaPO4 HT-PUT transducer assembly were selected for simplicity. This
allowed for a similar transducer fabrication procedure whereby batches of both
transducers could be manufactured together to minimise process variability and
facilitate consistent performance comparison. After considering CTE for material
compatibility, Resbond 931C and Cotronics 989 adhesives were selected as conductive
and non-conductive adhesive materials for the fabrication of HPZ510 and GaPO4

HT-UGW transducers.

8.2.3 Transducer design analysis

An eigenfrequency analysis of the Macor backing block was performed to assess the
natural frequencies that could limit the electromechanical performance of the
transducer. The first five resonances within the backing and their mode shapes are
shown in Figure 8.2. The resonances were outside the desired operating range for
UGW and in the 189-280kHz frequency range. The resonances were also compared
with those of a stainless steel backing of the same design, and the eigenfrequencies are
compared in Table 8.3.

FIGURE 8.2: Vibrational response of the Macor backing layer at eigenfrequencies.

TABLE 8.3: Comparison of eigenfrequencies of Macor and Steel backing layer.

Mode 1 2 3 4 5

SS 107kHz 141kHz 146kHz 154kHz 158kHz
Macor 189kHz 250kHz 252kHz 269kHz 280kHz

An electromechanical frequency analysis was performed in the 20-120kHz range to
assess transducer performance. Simulations were carried out for the design of the
transducer with PZT-5A, HPZ510, and GaPO4 materials. A comparison of the in-plane
shear displacement, capacitance, and impedance amplitude as a function of operating
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frequency is shown in Figure 8.3. The shear displacement and charge of HPZ510 and
GaPO4 were orders of magnitude lower than those of PZT-5A, in line with their lower
charge coefficient and dielectric properties as characterised in Chapter 7. The absence
of resonance in the impedance response confirmed their non-resonant behaviour in the
operating frequency range.
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FIGURE 8.3: Electromechanical response of the proposed transducer design with
width polarised parallel electrode piezoelectic plates of PZT-5A, HPZ510 and

GaPO4 materials.

A time domain analysis was performed by applying a five-cycle toneburst excitation of
150V signal amplitude and centre frequency of 70kHz. The average displacement of the
wear plate with the transducer with GaPO4 is compared with that of the wraparound
electrode to assess the improvement with the proposed parallel electrode configuration.
The simulated in-plane shear and out-of-plane displacements as a result of the applied
electrical signal are shown in Figure 8.4. The simulated results are also compared with
those of the optimised PZT-5A transducer in Chapter 5 as a reference.
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FIGURE 8.4: Simulated ultrasonic output showing in-plane (X) and out-of-plane
(Y) displacement from the (top) GaPO4 transducer with parallel and wraparound

electrode configuration and (bottom) their comparison with PZT transducer.

The charge accumulated with GaPO4 of the parallel and wraparound electrode was
2.1pC and 1.65pC. The ratio of displacements in the plane to out of the plane suggests a
15dB improvement with the proposed electrode configuration, which is of similar order
as seen with optimisation studies with the PZT-5A material in Chapter 5. However, the
displacement fields generated by GaPO4 in the in-plane direction were significantly
less than those of the PZT-5A transducer by a factor of 100 and 300, that is, 40 and
50dB, respectively. The decrease in electrical displacement is associated with the lower
piezoelectric properties and the higher electromechanical impedance of GaPO4. This
suggests that a similar order of gain will be required in the pulser receiver to achieve
the same ultrasonic performance.
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8.3 Construction of HT-PUT Prototypes

This section presents the construction of prototype HT-UGW transducers. Two
variants of the transducer design are built using HPZ510 and GaPO4 piezoelectric
materials for operation at 350°C and 600°C.

8.3.1 Manufacturing of transducer components

The piezoelectric materials HPZ510 and GaPO4 characterised in Chapter 7 were used
as active elements. PWAS with parallel electrode configuration for both materials were
acquired from their suppliers. The piezoelectric elements and all passive components
used for the construction of the prototype transducers are shown in Figure 8.5.

FIGURE 8.5: Components manufactured and used for transducer assembly:
(a) MACOR backing block, (b) Alumina wear plate, (c) Resbond 989F non-
conductive adhesive, (d) Gallium Phosphate piezoelectric plate with platinum
electrode, (e) Bismuth Titanate piezoelectric plate with Gold electrode, (f) Glass

fibre insulated pure nickel wire, and (g) Resbond 931C conductive adhesive.

The transducer wear plates were manufactured using 96% Al2O3 by Almath Crucibles
Ltd [270]. Wear plates were manufactured as rectangular slabs of nominal dimensions
15mm x 3mm x 0.5mm. They were metallized on a 15mm x 3mm surface to serve as an
electrode once attached to the piezoelectric element. The metallisation of the Alumina
plate was achieved by applying a titanium adhesion layer followed by a sputter coating
of a gold electrode layer.

The Macor transducer backing layer was manufactured by Precision Ceramics Ltd. The
backing layer was made as a 16.5mm x 13mm x 12.5mm block. The block was machined
with two through holes to provide access for routing the high-temperature cables for
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live and ground electrical connections to the piezoelectric plate. The top surface of
the block was machined with a recess to hold the piezo-wear plate sub-assembly. The
recess was designed with a width of 3.5mm to allow enough clearance to account for
the manufacturing tolerance of the piezoelectric plate and the backing block.

A pure nickel wire braided with glass fibre by Thermocoax [271] with a maximum
rated temperature of 700°C was selected for ground and live connections to the
piezoelectric element. It offers excellent resistance to oxidation and is therefore
suitable for long-term use at high temperatures. This high-temperature cable was
obtained as a 20 m roll with a cable diameter of 1 mm and a diameter of 0.2 mm nickel
conductor. The diameter of the cable was chosen to allow movement inside the
MACOR backing through holes.

A complete list of components required for the construction of prototype transducers
is given in Table 8.4. The table also indicates the material used to fabricate these
transducer components, their maximum recommended operating temperature, key
design features, and their supplier.

TABLE 8.4: Components used for manufacturing of transducer prototypes.

Transducer
Component

Tmax
(°C)

Material Design Supplier

Wear Plate 1650 96%
Al2O3

15mm x 3mm x 0.5mm plate with
Au Coating on one 13mm x 3mm
face

Almath
Crucibles
Ltd

Conductive
Adhesive

1370 Resbond
931C

Graphite based adhesive

Piezoelectric
Plate

350 HPZ510 13mm x 3mm x 0.5mm plate
polarised along 3mm with parallel
Au electrodes

Ionix
Advanced
Technologies
Ltd

Piezoelectric
Plate

600 GaPO4 13mm x 3mm x 0.5mm Y-cut
(YXl)0°plate with parallel Pt
electrodes

Piezocryst
Advanced
Sensorics
Gmbh

Non-
conductive
Adhesive

1650 Resbond
989F

Alumina based adhesive

Backing
Block

800 MACOR Machined 16.5mm x 13mm x
12.5mm block with recess and
access holes

Precision
Ceramics
Ltd.

Wiring 700 Ni 1 mm diameter cable and 0.2 mm
conductor diameter

Thermocoax



Chapter 8. Design, Development and Characterisation of HT-PUT 176

8.3.2 Transducer Fabrication Procedure

The fabricated transducer components were assembled to manufacture the prototype
HT-UGW transducers. A transducer assembly procedure was devised for the selected
adhesives and their required surface preparation, adhesive application, and curing
process. The sequence of assembly steps was intended to minimise fabrication time
and allow for early identification of failures. The transducer assembly procedure is
shown in Figure 8.6.

FIGURE 8.6: Fabrication of HT-UGW transducer prototypes showing the
assembly of transducer layers and electrical connections.
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The first bonding step was to attach the Piezoelectric plate to the Alumina wear plate
using the conductive Resbond 931C adhesive. Surface preparation was carried out for
both rectangular plates by cleaning them with acetone. Subsequently, a thin bond line
thickness was achieved by applying a controlled amount of adhesive using a syringe.
Once the piezoelectric and wear plates were joined, they were carefully aligned and
pressed against each other using a clamp while the adhesive was cured at room
temperature. This formed the piezo-wear plate sub-assembly. Visual inspection and
electrical continuity tests were performed once the adhesive between the piezo
element and the wear plate had cured. This test ensured that the conductive adhesive
did not flow through the sides and made electrical contact between the two electrodes
of the piezo element. If that was the case, excess adhesive from the edges was
removed using super-fine grade sandpaper (FEPA P800). Extra care was taken during
this step to avoid damaging the bonded subassembly.

Two pure nickel wires braided with glass fibre, each 15cm in length, were used for
ground and live connections to the piezoelectric element. These two wires were fed
through the side of the Macor backing to the top surface, where the insulation 20mm
was stripped. The wire exit holes were filled with non-conductive adhesive and cured
at room temperature for a 24-hour period. The excess wires were cut off once the
adhesive was cured, and the top surface was flushed flat using fine sandpaper. The
conductive adhesive was applied to the slot on top of the Macor block. The piezo-wear
plate sub-assembly was placed in this slot while ensuring flat-level fitting. Next, the
two sub-assemblies were gently pressed against each other using a clamp. Finally, the
piezo-wear plate assembly edges were filled with non-conductive adhesive to seal and
prevent electrical connection between the two electrodes during the curing process.
The transducer assembly was completed in two steps, with a curing cycle following
each step. A total of 48 hours were needed to complete the assembly procedure for a
batch of transducers.

8.3.3 Manufactured Transducer Prototypes

A batch of 20 transducers was manufactured to verify the assembly procedure and
assess the variance in transducer performance of the prototypes. This batch of
transducers was manufactured using a PZT-5A PWAS polarised along the width
direction of the same dimensions as HPZ510 and GaPO4. The availability of PZT-5A
PWAS allowed for a large number of prototype builds. Their ultrasonic performance
was characterised using the methodology described in Chapter 4. The variability in
dimensions of the piezoelectric plate and the amplitude of the ultrasonic signal and
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SNR in transmission, reception and pulse echo mode at a single excitation frequency
of 80kHz are shown in Figure 8.7.

FIGURE 8.7: Variability in the dimensions of the piezoelectric plates and
corresponding variance in the ultrasonic reception, transmission and pulse-echo

performance of the manufactured transducer prototypes.

The peak-to-peak amplitude of the Tx, Rx and PE signals had an average of 16 mV, 11
mV, and 12 mV, with a variation between transducers of around 50%. These signal
amplitudes were translated into SNR of 33dB, 34.5dB, and 28dB, respectively. The
variation in SNR was less than 1dB, indicating consistency in the ultrasonic
performance of the transducer with respect to the frequency response. The variation
in signal amplitude could be due to variability in the coupling forces applied between
measurements, tolerances within the components of the transducer, or variations in
the manual assembly process.

Five HT-UGW transducer prototypes using HPZ510 and GaPO4 piezoelectric
materials for high-temperature characterisation. The performance of the
manufactured PZT-5A variant is compared with the HPZ510 and GaPO4 transducers
for the like-for-like evaluation of transducers that used the same transducer
components and assembly procedure in addition to the piezoelectric material.
Furthermore, the PZT-5A variant used a width-polarised parallel electrode PWAS that
according to the analysis in Chapter 5 reduced unwanted out-of-plane vibration. The
ultrasonic response of the PZT-5A variant is also compared with the Teletest
transducer described in Chapter 2 to verify this hypothesis.
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8.4 Transducer Ultrasonic Performance Characterisation

8.4.1 Transducer Test Fixture

A custom transducer holder and dry coupling fixture was designed to test up to five
transducers simultaneously inside the furnace by accommodating the bar waveguide
and providing a dry coupling force. The jig is shown in Figure 8.8 and was built with
A2 Grade 18/8 Stainless Steel parts and allowed operation up to 600°C. The jig
consisted of a stainless steel transducer holder with machined slots to accommodate
five transducers on one side and compression springs on the other side. Each
transducer was supported by a spring to provide a normal dry coupling force.
Another stainless steel retainer block with machined slots for compression springs
was placed on the back of the transducer holder. Retainer blocks were positioned
using two 5mm diameter alignment pins that passed through them at either end. The
depth of the spring slots was designed so that a 10mm gap separated the two blocks.
Two clamping steel plates enclosed the transducer holder and the bar waveguide.
Two screws are applied to compress the springs in the transducer holder, providing
the dry coupling force to the transducers under test.

FIGURE 8.8: Test fixture for HT-UGW measurements of multiple transducers.

Previous studies on the coupling force requirement for PUT with a similar contact area
have shown that a normal dry coupling load of 150N is sufficient to achieve adequate
acoustic coupling between the transducer and the waveguide [246]. The spring rate of
20 N/mm and the separation of 10mm between the transducer holder and the spring
retainer blocks allowed visual calibration. Once the two retainer blocks were in contact,
the springs were compressed by 10mm, providing the required coupling force of 200N
to each transducer under test. The counterforce on the steel plates of the jig would be
1000N when the five transducers were spring loaded with a force of 200N each. An
FEA stress analysis study confirmed the stability of the test jig under load.
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8.4.2 Experimental Setup

The ultrasonic performance of the transducer prototypes was characterised based on
the methodology described in Chapter 4 with an additional apparatus for high
temperature measurements as shown in Figure 8.9. A heat source was applied to the
test transducer for the HT measurements. The HT-PUTs under test were dry coupled
using a custom-built jig that applied a normal load. A k-type thermocouple was
placed next to the transducers to measure the temperature using a Pico TC-08
temperature logger [272]. An automated Python script was written to continuously
acquire ultrasonic measurements and record the transducer temperature before and
after each measurement.

FIGURE 8.9: Illustration of the experimental apparatus used for ultrasonic guided
wave measurements of a piezoelectric transducer.

Ultrasonic measurements were acquired in the pitch catch configuration where a
PZT-5A PWAS was used as a reference transducer. This reference transducer was
attached to the waveguide using a cyanoacrylate adhesive and would remain in
ambient temperature conditions. The reference transducer and the HT transducer
under test were installed in the bar waveguide and connected to independent
channels of the Teletest Focus Pulser-Receiver unit. The Pulser-Receiver unit
provided the electrical excitation and collected the received ultrasonic measurements.
The two transducers served as a transmit-receiver pair for pitch-catch ultrasonic
measurements.

The HT-UGW measurements from the prototype transducers used the described test
fixture to accommodate the transducers under test and the bar waveguide inside a
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Carbolite LHT6/30 furnace [273]. The bar waveguide was first inserted through the
vent access hole on top of the furnace for the experimental setup. The test fixture was
installed at the end of the bar waveguide and located the transducers under test inside
the furnace. The experimental setup is shown in Figure 8.10.

FIGURE 8.10: Transducer holder designed for ultrasonic guided wave
measurements using multiple transducers under test at high temperature.

The reference PZT-5A transducer was placed outside the furnace at ambient
temperatures to ensure that only the temperature behaviour of the test transducer
was captured by ultrasonic measurements. The transducers under test and the
reference transducer were connected to independent channels of the pulser-receiver
unit. Ultrasonic pitch-catch measurements were performed using the reference
transducer and one test transducer at a time.
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8.4.3 Ultrasonic Guided Wave Measurements

The ultrasonic pitch catch measurements allowed for the characterisation of the
transmission and reception performance of the transducer under test independently.
The transmission data set consisted of ultrasonic measurements in which the HT
transducer was used as an actuator and the reference transducer as a sensor. The
reception dataset was collected by switching the transmit-receive pair, whereby the
reference transducer was used as an actuator and the HT transducer as a receiver. The
measured UGW signals transmitted or received by the HT transducer will be referred
to as Tx and Rx, respectively. Three sets of Tx and Rx measurements were performed
to characterise the responses of the prototype transducers to frequency, high
temperature, and thermal ageing. A summary of these ultrasonic measurements is
given in Table 8.5.

TABLE 8.5: Summary of measurements for transducer ultrasonic characterisation.

Dataset
Transducer
DUT

Fc
[kHz]

To

[°C]
Time at To

[hours]
Meas
No.

Rx Gain
[dB]

Frequency
Response

Teletest
Transducer

20-80 25 - 122 30

PZT-5A 20-80 25 - 122 30
HPZ510 20-80 25 - 122 30
GaPO4 20-80 25 - 122 40

High
Temperature

PZT-5A 70 250 - 16 30
HPZ510 70 350 - 16 30/40
GaPO4 70 600 - 24 60

Thermal
Ageing

HPZ510 70 350 200 2400 30/40
GaPO4 70 600 200 2400 60

Ultrasonic pitch catch measurements used an excitation signal of a ten-cycle Hanning
window-modulated sine wave of centre frequency between 20 and 80 kHz. The pulser-
receiver used a sampling frequency of 1 MHz, a pulse repetition frequency of 10Hz,
and a lowpass filter of 150kHz. A receiver gain of 30dB or 40dB was used for the
HPZ510 and GaPO4 transducers under test. An average of 256 acquisitions were taken
to reduce incoherent noise.

To characterise the transducer frequency response, frequency sweep measurements
were collected at ambient temperatures using excitation signals with centre
frequencies ranging from 20 to 80 kHz in 1 kHz steps. The frequency sweep
measurements contained 61 ultrasonic measurements for both the Tx and Rx datasets.
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These frequency sweep measurements were analysed to examine the ultrasonic
transducer FOM, including wave mode purity, signal amplitude and SNR within the
frequency range of interest for UGW. The time-frequency analysis of the ultrasonic
measurements was performed as described in Chapter 2.

To assess transducer performance at high temperatures, ultrasonic measurements
were collected using a 70 kHz excitation signal at increasing temperatures with
intervals of 50°C up to 350°for the HPZ510 variant and 600°for the GaPO4 transducer
variant. The furnace was programmed to heat up at a rate of 5°C/min. A dwell time
of 15 minutes was used to ensure that the temperature reached equilibrium before
high temperature ultrasonic measurements were recorded. The transducer
performance metrics were derived as a function of temperature to analyse any
deviation with increasing temperatures.

Following the HT-UGW measurements, one HPZ510 and GaPO4 transducer
prototypes were selected for long-term thermal testing at their respective target
temperatures. The Tx and Rx data sets were recorded at high target temperatures for
more than 200 hours with less than five minutes between each data acquisition. The
thermal soak test data were analysed to examine the stability of transducer
performance and investigate any degradation over time. This analysis was performed
by characterising the ultrasonic performance FOMs as a function of time at target
temperature to examine their HT-SHM application.

8.5 Results and analysis

8.5.1 Transducer Frequency and UGW Response

The transmission and reception data sets for the PZT − 5A, HPZ510 and GaPO4

transducer variants were analysed by evaluating the signal transmitted to and from
the reference PZT-5A wafer transducer. The amplitude and SNR of the transmitted
and received ultrasonic signals were characterised as a function of frequency and
compared with the current Teletest transducer, as shown in Figure 8.11. The signal
amplitude shows a near-linear frequency response range of 30-80 kHz. The signal
amplitude in the 20-30kHz range is significantly lower due to the destructive
interference of the ten-cycle excitation signal (λ=0.1-0.15m) with the reflection from
the end of the 1.5 m bar waveguide.
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FIGURE 8.11: The transmission and reception signal amplitude and SNR as a
function of frequency measured using HT-PUT variants using PZT-5A, HPZ510

and GaPO4 piezoelectric materials.

The PZT-5A transducer variant displayed a lower signal amplitude compared to the
Teletest transducer. The amplitude and SNR of the Teletest transducer showed an
uneven response in the 45kHz and 65kHz region, which may be associated with
additional wave modes excited due to the wraparound electrode or the
eigenfrequency within the backing of the transducer, as hypothesised in Chapter 5.
The PZT-5A transducer variant displayed a uniform frequency response and an
increase in SNR of approximately 10dB in the 40-60kHz frequency range.

The signal amplitudes transmitted and received by HPZ510 and GaPO4 are lower
than those of the PZT-5A variant by one and two orders of magnitude. It can be seen
that the Tx amplitudes are slightly lower for all transducers than their respective Rx
amplitudes. This difference is due to the better ultrasonic response of bonded PZT-5a
PWAS used as a reference in all measurements. The Rx and Tx signals at 70 kHz using
the Teletest transducer are 10.92 mV and 7.15 mV, respectively. The corresponding
values for the HPZ510 transducer are 2.53 mV and 1.36 mV, and for the GaPO4

transducer, 0.60 mV and 0.35 mV. The much lower values for GaPO4 are due to the
lower piezoelectric charge coefficient and piezoelectric voltage coefficient, as
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characterised in Chapter 7. The signal amplitudes translated into SNR of 30dB for the
PZT-5A variant and 20-24dB for the HPZ510 and GaPO4 transducer variants.

TFR analysis of the UGW measurements was performed to assess the excited wave
mode response of the prototype transducers. As described in Chapter 4, three distinct
UGW modes exist in the bar waveguide within the test frequency range. The group
velocity of these wave modes and the travel distances from the transducer were used
to calculate the expected arrival time of these wave modes.

The group velocity dispersion curves were used to simulate the TFR response of the
UGW measurements on the waveguide, as shown in Figure 8.12. The three UGW
modes are colour coded for comparison with the TFR analysis performed on the
transmission and reception data collected using the Teletest, PZT-5A, HPZ510 and
GaPO4 transducers. The arrival of the first transmitted shear wave (Vg = 3000m/s)
across the 1.5m bar is expected to be at 0.5ms. The second reflection with a travel
distance of 4.5m is expected at ≈1.5 ms. The longitudinal wave reflection with a
velocity of 5000 m/s is expected to arrive at 0.9 ms.

The signal amplitudes are normalised against the current Teletest transducer to aid in
comparison and to identify wave modes excited by the transducer under test. All
transducer variants displayed low signal amplitudes with excitation frequencies
below 30 kHz. This suggests that the macor backing does not provide sufficient
damping that causes the transducers to ring. However, above 40 kHz, the transmitted
signals and reflections are distinctly visible. The TFR of the Teletest transducer
indicates the presence of the longitudinal wave mode seen at 1 ms and its reflection
overlapping with the shear wave at 1.5 ms and after that. The HT-PZT-5A transducer
using a parallel electrode significantly decreases the amplitude of longitudinal waves
by ≈45%, thus demonstrating the increased purity of the wave mode.

From the TFR of the HPZ510 transducer, the longitudinal mode excitation is visible at
frequencies above 65 kHz, although the amplitude is -20 dB compared to the torsional
wave mode. For the GaPO4 transducer, the time-frequency response shows that the
transducer is exciting both the longitudinal and the shear modes of similar amplitudes.
This is likely due to the crystal cut or the extremely low shear coupling coefficient
of the GaPO4 material. However, the uniform frequency response of the developed
HPZ510 and GaPO4 transducers in the 40-80kHz range confirms their suitability for
UGW applications.
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Simulated UGW Response
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FIGURE 8.12: TFR analysis of the transmitted and received signals from
transducers under test showing multiple UGW reflections. All signals are

normalised to the signal amplitude of the Teletest transducer.
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8.5.2 Transducer High-temperature Reponse

The high temperature UGW measurements of the HPZ510 transducer in transmit and
receive mode are shown as a waterfall plot in Figure 8.13. Each Tx and Rx
measurement shows the directly transmitted shear wave at 0.4 ms and the reflections
from the ends of the bar at 1.4 and 2.3 ms. The signal amplitudes for high temperature
measurements are normalised to the amplitude of the directly transmitted shear wave
at 0.4 ms at 25°C. The normalised plot highlights the increase in coherent noise
between reflections with increasing temperature above 250°C. At temperatures above
150°C, the first arriving shear mode at 0.4 ms is followed by additional waves. The
amplitude of these waves gradually increases with temperature to 350°C, where their
amplitude is -6dB compared to that of shear waves. These are most likely flexural
waves, which are around 100-200 m/s slower than shear waves, and can be seen to
separate over time for the corresponding reflections of shear waves. However, the
transducer was operational up to its target temperature of 350°C without a significant
reduction in signal amplitude.

FIGURE 8.13: Normalised pitch-catch ultrasonic measurements showing
reception (left) and transmission (right) by the HPZ510 transducer at increasing

temperatures up to 350°C.
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The high-temperature transmission and reception UGW measurements using GaPO4

transducers at temperatures up to 600°C are shown in Figure 8.14. The Tx response
shows a decrease in the excitation performance of the GaPO4 transducer with an
increase in temperature. This decrease in SNR was caused by low signal amplitudes
masked by noise for the target temperature of 600°C. Unlike the transmission
response, the reception response of the GaPO4 transducer was more stable up to the
target temperature of 600°C. However, an increase in the coherent noise level was
observed at 600°C. An increase in temperature results in thermal expansion of the
structure and shifts in wave velocity [46]. These phenomena and thermal gradient
along the waveguide resulted in signal interference and new reflections which
increased the coherent noise for both transducer variants.
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FIGURE 8.14: Normalised pitch-catch ultrasonic measurements showing
reception (left) and transmission (right) by the GaPO4 transducer at increasing

temperatures up to 600°C.

These high temperature pitch catch measurements were used to characterise
transducer performance FOMs as a function of temperature. The analysed FOMs
included the signal amplitude, the time of arrival, the signal-to-noise ratio, the phase
change, and the spectral amplitude. These FOM are analysed for the PZT-5A, HPZ510
and GaPO4 transducer variants at temperatures up to 250°C, 350°C and 600°C,
respectively. The transmission and reception performance of HT-PUTs as a function



Chapter 8. Design, Development and Characterisation of HT-PUT 189

of temperature are shown in Figure 8.15. The FOMs at high temperatures were
normalised to their respective values at ambient temperature to analyse any deviation
with increasing temperatures.
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FIGURE 8.15: Comparison of HT-UGW transducer performance figures of merit
for PZT-5A, HPZ510 and GaPO4 transducer variants at temperatures up to 250°C,

350°C and 600°C, respectively.

The signal amplitude of the HT-PZT-5A transducer decreased linearly by 45% up to
250°C and diminished near the curie temperature of 325°C. The signal amplitude of
the HPZ510 transducer remained stable to 300°C, after which a slight decrease of 20%
was observed at 350°C. The signal amplitude with the GaPO4 transducer decreased
by 50% at 100°C compared to ambient temperatures, but was stable up to the target
temperature of 600°C.
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The SNR of the HT-PZT-5A transducer was stable at around 40 dB up to 250°C, while
for the HPZ510 transducer, the SNR decreased from 36 dB at 25°C to 30 dB at 350°C.
The SNR of the GaPO4 transducer was maintained at around 17 dB with a minor
variation of ±2 dB up to 600°C. The phase change of the received signals showed a
near linear behaviour with temperature and was in the 15°C range for HPZ510 and
10°C for the GaPO4 transducer. The spectral amplitude was analysed as a significant
variation that would indicate coherent noise due to unwanted modes or ringing of the
transducer. The spectral amplitude of the HPZ510 transducer is stable up to 300°C but
spikes at 350°C, which is related to the unwanted wave modes seen in Figure 8.13. For
the GaPO4 transducer, no significant change in spectral amplitude was observed up
to 400°C, after which a gradual increase was observed up to 600°C.

The FOM for the transmission dataset were also analysed as a function of temperature.
Generally, FOM of the transmission response of the transducer under test showed a
similar response as a function of temperature. For example, the amplitude of the Tx
signal for the GaPO4 transducer also gradually decreased to about 50% at 600°C as
its Rx response. However, its low transmission efficiency results in significantly more
degradation in SNR.

8.5.3 Transducer Ageing Response

One of each HPZ510 and GaPO4 transducer prototype was used for thermal soak
measurements. Ultrasonic measurements were collected more frequently, resulting in
a finer temperature resolution, with measurements collected roughly every 5°C. For
the HPZ510 transducer, once the target temperature of 350°C was achieved, ultrasonic
measurements were collected for 200 hours to analyse performance stability for the
monitoring application.

The FOM of the HPZ510 transducers, including signal amplitude, SNR, phase shift,
signal subtraction error, and spectral amplitude, were analysed as a function of time
at high temperatures and are shown in Figure 8.16. The FOM are shown as scatter
plots, where each point represents data analysed from an ultrasonic measurement
over time, and its colour indicates the temperature of the transducer corresponding to
that measurement. The signal amplitude decreased with an increase in temperature
and dropped by 40% at 250°C. With a further increase in temperature, the signal
amplitude increased slightly and reverted to 80% of its corresponding value at
ambient temperatures at 350°C. At 350°C, the signal amplitude was maintained at the
80% level for 200 hours. The corresponding SNR of the transducer increased by nearly
7 dB with increasing temperature, reached 30 dB at 350°C, and was also stable during
the 200-hour monitoring period.



Chapter 8. Design, Development and Characterisation of HT-PUT 191

0 0.5 1 1.5 2
10

20

30

40

S
N

R
 (

d
B

)

0 0.5 1 1.5 2
0

0.2

0.4

S
u
b
 E

rr
 (

-)

0 0.5 1 1.5 2
-10

0

10

P
h
a
s
e
 S

h
if
t 
(°

)

0 0.5 1 1.5 2
Time (Hours)

0

1

2

S
p
e
c
tr

a
l 
A

m
p
 (

-)

50

100

150

200

250

300

350

0 0.5 1 1.5 2
0.6

0.8

1

1.2
N

o
rm

 A
m

p
 (

-)

40 60 80 100 120 140 160 180 200

40 60 80 100 120 140 160 180 200

40 60 80 100 120 140 160 180 200

40 60 80 100 120 140 160 180 200

40 60 80 100 120 140 160 180 200

FIGURE 8.16: Thermal ageing response of the ultrasonic signal performance of
HPZ510 transducer measured at increasing temperatures up to 350°C and 350°C

for over 200 hours.

The high temperature FOM for the GaPO4 transducer as a function of time is shown
in Figure 8.17. The amplitude and SNR decreased with increasing temperature, and at
600°C, their values decreased by 40% and 2 dB of their respective ambient temperature
values. However, they were stable at 60% and 20 dB at 600°C during the monitoring
period of 200 hours. A variability of ±10% for signal amplitude and ±3 dB for SNR
was observed during the monitoring period and is most likely due to temperature
fluctuations in the furnace.
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FIGURE 8.17: Thermal ageing response of the ultrasonic signal performance of
GaPO4 transducer measured at increasing temperatures up to 600°C and 600°C

for over 200 hours.

The subtraction error and spectral amplitude varied with increasing temperature but
were stable at the target operating temperature and over the monitoring period. No
significant changes in the analysed transducer FOMs confirm the ultrasonic and
frequency response of the transducer GaPO4 for continuous operation at 600°C.
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8.6 Summary

This chapter developed and characterised HT-UGW transducers for SHM application
at temperatures up to 350°C and 600°C. The transducer design was based on the
HPZ510 and GaPO4 piezoelectric materials verified in Chapter 7. Compatible passive
transducer materials and adhesives were selected for the transducer design.
Numerical FEA analysis of the transducer confirmed non-resonant shear operation in
the UGW frequency range suitable for the generation of the torsional wave mode.
Transducers are fabricated and their ultrasonic characterisation was carried out
extending the characterisation methodology described in Chapter 4 to high
temperatures. The torsional ultrasonic output within the transducer batch varied by
± 50% possibly due to differences in the adhesive layers; but a consistent SNR within
±1dB was achieved, verifying the assembly method. Comparison of the PZT-5A
variant with the Teletest transducer showed that the proposed design reduced the
signal amplitude by ≈ 60% but achieved a significant improvement in SNR of more
than 10dB. The proposed design also eliminated the signal degradation seen in
Teletest transducer around 60kHz, however, at an expense of worse performance in
frequencies below 40kHz.

The high temperature variants of the transducer were manufactured using HPZ510
and GaPO4 and an experimental setup was developed to evaluate their HT-UGW
measurements at temperatures up to 350°C and 600°C, respectively. The UGW
measurements were analysed in the time, frequency and time-frequency domains to
assess their signal amplitude, mode purity, SNR, and wave mode response. The
transducers achieved a flat frequency response in the UGW frequency range. The
signal amplitude and SNR for the HPZ510 variant are reduced by 20% and 5 dB (to
24dB) at 350°C. Similarly, there was a reduction in the signal amplitude and SNR of
the GaPO4 variant reduced by 40% and 2dB (to 18dB) at 600°C. The variant with
GaPO4 also showed an increase in coherent noise at temperatures above 400°C. For
both transducers, the change in phase shift, spectral amplitude, and signal subtraction
error up to their target temperatures was less than 10°, 20% and 10%, respectively.

The ultrasonic performance of the transducers was also analysed at their target
temperature for a monitoring period of more than 200 hours to assess their reliability
over time. The performance of the analysed transducer FOMs was highly stable, with
less than 10% variability during the monitoring period, and no deterioration was
observed. Thus, manufactured HT-UGW transducers using HPZ510 and GaPO4

materials have shown sufficient signal strength, mode purity, and SNR to be
considered for SHM application to HTPs operating at temperatures up to 350°C and
600°C, respectively.
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Chapter 9

Conclusions and Recommendations for
Future Work

9.1 Thesis Review

This thesis investigated the feasibility of using the UGW piezoelectric transducer for
the application of SHM in HTPs. The HT-UGW transducers were designed for
operation at medium-high temperatures up to 350°C and ultra-high temperatures up
to 600°C. The design of the transducer has been optimised for operation in TS-mode
mode for the transduction of the fundamental torsional wave mode in the frequency
range of 20-120 kHz in metallic pipes.

Chapter 1 introduced the thesis by presenting the industrial needs of the UGW based
SHM system for HTPs. Contributions to knowledge and publications arising from the
thesis were presented and the structure of the thesis was illustrated.

Chapter 2 presented the fundamental background and terminology related to UGW on
cylindrical pipe-like structures. Piezoelectric theory was introduced to understand its
characteristics and application for the design of ultrasonic transducers. The ultrasonic
signal processing techniques used in the thesis were also described.

Chapter 3 presented a review of the literature on HT-PUT design and their SHM
application. The review focused on the numerical and experimental analysis of the
HT transducer for low-frequency ultrasonic application. The enabling technologies
for the HT-SHM application including temperature compensation and diagnostic
algorithms were also reviewed.

Chapter 4 presented a hybrid numerical and experimental approach for the design
characterisation of HT-UGW piezoelectric transducer. Design characterisation was
focused on the TS-mode mode for transduction of the T(0, 1) wave mode at high
temperatures. The numerical methodology was based on multiphysics FEA and the
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experimental methodology included electromechanical characterisation by EMIS,
vibrational analysis using SLDV, and UGW measurements on a waveguide. The
proposed numerical methodology was experimentally validated using the Teletest
transducer. The characterisation of the Teletest transducer design also identified
issues related to the excitation of spurious modes arising from the electrode
configuration of the piezoelectric plate and the natural frequency of the backing layer.
The high-temperature performance and limitation of the Teletest transducer also
served as a benchmark for new transducer designs.

In Chapter 5, the validated PWAS model in Chapter 4 was used to investigate the
influence of several transducer design parameters on the electromechanical
performance of the operation in TS-mode and the excitation of T(0, 1) UGW. This
included the dimensions of the piezoelectric plate, the polarisation, the electrode
design, and the dimensions of the backing layer. Parametric analysis focused on
optimising signal amplitude, increasing SNR by reducing out-of-plane vibration, and
avoiding resonances in the operating frequency range for UGW. The optimal
performance was achieved with a width-polarised, wrapped-around electrode
configuration. The simulated vibration modes and the frequency response of the
electrical displacement were experimentally validated through 3D SLDV. The results
showed that the accuracy of the model in simulating the dynamic electromechanical
behaviour, including the vibrational modes and frequency response, matched well
with the measured response. Furthermore, the electro-mechanical performance was
compared with that of the current Teletest transducer. The results of this study lead to
the development of an optimised transducer for UGW SHM application.

In Chapter 6, an experimental approach was applied to characterise the performance
of an UGW system for SHM of HTPs. Long-term high-temperature monitoring
experiments were carried out in a laboratory setting with simulated defects and in a
live-operating power plant to evaluate the performance of the system in a range of
EOCs. Ultrasonic SHM data was collected while the transducer array was exposed to
more than 1000 thermal cycles of temperatures up to 150°C over 180 days in the
simulated environment and over a year at 180°C in the power plant. This
experimental study showed that the transducer array provided a highly stable T(0,1)
signal output with a consistent SNR variation less than 2dB and 4% CSA defect
sensitivity at temperatures up to 150°C. This confirmed that the UGW system
including the transducer array and the defect monitoring approach is suitable for
SHM of HTPs operating at temperatures up to 150°C. Monitoring trials at the power
plant also demonstrated the stability of the system, but performance degradation was
observed over time, likely due to accelerated degradation due to extreme EOCs and
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collar array design.

Chapter 7 focused on the selection and characterisation of HT piezoelectric materials
for continuous operation at 350°and 600°C. HPZ510 and GaPO4 piezoelectric
materials were selected after review of commercially available materials. The
electromechanical characterisation of these materials was performed through EMIS
and their dielectric, elastic and piezoelectric properties and temperature dependence
were derived and assessed. The temperature dependence of the elastic constants was
found to exhibit a stable state of up to 600°C with a variation of less than 3%.
Multiphysics FEA models of the chosen piezoelectric materials were developed and
validated through experiments. Numerical studies showed a good agreement on the
change in frequency and electromechanical response, which are critical to evaluating
their performance for HT applications. Finally, HT ageing experiments demonstrated
excellent temperature stability and validated their use for HT-PUT design.

Finally, in Chapter 8, the findings of the design optimisation FEA studies from
Chapter 5 are used to develop HT-UGW transducers for improved TS-mode
performance. High-temperature conductive and non-conductive adhesives are
selected, and a transducer assembly methodology is developed for bonding the active
and passive layers of the transducer. The assembly procedure minimised the
fabrication time, allowed early identification of failures, and demonstrated
consistency among the prototypes developed with amplitude and SNR variability less
than 2mV and 1dB, respectively. HPZ510 and GaPO4 transducer were manufactured
for continuous operation at 350°C and 600°C. The ultrasonic performance of the
manufactured prototypes was characterised at increasing temperatures up to their
respective target temperatures and then at the target operating temperatures for a
period of 200 hours. The results indicate that the proposed design reduces the signal
amplitude by around 60%; however, it significantly increases the SNR by more than
10 dB throughout the 40 to 80 kHz frequency range and eliminates degradation
around 60 kHz caused by the resonance of the stainless steel backing. Thus, the
developed transducer design is validated for a wide range of HT-UGW applications.
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9.2 Key findings

It has been shown that a unified numerical and experimental approach can be applied
to design and characterise a low-frequency (20-120 kHz), high-temperature, torsional
guided wave piezoelectric ultrasonic transducer.

The main findings of the thesis are:

• Information about unwanted out-of-place vibration mode arising from the
wrapped-around electrode configuration of the piezoelectric plate and the
natural frequency of the backing layer in the existing Teletest transducer.

• Performance characteristics of an UGW system for SHM application to HTPs,
including stability of the torsional signal response at temperatures up to 180°C
under simulated and live operating conditions in a power plant.

• The application of optimal baseline selection and baseline signal subtraction for
temperature compensation and defect detection can achieve a defect sensitivity
of 4% CSA at temperatures up to 150°C.

• Application of the numerical multiphysics approach FEA for the analysis of
high temperature piezoelectric materials. The simulated electromechanical and
vibrational frequency response of the piezoelectric models of PZT-5A, HPZ510
and GaPO4 demonstrated a good correlation with the measured response.

• Influence of the direction of polarisation and electrode configuration on the TS-
mode performance of a piezoelectric plate. Numerical analysis demonstrated an
improvement of 11 dB in SNR with a transverse width polarised piezoelectric
plate compared to the existing design and an additional improvement of 5 dB
with a parallel electrode.

• Validation of the HPZ510 piezoelectric material for continuous operation at
medium-high temperatures of up to 350°C in TS-mode. The development of the
UGW transducer using HPZ510 achieved torsional signal amplitudes of 2.53
mV (Rx), 1.36 mV (Tx) and corresponding SNR of 20 dB.

• Validation of GaPO4 piezoelectric material for TS-mode operation using y-cut
configuration. GaPO4 based UGW transducer designed for continuous operation
at ultra-high temperatures of 600°C demonstrated a torsional signal amplitude of
0.6 mV (Rx), 0.35 mV (Tx) and corresponding SNR of 24 dB. Information on mode
coupling in GaPO4 single crystal with y-cut configuration.
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9.3 Further Work

The presented HT-PUT were designed and characterised for shear mode operation for
transduction of the torsional wave mode in the frequency range of 20-120 kHz at
temperatures of up to 600°C. However, it may be desirable to operate in a different
UGW mode or in a higher frequency range or even higher temperatures for a given
industrial requirement. Although the numerical and experimental techniques
discussed were used to create and analyse HT-UGW transducers, they can be applied
to any PUT design configuration.

9.3.1 Advancements in FEA of HT-PUT

The numerical analysis of the piezoelectric materials and transducers performed in
this work was limited to the electrical boundary conditions of the transducer.
Thermal characteristics were introduced with high-temperature piezoelectric material
properties only. The influence of temperature on external mechanical loads, for
example, the mechanical assembly of the transducer, the thermal properties of the
adhesives, or the dry coupling force of the transducer collar, was not included.
Further research should include investigation of thermal stresses due to these external
factors and influence on the electromechanical frequency response of the transducer.
In addition to the mechanical load, the effect of the measurement system can also be
introduced to further emulate the electrical setup and improve the accuracy of the
simulated results.

The numerical FEA studies focused on the characterisation of the electromechanical
frequency and vibration response and accurately predicted the resonance frequencies,
vibration modes, and their coupling with unwanted contour modes as seen in the
case for GaPO4. This work also demonstrated the suitability of the FEA technique for
understanding the influence of different design parameters. However, to further
improve the accuracy of the simulated results, material losses, such as friction,
damping, and dielectric dissipation, can be introduced. These can be extracted from
the measured EMI response of the piezoelectric material. For high frequency
application, other considerations such as the mass loading effect of electrodes and
internal heating of the piezoelectric material may need to be introduced.

The excitation of UGW on cylindrical pipe-like structures is very well understood. For
complex structures, the developed transducer models can be further evaluated
through transient time-domain analysis to analyse guided wave excitation and
interaction with the structure.
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9.3.2 Transducer Design Optimisation

The transducer design was optimised for a 20-120 kHz broadband frequency response.
The transducer design could be further optimised if a narrower frequency range is
desired. The use of higher frequencies above 500 kHz could enable resonant
transducer design which can significantly increase the ultrasonic performance and
defect sensitivity. However, the temperature influences for resonance operation are
worse and will need consideration for design. Electrical impedance matching circuitry
can also optimise ultrasonic performance, but it will be restricted to a specific
frequency range depending on the tuning parameters of the circuit.

9.3.3 Guided Wave System Optimisation

The HT-SHM studies performed using a complete UGW system in Chapter 5 were
performed using existing transducers at temperatures of up to 150 °C. These studies
were carried out in parallel with the development of the transducer reported in
Chapter 8. Further experimental investigation of the developed transducers in an
array configuration is required as part of a complete UGW system. The developed
HT-UGW transducers developed for 350°C and 600°C have a similar physical profile
and can be housed in the same collar with some modifications to the transducer
holder modules. Long-term monitoring trials in the power plant revealed
degradation in the springs and their compression force. Further evaluation of
temperature-resistant springs should be carried out to provide consistent dry
coupling force to the transducer over temperature variation. This should consider any
thermal expansion and additional force that may be exerted on the transducer to
prevent any mechanical failure of the transducer.

The presented UGW system used a transducer array for pulse-echo operation. There
are several options to optimise the ultrasonic performance of the array. The number
of transducers in an array can be increased for higher ultrasonic output although the
array density is limited to the transducer size and electrical drive limits of the pulser-
receiver electronics. The increase in number of channels used for multiplex across
the transducer array can also improve the performance of the ultrasonic output and
defect sensitivity through post-processing techniques such as full matrix capture. To
compensate for transducer degradation or temperature variability, it can also allow the
application of different excitation signals to selected transducers to maintain the output
of the axisymmetric torsional signal. To further improve the ultrasonic performance of
the system, a separate transmitter and receiver array could comprise transducers that
are designed for optimised transmission and reception operation.
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This study only considered simple temperature compensation and defect detection
signal processing techniques to characterise the performance of the Teletest system for
the HT-SHM application. For industrial applications, it will be beneficial to improve
the sensitivity of the system to defect detection by applying advanced signal
processing and data analytics techniques such as machine learning or AI models for
temperature compensation and defect monitoring. The ultrasonic signal
compensation methods can be applied using the known understanding of the effect of
temperature on the transducer ultrasonic output. The high-temperature transducer
response characterised by the transducer of Chapter 8 and the impedance amplitude
and phase response characterised in Chapter 7 can be considered to improve the
temperature compensation.
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Appendix A

Appendices

A.1 Calculation of Contact Surface Area

A.1.1 Hertzian Contact Theory

The Hertzian contact theory was developed by Heinrich Hertz and is a fundamental
concept in solid mechanics and contact mechanics [247]. It has been widely applied in
various fields of engineering and physics. It is particularly applicable to situations
where two solids come into contact under pressure. This theory is applied to calculate
the contact surface area in this study where a piezoelectric transducer is dry-coupled
to a carbon steel pipe using a normal force. The theory assumes perfect elasticity i.e.
both the contacting bodies are elastic and deform elastically within the range of
stresses and strains experienced during the contact. The materials are assumed to be
homogeneous (uniform composition) and isotropic (uniform properties in all
directions) within the region of contact. It also neglects friction and surface roughness
and does not apply to adhesive contact situations. This theory can approximate the
size and shape of the contact area between the two bodies. It also provides equations
to calculate the distribution of stress and strain within the contact region, typically in
terms of the applied load and the geometrical properties of the contacting bodies.

A.1.2 Contact Area between Cylinder and Plate

Hertzian contact theory can be applied to calculate the contact surface area between
a cylinder and a flat plate. In this calculation, contact of a cylinder of radius R and
a flat plate is considered as illustrated in Figure A.1. The contacting cylindrical and
plate bodies have elastic moduli E1, E2 and Poisson’s ratio ν1, ν2. A normal load F is
transmitted to the flat surface through a contact zone.
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FIGURE A.1: Illustration of the contact between a cylinder and a flat plate.

Assuming a cylindrical contact that has a symmetric pressure distribution, the equation
for the contact radius (a) is given by:

a =
(3FR

4E∗

)1/3
(A.1)

where F is the applied force, R is the radius of the pipe, and E∗ is the reduced modulus
of elasticity which is calculated as:

1
E∗ =

1 − ν2
1

E1
+

1 − ν2
2

E2
(A.2)

where E1, E2 are the elastic moduli and ν1, ν2 are the Poisson’s ratio of the piezoelectric
plate and the pipe, respectively.

Once the contact radius a is determined, the contact surface area A can be calculated
using the formula for the contact area of a cylinder:

A = 2πaL (A.3)

where L is the length of the contact area, which is the dimensions of the piezoelectric
plate along the axial direction of the cylindrical pipe.

This theory and model have been used in Chapter 5 to estimate the actuation area of a
piezoelectric PZT-5A plate installed on a carbon steel pipe. For Carbon Steel and PZT-
5A, the Elastic moduli are 240 GPa and 60 GPa, whereas the Poisson’s ratios are 0.26
and 0.34, respectively. With a nominal contact force of 200N applied on the PZT-5A
installed on a 4-inch pipe (ϕ=114.3mm), the contact radius is ≈0.0116mm.
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A.2 Material Properties used for FEA

A.2.1 Gallium Phosphate

TABLE A.1: GaPO4 material properties used for the model [260]

Material Property Value Temperature Coefficients
Property (at 25°C) T1

ij[10−6K−1] T2
ij[10−9K−2] T3

ij[10−12K−3]

Piezoelectric constants (a), (b) dij[pC/N]

d11 4.5 (-) (-) (-)
d14 1.9 (-) (-) (-)

Elastic Constants Sij[10−12m2/N]

SE
11 17.93 22.4 30.5 62.4

SE
12 -4.82 -210.5 -0.1 -271.3

SE
13 -3.19 181.6 78.2 322.2

SE
14 -2.36 482.2 315.5 7.9

SE
33 11.35 147.9 14.1 261.5

SE
44 27.04 18.7 54.7 52

SE
66 45.51 -26.9 24 -8.3

Relative Dielectric Constants (c) ϵT
ii [-]

ϵT
11 6.1 (-) (-) (-)

ϵT
33 6.6 (-) (-) (-)

Thermal expansion coefficients αii[10−6K−1]

α11 12.78 10.6 -16.1 12.3
α33 3.69 5 -5.4 3.6

(a) Signs following standard IEEE 176-1987 for the right-handed crystal.
(b) d11 value is constant up to 700°C, and d14 is 1.6 at 500°C.
(c) Measured at 1 kHz.
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The elastic properties of GaPO4 and CTEs as a function of temperature were derived
using the reported temperature coefficients and are shown in Figure A.2.
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FIGURE A.2: The elastic compliance and the CTEs of GaPO4 material as a function
of temperature derived using the temperature coefficients.

A.2.2 Transducer Passive Layers

TABLE A.2: Physical material properties of transducer materials used for FEA
studies.

Material Density [kg/m3] Young’s Modulus [GPa] Poisson’s Ratio

99.5% Al2O3 3890 375 0.21
96% Al2O3 3720 300 0.21

Macor 2520 66.9 0.29
PZT-5A 7750 66 0.31
HPZ510 7950 95.2 0.25
GaPO4 3570 85 0.28
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A.3 High temperature EMI Measurements

A.3.1 HPZ510 - Modified Bismuth Titanate
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FIGURE A.3: Electromechanical impedance measurements of the HPZ510 plate
showing the impedance amplitude and phase at temperature increments of 50°C

up to 525°C.
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A.3.2 GaPO4 - Gallium Phosphate
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FIGURE A.4: Electromechanical impedance measurements of the GaPO4 plate
showing the impedance amplitude and phase at temperature increments of 50°C

up to 600°C.
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A.3.3 PZT-5A - Lead Zirconate Titanate
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FIGURE A.5: EMI measurements of the PZT-5A plate used in the Teletest
transducer at temperature increments of 50°C up to 375°C.
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A.4 Additional Transducer FEA Results

A.4.1 Comparison of Macor and Stainless Steel Backing
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FIGURE A.6: Comparison of in-plane shear and out-of-plane displacement of
width polarised parallel electrode PZT-5A transducers with stainless steel and
macor backing of different thickness showing both materials have better response
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A.4.2 Length Polarised Wraparound Parametric Study
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