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Abstract

There is a critical need for inspection and condition monitoring of high temperature critical components
such as pipelines and welds in electrical power generation and other plants operating at temperatures as
high as 580°C. The high temperatures and pressures experienced in these pipelines, particularly for
ageing plants lead to creep, fatigue and corrosion type defects. Safety of these plants is of paramount
importance, and regular maintenance is carried out during planned outages at ambient temperatures.
Ultrasonic non-destructive testing can be used to detect defects in the weld at ambient temperatures.
However, at high operational temperatures, this technique cannot be applied due to the lack of high
temperature transducers. This research has achieved significant advances towards enabling ultrasonic
inspection and condition monitoring of high temperature critical points, by developing an ultrasonic
transducer around an advanced piezoelectric single crystal material, called Gallium Orthophosphate
(GaP0.), which can operate at the required temperature of 580°C. Based on its reported piezoelectric
and other properties, and its commercial availability, GaPO, was chosen as a candidate active material
for application in a prototype high temperature transducer. In a series of confidence building tests with
the selected piezoelectric material (electrical characterisation via the impedance method), it has been
demonstrated that the GaPO, piezoelectric elements are stable when subjected to 580°C for more than
600 hours. Ultrasonic thickness gauging has shown that GaPO, works as a functional transducer
generating and receiving ultrasound waves at 580°C for at least 360 hours. Furthermore, the sensitivity
of the GaPO, transducer to detect defects with simple geometry was successfully tested through
measurements on steel blocks containing artificial defects (side-drilled holes) up to the same high
temperatures. Based on the characterisation results from the impedance and ultrasonic measurements,
a prototype ultrasonic transducer for operation at high temperatures has been designed and
manufactured. The new ultrasonic transducer was tested in a laboratory environment using a steel
calibration block, high temperature couplant, SONO 1100, and an electric furnace. In the range from
ambient temperatures up to the target of 580°C, the ultrasonic transducer kept a signal-to-noise (SNR)
level sufficiently high, above the threshold of 6 dB, which is high enough for practical non-destructive

testing and condition monitoring.
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Introduction

1 Introduction

1.1 The industrial problem

Electricity in Europe is currently and will continue in the near future to be generated with steam turbine
plants. The most common energy sources for heating the steam include conventional fossil fuels and
nuclear. Generally, the higher the pressure and the temperature of the steam entering the turbine, the
greater the efficiency of the electrical generator; thus the goal of both manufacturers and operators is to
carry as hot and as pressurised steam as possible from the boilers to the steam turbines. As a result, a
typical electrical PP (0.5 GW) has approximately 4 km of pipes operating at temperatures up to 565°C
and pressures of 40 MPa [1], [2]. Continual increase in electrical power consumption has led many to
reconsider nuclear power as a viable and green solution for Europe. Specifically, nuclear power plants
are the second largest electricity source in Europe amounting to about 30% of total production [3]. As
of February 2016, there are 185 nuclear PP units in Europe with a mean age of 27 years, where more
than 75% have entered the second half of their operational lifetime [4], [5]. Plant ageing raises serious

safety issues as the risk of creep and fatigue related defects is linked to total operational lifetime.

HT pipe cracks are the root of steam power failures in Europe, typically occurring every 4 years [6],
and resulting in loss of human life, serious accidents, widespread power cuts and massive financial
losses for the operators. According to IAEA’s Reference Technology Database, such an event on a
nuclear PP has an average cost of £120 million, including outage costs, emergency repair costs,
insurance and legal costs [7]. Since only a single growing crack is needed to cause a major failure, they
have to be inspected and monitored thoroughly. Breakdowns under these extreme operating conditions
(565°C, 40 MPa) are a result of two major weld failure modes: (i) creep cracks near pipe welds — as the
high pressures produce a constant hoop stress on the full length of the pipe and HT increases creep
deformation, and (ii) fatigue cracks on pipe welds — as vibrations produce cyclic stresses that lead to
fatigue type damage. Additionally, the areas most prone to defects include thick section pipes and
headers, which are mostly composed of ferritic steels. Particularly, all over the world the most common
material for steam pipes and headers is the P91 steel alloy, primarily employed for T < 593°C. In
Europe, for steam temperatures up to 620°C, E 911 steel alloy is used as it presents increased HT
strength capabilities. Beyond 620°C, 12% Cr steel alloys are employed with P91 steel being the most

popular choice in European PPs [8].
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1.1.1 Creep behaviour of P91

P91 grade steel alloy, which belongs to the grade of steel martensitic-ferritic 9-12% creep-resistant steel
alloys, is usually used for HT application due to its creep damage resistance. However, in some
circumstances when the operating temperature and stress load are not controlled, this steel has shown

sensitivity to type IV cracking in the weld region.

The use of P91 material increased significantly in the 90s when the assessment of this advanced grade
of steel led to its acceptance in the ASME standardised material. Many applications related to the
replacement of headers made with P11 and P22 steel alloys in power plants were reported. The use of
P91 material was based on the fact that greater strength allowed increased safety margins, significant
increase of component life under given creep and fatigue load, and the possibility to reduce wall
thickness for tubing and piping for the same design conditions as standard steels P11 and P22. However,
concern rose after several failures of P91 components within expected service time and at lower than
expected temperatures [9], [10]. It was established that the failures were related to type IV cracking in
the heat-affected zone (HAZ) as occurred at the West Burton coal-fired power station [9]. From the
investigation of these failures, it was pointed out that although P91 steel alloy reduces the adverse
effects of fatigue cracking experienced during cyclic operation of the plant, P91 steel was more prone

to type 1V cracking around the weld compared to conventional low alloy steel.

Type IV cracking is creep cracking which occurs in the fine-grained region on the outside edge of the
HAZ next to the parent material [11]. The cracking initiates from localised formation and growth of
creep voids in the “Type IV zone”. The crack can be regarded as an “unzipping” of an already creep-
damaged zone. Figure 1-1 shows an example of a type IV cracking in the electron beam welded 9% Cr-

1% Mo steel which can be seen adjacent to the weld.
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Figure 1-1: Type IV cracking in the electron beam welded 9% Cr-1% Mo steel; a) macro and b)

micro image (mm scale shown) [11].

Even though type IV cracking is localised near a weld, this type of cracking presents the same behaviour
as creep-induced damage by the mechanism of void formation and growth leading to cracking. The
evolution of the creep damage is defined by the Neubauer classification [12]. This classification
provides creep damage grade defined by structural assessment of the microstructure observed by
metallography. Figure 1-2 shows the correlation between material behaviour under creep conditions
over time (creep curve in yellow) and creep damage classification (macrograph pictures). This diagram
shows the evolution of the damage and the microstructure condition over time. It can be noted that the
secondary stage of isolated cavities (stage 2 a) becoming more and more dense (stage 2 b) is slow. The
transition point occurs when a number of cavities take up a preferred orientation (stage 3 a) and 3 b).
The evolution from advanced creep damage (stage 4 microcracks) to large creep damage (stage 5

macrocracks) progresses rapidly. Failure follows immediately after stage 5.
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Figure 1-2: Creep damage classification and creep curve correlation [12].

To address the safety concerns explained above, an NDT system for operation up to the temperature of
580°C has been developed that aims to detect the creep damage at stage 4 when the cavities have joined
into microcracks. The NDT system will monitor the growth of the cracks that are currently detected
during regular inspections at ambient temperature, so if a crack reaches a critical size, the system will
raise the alarm to the plant operator and then maintenance can take place before failure. Figure 1-3
illustrates the NDT system’s concept, which consists of the following key components: i) ultrasonic
transducers placed at the defective area for operation at 580°C, ii) ruggedized pulser-receiver unit, and
iii) signal processing and visualisation software. The NDT system has been developed within an EC
FP7 Collaborative Project under the name “HotPhasedArray” [2], where one of its key components —
the ultrasonic transducer for operation at 580°C, has been entirely developed as part of this PhD work.

The reason behind the selection of 580°C as the target temperature of this work is due to thermal cycling
that sometimes occurs during plant operation and that can lead to temperatures higher than the
nominally rated for the pipe of interest. If the employed NDT system is not capable of withstanding
higher testing temperatures than nominally rated, it is in danger of suffering a permanent damage above
565°C and thus will not to be able to perform the testing anymore. As the electric furnace available for
this research work allowed the maximum operation up to the temperature of 580°C, which was above
the critical temperature of 565°C, this temperature was finally chosen as the target temperature of this

work and thus represented a safety cushion of 15°C against the temperature overrun.
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s 1) Ultrasonic transducers
for operation at 580°C
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ii) Ruggedized pulser-
receiver unit

Figure 1-3: HT NDT system developed within “HotPhasedArray” Project.

These ultrasonic transducers use piezoelectric elements for generation and reception of ultrasound
energy needed for NDT. Lead Zirconate Titanate (PZT) is the most commonly used piezoelectric for
conventional ambient temperature ultrasonic transducers, but has a maximum operating temperature of
around 180°C (half of the Curie temperature for PZT-5A [13]) which is not suitable for this application
at 580°C. Therefore, alternative piezoelectric materials will need to be considered. A number of

piezoelectric materials that can withstand operation at 580°C have been reported [14], [15].

Piezoelectric non-ferroelectric single crystals such as quartz (a-SiO2), gallium orthophosphate (GaPQs),
langasite (LasGasSiO14, LGS) and aluminium nitride (AIN) stand out because they exhibit no Curie
temperature and no domain-related ageing behaviour while showing good sensitivity and ability to

function over a broad temperature range, e.g. langasite crystals function up to 800°C [15].

Due to reported excellent thermal stability of most of its key material properties all the way up to 970°C
(>>580°C), as well as the commercial availability of high-quality high-precision piezoelectric elements,
the piezoelectric single crystal GaPO4 has been selected for application in the ultrasonic transducer for
long-term NDT at 580°C developed in this PhD work [16].

The three main expected benefits of this development are: (i) increase in confidence in the operational
safety of nuclear and other PP; (ii) elimination of catastrophic accidents from superheated steam pipe

failures; and (iii) decrease of the required shutdown time for inspection purposes.
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1.2 Aim and objectives

The overall aim of this PhD research is to contribute to developing an early warning non-destructive
testing and condition monitoring system that will utilise novel high temperature ultrasonic transducers

for inspection of pipes and welds in ageing power plants to ensure their safe and reliable operation.

The specific objectives of the PhD research are as follows:

1) To investigate the state-of-the-art in ultrasonic transducers for non-destructive testing, and to
identify their limitations for application at high temperatures up to 580°C;

2) To identify available and most suitable active piezoelectric and other passive materials to build an
ultrasonic transducer for application at high temperatures;

3) To discuss and validate the key material properties of the selected piezoelectric crystal Gallium
Orthophosphate up to the target temperature of 580°C;

4) To discuss and validate behaviour of other passive components of the transducer, such as the
protective front plate, wiring and damping body, up to the same temperature level;

5) To integrate the selected piezoelectric crystal and other passive components within a steel housing
to build a functional transducer for ultrasonic measurements at high temperatures;

6) To investigate performance of the novel transducer up to the target high temperature, with a series

of ultrasonic thickness gauging and defect detection experiments.

1.3 Organisation of thesis

Chapter 2 delivers a review on ultrasonic transducers for structural integrity testing and monitoring,
where limitations for their application up to 580°C are underlined. It is shown that single crystal Gallium
Orthophosphate (GaPO4) was the most suitable piezoelectric material for application in the transducer,
with a crucial contribution from its commercial availability. The crystal structure and properties of
GaPQ, are also discussed. Finally, this chapter delivers a discussion of other key components of the
transducer, such as metal electroding, wiring and damping body, and clearly explains the reason for

their final selection in order to achieve a functional transducer for operation up to 580°C.

In Chapter 3, long-term impedance analysis of GaPO, elements resonating at 580°C is reported. This
analysis uses measured values of the resonant and anti-resonant frequencies f, and f,, respectively, of a
piezoelectric element, together with its density and dimensions, and via known formulas derives a
number of significant material properties such as thickness coupling factor k;, piezoelectric charge
constant di; and elastic compliance and stiffness constants s&1; and cF11, respectively. These properties

are numerical measures of the efficiency, sensing capability and mechanical stability of piezoelectric
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elements. The piezoelectric elements designed and manufactured from single crystal GaPO, prove to

possess stable material properties when subjected to 580°C for 600 hours.

Chapter 4 delivers a long-term ultrasonic analysis of GaPO4 elements coupled to steel test-blocks,
performing two basic NDT tasks: (i) thickness gauging and (ii) defect detection at HT. The thickness
gauging shows that piezoelectric GaPO, works as a functional transducer generating and receiving
ultrasound at 580°C for 360 hours after which HT corrosion of the carbon steel test-block prevented
further measurement; it is expected that the application of corrosion resistant P91 steel would allow for
a much longer measurement. Further, sensitivity of GaPO, transducers to defects with simple geometry
was successfully tested through measurements on a steel test-block containing an artificial defect with
known geometry, at temperatures up to 580°C, keeping the defect’s SNR level above 6 dB, which is
high enough for practical NDT application.

Chapter 5 explains the design, manufacturing process and testing of the new ultrasonic transducer for
intended operation at 580°C. Adhering to best practice, it is described how the novel transducer has
been designed with the minimum number of bond-lines, which allows for a cost-effective and reliable
ultrasonic transducer. The approach adopted in the development of the new transducer was to stay close
to the design of a conventional transducer but to replace each of its components with appropriate HT
substitutes. All HT components were integrated within stainless steel housings, together comprising a
novel transducer. A critical issue, the bonding of the transducer’s components, was resolved using
commercial silver adhesives that were recognised as technically the best and economically the most
viable bonding solution. Successful testing of the transducer showed its applicability for ultrasonic
testing using a steel calibration block at ambient temperature and up to the target temperature of 580°C.
Based on the results from this research work, a prototype commercial high temperature transducer was
manufactured by a specialist company. The transducer was tested in a lab environment in the same setup
as before, using a pipe section manufactured from high temperature grade steel P91. The transducer
performed well, and enabled ultrasonic thickness gauging of the tested P91 steel pipe section up to the
target temperate of 580°C.

The thesis ends with chapters “Conclusions and Future Work” and “Bibliography”.

1.4 Summary of contributions to knowledge

The contributions to knowledge arising from this PhD research work are described as follows:

1) Previously reported work indicates that the impedance measurements were successfully recorded
at room temperature after a GaPO. element had been exposed to 705°C for a short period of 30

minutes. In the present research, a practical application of GaPO, elements for continuous condition



2)

3)

4)
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monitoring of defective parts operating at high temperatures was studied, and hence impedance
measurements over a longer period were performed. The stability of a GaPO4element was tested at
the intended operation at 580°C for 600 hours and found to be very stable with no deterioration in

its piezoelectric performance (Figure 3-11 andFigure 3-18) observed.

In the literature it has been reported that ultrasonic measurements have been conducted up to 427°C
(the heating time was not reported, but was probably short as the furnace needed to warm up). In
this present research, it is shown that a GaPOs element allows ultrasonic thickness gauging to be
performed at even higher temperatures, with the ultrasound waves generated, transmitted through
a steel block and received back at the GaPO, element, at 580°C for 360 hours (Figure 4-16). With
this, it is shown that a GaPO4 element could be used for ultrasonic condition monitoring of a steel
part at the operating temperature of a plant over longer periods.

The GaPOg4transducers in this work are being developed to allow inspection of defective hot parts.
No ultrasonic defect detection experiments using GaPO, elements have previously been reported.
In the present research, a GaPO, element was used to test its defect detection capability at high
temperatures. The GaPO, element was coupled to a steel block using silver adhesive, where the
steel block contained a defect with simple geometry (a side-drilled hole of diameter 0.8 mm).
Operated at a frequency of 3.5 MHz, the GaPO, element successfully detected the small defect at
both room temperature and at 580°C (Figure 4-25). The size of the detected defect corresponds to

the scale of expected damage on a reactor vessel at a nuclear plant.

Using the results of the previously characterised GaPO, elements, a novel transducer for condition
monitoring at high temperatures was designed and manufactured (Figure 5-4). The transducer was
tested using a pipe section manufactured from steel grade P91. The transducer performed well, and
enabled thickness gauging of the tested pipe section to be performed up to 580°C (Figure 5-36).
Based on the research outputs, a commercial transducer was developed by the “HotPhasedArray”
consortium (Figure 5-38), together with associated signal generator and processing electronics. A
consortium partner manufactured the commercial transducer, and the PhD researcher performed the

initial testing up to the target temperature of 580°C (Figure 5-41).
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2 Literature Review

2.1 Chapter overview

In this chapter, a literature review is carried out on the construction of ultrasonic transducers using
piezoelectric elements for generation and reception of ultrasound energy needed for NDT. First, the
construction of a conventional ultrasonic transducer for application at ambient temperature conditions
is discussed where the transducer is recognised as a key element of the wider ultrasonic system for NDT
of critical points in PP. Then, a thorough study of its components, divided into the active piezoelectric
element and other passive components, is undertaken focusing on the restrictions for its application at
HT. The approach to the development of the novel ultrasonic transducer for operation at 580°C has
been to stay close to the design of the conventional ultrasonic transducer, but to try to replace each of
its components with appropriate HT substitutes. Advanced single crystal gallium orthophosphate is
recognised as a potentially suitable piezoelectric material for the target application at up to 580°C; other
substitute components such as metal electroding, protective front plate, backing body and wiring have

also been selected prior to their final application in the transducer.

2.2 Non-destructive testing methods

Considering the wide range of applications of NDT methods, a great number of different methods and
techniques have been developed, where each of the methods and techniques within a method is intended
for detection of certain types of defects, for specific measurements or for inspection of the structural

integrity of the material [17].

NDT methods are based on the interaction between the test-material and introduced ultrasonic energy,
and on the contact between an inspection medium and the test-material, and the following classification
of NDT methods is usually done: i) optical methods [18]; ii) sound and ultrasound methods [19]; iii)
electro and/or magnetic methods [20]; iv) radiation methods [21]; v) penetrant methods [22]; vi) thermal
methods [23]; and vii) other methods, often a combination of the others [24], [25].

Because of its great flexibility, extreme sensitivity and the reliability of the results that can be achieved,

the most widely used NDT method is the ultrasonic method [17].
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2.3 Definition of ultrasound

Ultrasound is a sound whose frequency is above the upper limit of hearing for a normal human ear, 20
kHz, whereas the frequency range for ultrasonic testing is from 100 kHz up to 50 MHz. According to
the frequency, sound waves are divided into: (i) infrasound; (ii) acoustic sound; and (iii) ultrasound, as

shown in Figure 2-1:

Animals  Diagnostics & NDT
Low tones Medicine

20Hz A0kHz l MHz 200MHe
] L

>

INFRASOUND ACOUSTIC SOUND
Figure 2-1: Sound waves division by frequency [26].

Ultrasound behaves similarly to acoustic sound, but has a much shorter wavelength. Because of this, it
can be reflected from very small surfaces such as irregularities in homogeneous materials (e.g. cracks).
This feature makes ultrasound useful for non-destructive testing of materials. The sources of ultrasound
energy used in NDT methods of inspection are ultrasonic transducers, which, when placed on a structure
for inspection or when immersed into a liquid, transmit vibration into the medium they are in contact
with. Ultrasonic transducers are the essential element of the ultrasonic system for non-destructive

testing.

2.4 Ultrasonic system for non-destructive testing

Ultrasonic waves can propagate only in the medium (they cannot propagate in a vacuum, as can
electromagnetic waves). It is precisely this fact that allows detection of defects in the test structure. At
the interface between two media, such as the test-structure and an irregularity/defect, ultrasonic waves
will exhibit reflection and/or refraction, or other types of interactions between the medium and the
transmitted ultrasonic energy. With proper interpretation of the ultrasound energy obtained after the
interaction with the test-structure, one can assess the condition of the structure and the parameters of
the detected defects such as defect position in the object (including the depth), orientation, size, crack

surface roughness, closure and tip radius.

A schematic representation of an ultrasonic test system can be seen below in Figure 2-2. The sound
waves of a given frequency distribution are sent through the examined part. If there is a flaw in the
material, depending on the type of flaw, the ultrasonic waves behind it will be weakened or will not

appear at all, having been reflected.
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Figure 2-2: The schematic of an ultrasonic test system [27].

A real ultrasonic system that detects defects in the structure, records detection results and performs the
analysis is show in Figure 2-3. The system consists of: i) pulser-receiver unit; ii) ultrasonic transducer;

iii) standard & reference blocks; iv) contact medium; and v) auxiliary equipment.

ii) Ultrasonic transducer i) Pulser-receiver unit

 iv) Contact medium <,

1
i

iii) Calibration block

Backwall reflection at distance d Co-axial cable

LAN network ~

PC with software
for analysis =~ - ____

Amplitude (mV)

Distance (mm)

Figure 2-3: A real-world ultrasonic test system that detects defects in the structure.
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2.5 Display presentation for ultrasonic flaw detection equipment

The three common ways of displaying the ultrasound test results are known as A-, B- and C-scans. Each
of these provides a different way of looking at and evaluating the region of material being inspected.

Today’s computerised scanning systems can display data in all three scans simultaneously.

2.5.1 A-scan

An A-scan is a graphical representation based on the amplitude analysis of the received signal. In A-
scan, the amplitude of the reflected signal is a function of the reflection depth and difference in material
impedances at the reflection.

In Figure 2-4 a) one can see a test-structure with three indications. A is the reduced thickness portion
of the sample, and B and C represent flaws in the structure. In Figure 2-4 b), one can see an illustration
of the A-scan created by dragging a scanning transducer along the surface of the sample. In the far left
position, only the initial pulse IP and reflection from the reduced thickness portion A are seen on the
trace. As the transducer is moved to the right, a signal from the backwall BW appears later in time,
showing that the sound has travelled further to reach this surface. Once the transducer is moved to a
vertical position just above the flaw, signal B appears at time that is approximately halfway between
the initial pulse IP and the backwall signal BW. Since the initial pulse signal IP corresponds to the front
surface of the sample, this indicates that flaw B is about halfway between the front and back surfaces.
When the transducer is vertically positioned over flaw C, signal C appears earlier since the sound travel

path is shorter and signal B disappears since sound is no longer reflecting from it.

A-scans can be used, for example, to test welded joints of ferrite and non-ferrite materials on pressure
tanks, pipelines, tanks, bridges. However, in the case where the material structure is rough, this method

gives only a qualitative assessment and results can be unreliable [28].
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Figure 2-4: a) Example of a test-structure with three indications A, B, and C and b) illustration
of the A-scan presentation for the example structure [28].
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2.5.2 B-scan

B-scan is a two-dimensional graphical representation on a rectangular coordinate system, where the
travel time of an ultrasound pulse is shown as a shift along the vertical axis and the movement of the
transducer is shown as a shift along the horizontal axis. The B-scan shows the depth at which the
reflector is located, and its approximate linear dimensions in the direction of the test. The reflected

waves are presented as points of varying intensity (functions of amplitude).

In the below B-scan (Figure 2-5 b)), line A is generated while the transducer is scanned over a reduced
thickness portion of the sample. When the transducer moves to the right, the backwall line BW is
produced. Once the transducer is moved over flaws B and C, lines corresponding to the width of flaws
at similar depths are produced on the B-scan. A limitation to the B-scan is that reflectors may be masked

by larger reflectors nearer the surface.

scan ES
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Scan Distance
a) b)

Figure 2-5: a) Example of a test-structure with three indications A, B, and C and b) illustration
of the B-scan presentation for the example structure [28].

2.5.3 C-scan

The C-scan displays a plan-type view of the location and size of test specimen features. The plane of
the image is parallel to the scan pattern of the transducer. A C-scan is produced with an automated data
acquisition system, such as a computer controlled immersion scanner [29]. Typically, a data collection
gate is established on the A-scan and either the amplitude or the time-of-flight of the signal is recorded
at regular intervals as the transducer is moved over the test piece. The relative signal amplitude or the
time-of-flight is displayed as a shade of grey or a colour for each of the positions where data was
recorded. The C-scan presentation provides an image of the features that reflect and scatter the sound
within and on the surfaces of the test piece. For an example of a test-structure with an indication and
illustration of the C-scan presentation, see Figure 2-6:
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Figure 2-6: Example of a test-structure with an indication and illustration of the C-scan

presentation [28].

To get more information about the test-piece, other more complex scans are also possible. For example,
D-scan is another 2-D graphical display similar to C-scan, but provides also the information about the
depth at which the indication is located. In order to get the depth of an indication, the ultrasonic system
needs to measure the time between transmitting the ultrasonic waves (initial pulse) from the pulser and

receiving the reflected waves (echoes) at the receiver.

2.6 Ultrasonic transducers

Ultrasonic transducers represent the essential element in all ultrasound non-destructive inspection
procedures: whether or not some test-piece can be inspected depends mostly on them. In many cases,
especially if the test-piece has a complicated geometry or an inspection is carried out under special
conditions (e.g. high temperature, high pressure environment), ultrasonic inspection is possible only
with a transducer having specific appropriate acoustic properties. In any case, the choice of the
appropriate transducer is crucial for the quality and reliability of the ultrasonic inspection result. Today,
the operation of ultrasonic transducers for non-destructive testing is based almost exclusively on the
piezoelectric effect. The figures below show the structure of the four basic types of ultrasonic

transducers .

In a vertical or flat beam transducer (schematics in Figure 2-7), the piezoelectric element, which
converts the electrical energy into mechanical energy and vice versa, is coupled to a damping element

most often referred to as "backing". The acoustic impedance of the damping element must be close to

15



Literature Review

that of the piezoelectric element, to minimise "ringing" and thereby increase the bandwidth. The second
task of the damping element is to absorb the part of the ultrasonic energy from the piezoelectric element
that propagates backwards [30]. The protective mask at the front of the transducer ensures that as much
of the ultrasound energy as possible is transmitted into the test piece [31]. (The mask also protects the
transducer against mechanical wearing, when scanning over materials that have a rough surface, or
against chemical damage, when chemical aggressive fluids such "ultrasonic couplants” are used.) To
ensure an efficient transmission of the ultrasound energy between the transducer and the test-piece, a
means of ultrasonic coupling is normally used. There are several different methods of acoustic coupling,
and three that are relevant for HT application are: dry coupling (with high pressure, high-quality finish
surfaces required), liquid coupling (coupling media in a liquid state at room temperature, and solid
coupling media which melt as the temperature increases) and solid coupling (soldering, diffusion
bonding, ultrasonic welding, etc.) [32], [33], [34].

Impedance matching circuiting e ey

Damping element ;

Piezoelectric element \\
Protective mask

...............................

Figure 2-7: Ultrasonic transducer with vertical or flat beam [35].

Using vertical beam transducers, ultrasonic NDT tends to be restricted to the detection of discontinuities
with surfaces parallel to the scanning surface, such as laminations and cavities. However, by angling
the beam using an angular transducer [Figure 2-8 a)], it becomes possible to detect more complex weld
defects such as lack of sidewall fusion and root cracks [36]. The angle of refraction R, at which the
ultrasonic waves will hit the defect, can be extracted from the relationship of the angles and velocities

known as Snell’s Law, Eq. (2.1):

Sin(i) _ Sin(r) _ Sin(R)

%1 U1 U2

2.1)

where: i = angle of incidence, r = angle of reflection, R = angle of refraction, vi = velocity in medium

1, v2 = velocity in medium 2.

Figure 2-8 b) shows the incident, reflected and refracted angles (measured from the normal to the

interface).
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Figure 2-8: a) Schematic of an angular ultrasonic transducer [35], b) diagram showing the
incident, reflected and refracted angles [36].

The dual-element transducer (Figure 2-9) consists of separate transmitter and receiver transducers with
their sound fields overlapping in the examined part [37]. The piezoelectric elements are mounted onto
plastic wedges, usually made of Plexiglas, Rexolite, Perspex or other plastic materials with low acoustic
absorption [38]. Between the piezoelectric element and the plastic wedge, there is usually a layer of
material provided for acoustic adjustment [31]. The layer provides good energy transfer between the
piezoelectric element and the wedge into the test-piece. It also acts as a moderate mechanical attenuation
of the piezoelectric element. All of this results in high sensitivity, very short pulses and a wide
bandwidth. Therefore, such constructed angular transducers do not require a special "backing" on the

back of the piezoelectric element, except when extremely short pulses are required.

L

i
AR RANRARRS

Figure 2-9: Schematic of an angular ultrasonic transducer [35].

The construction of transducers with a delay line (Figure 2-10) generally refers to a vertical beam
transducer. Here the ultrasound energy is transmitted into the test piece via an additional delay block

made of low ultrasound-absorbing plastic. For such transducers, the delay line allows for an improved
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resolution of flaws very near to the surface (close to the so called “dead zone” which is a part of the
time-base occupied by the initial pulse) and allows thinner ranges and more accurate thickness

measurements [39].

Delay line

OO R R RO R RO Y

Figure 2-10: An ultrasonic transducer with a delay line [35].

Apart from the “dead zone”, two further important considerations are the so-called “Near Field” and
“Far Field”. The near field is the distance in the material that suffers from interference and the far field
is the rest of the beam beyond the near field [40]. A “theoretical” beam spread with the two areas marked

can be seen in Figure 2-11 and the near field distance can be calculated from, Eq. (2.2):

2
NF == (2.2)

where NF = near field distance, D = diameter of the piezoelectric element and 4 = wavelength.

T

Near field

D

»
>

A

Far field

l

Figure 2-11: A “theoretical” beam spread profile with “near field” and “far field” [40].

The highest sound intensity is in the centre of the beam and gradually fades towards the edge (where

there is no sound remaining). Normally, three theoretical edges of the beam are defined as: (i) the
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absolute edge; (ii) the 6 dB edge (the intensity of sound has fallen to one-half); and (iii) the 20 dB edge
(the intensity has fallen to one-tenth). These three edges can be expressed mathematically, where (2.3)
defines the absolute edge, (2.4) defines the 6 dB edge and (2.5) defines the 20 dB edge:

sin (g) =227 2.3)
sin (g) = 0'55/1 (2.4)
sin (g) = 1'0;” (2.5)

where 8 = beam spread angle.

Depending on the specific application, the ultrasonic transducers also differ according to the size of the

active piezoelectric elements, the frequency, the frequency band and the structure.

The following Figure 2-12 shows typical models of ultrasonic transducers produced in the Ultrasonic

Probe Laboratory of the Institute for Nuclear Technology in Zagreb, Croatia:

_

Sff: \S

Figure 2-12: Ultrasonic transducers for application in non-destructive testing. [Courtesy of the
Ultrasonic Probe Laboratory of the Institute for Nuclear Technology in Zagreb, Croatia].

2.7 Analysis of design of high temperature transducers

Conventional transducers can tolerate continuous operation up to around 50°C [41]. At higher
temperatures, the transducer will ultimately suffer permanent damage due to the destruction of internal
bonds in the piezoelectric element caused by thermal expansion. If the part being examined (or its

environment) exhibits temperatures above 50°C, it is necessary to use high temperature transducers and
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special techniques. The construction of HT ultrasound transducers depends on the selected piezoelectric
element. The PZT piezo-ceramics with a high thickness coupling coefficient k; of up to 0.5 are largely
limited by their maximum operating temperatures of around 150°C (roughly half of the Curie point)
[13]. In order to overcome the temperature limits of the PZT piezo-ceramics, an approach using the
waveguide (protection rod for ultrasonic waves) has been developed and this approach is widely used.
Various constructional solutions for waveguides are known [42]. An alternative approach is to use an
ultrasonic transducer with direct contact, which must use an HT piezoelectric element (with a

significantly lower coupling coefficient) and which requires a new design solution.

2.7.1 Approach with ultrasonic waveguide

In the construction of a waveguide, several problems need to be solved: acoustic coupling of the
transducer and waveguide; transmission of the ultrasonic energy through the waveguide; etc. The
material from which the waveguide is constructed must satisfy several requirements for the desired
acoustic, physical (heat shock resistance, low thermal conductivity) and chemical (erosion and
corrosion resistance) performance. For HT applications, e.g. molten metal flow measurement, one part
of the waveguide on the transducer end is cooled sufficiently so that the transducer is not affected by
the temperature of the hot end. The following Figure 2-13 shows the construction of the dual waveguide

(separate transmitter and receiver of the ultrasonic signal):

Piezoelectric elements

TransmissionT Cold

Tested part

\ " Reception
V)
Wavevj

Hot
)

Figure 2-13: Schematic representation of a dual ultrasonic waveguide.

This relatively simple approach to isolating ultrasonic transducers from exposure to high temperatures
has been known for over 50 years [43]. The construction of the waveguide enabled the application of
ultrasonic transducers in different fields of industry and scientific research: molten metal flow
measurement, monitoring of polymer extrusion and metal materials thickness at solidification,

measurement of hot gas flow at high pressures, etc.
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2.7.2 High temperature ultrasonic transducers with direct contact

The design of ultrasonic transducers with direct contact for high temperature operation is significantly
different from the design of ambient temperature working transducers. It will primarily depend on the
piezoelectric element as well as on the method of coupling the element with a protective mask and a
damping block. Commercial high temperature ultrasonic transducers with direct contact are offered by
several companies, such as Etalon, Panametrics, Ultran, SIGMA Transducers [43]. For example, all
standard Panametrics high temperature ultrasonic transducers are designed to work with a duty cycle.
Although the delay line isolates the inside of high temperature transducers, the recommended operating
temperature range of between 90°C and 425°C should not require more than 10 seconds of hot contact
(5 seconds recommended), followed by air cooling for a minimum of 1 minute [44]. Most SIGMA
ultrasonic transducers can be constructed to work at higher temperatures than those initially foreseen
and which are commercially available. The choice of the appropriate materials instead of epoxy and
conventional soldering enables continuous operation of these transducers at temperatures up to 230°C
and up to 425°C with a 15% duty cycle. Application of a delay block can slightly increase the upper
temperature operational limit [45]. Some companies on the market offer special design solutions to
operate at ~500°C, but only for operation in work cycles. An example is Hagisonic high temperature
ultrasonic transducers with direct contact for operation at temperatures up to 500°C [46]. These
transducers are used to detect defects in material at high temperatures, for high temperature thickness
measurement and monitoring of the corrosion process. Specificity of these transducers is that they
require special coupling medium, which must be applied very quickly for measurements with regard to
the risk of drying and hardening, in which case they lose their property of high quality ultrasonic energy

transmission.

The challenge in construction of transducers for operation at high temperatures is not only in finding
materials that can withstand temperatures above 300°C, but also in achieving compatibility between the
materials and the coupling techniques. The reason is that at high temperatures, the mutual
incompatibility of different materials becomes even more pronounced. The factors such as heat
conductivity, expansion coefficients, oxidation and diffusion become critical as working temperature

increases and play an important role in selecting materials for the construction of HT transducers.

Finally, other methods, such as non-contact electromagnetic acoustic transducers (EMAT) and laser
ultrasonic technology are also used, but in general both of these have been reported to have relatively
low efficiency and detection sensitivity in comparison with the piezoelectric transducers [47], [48],
[49].
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2.8 Selection of high temperature substitutes

In the next sections, high temperature alternatives to conventional construction materials that are used

to build an ultrasonic transducer are discussed and preferred solutions selected.

2.8.1 Piezoelectric element

The active piezoelectric element of an ultrasonic transducer is used for the generation and reception of
ultrasound energy. The thickness t (m) of a piezoelectric element determines in part its fundamental
resonant frequency fr (Hz), which is directly correlated with the resolvable dimension of a defect in the
structure at that frequency, Eq. (2.6), [48]:

v
fr = o (2.6)
where v (m/s) is the velocity of a compression wave in the given piezoelectric material. In order to
achieve maximum amplitude of the piezoelectric element vibration, the applied AC field to the

piezoelectric element needs to be of the same (resonant) frequency [50].

Due to a high efficiency for electromechanical conversion (coupling factor ki) and sensing capability
(piezo-charge constant d;), ceramic material lead zirconate titanate (or just PZT) is the most commonly
used piezoelectric today for application in conventional transducers working at ambient temperatures
[15]. However, this ceramic and piezoelectric ceramics in general are usually not suitable for operation
at HT. For example, PZT-5A which is considered to be an HT member of the PZT ceramics family with
a Curie temperature at 365°C, is definitely not a choice for operation at 580°C. Moreover, considering
a general rule of taking half of the Curie temperature as the safe upper operational temperature limit for
piezoelectric materials, this further lowers the temperature limit at which this type of piezoelectric
ceramics could be applied [51]. The full effect of temperature on the response of piezoelectrics is
explained in section 3.3, where the main advantages of piezoelectric crystals over synthetic ceramics in

the context of the HT operation will also be highlighted.

There are many piezoelectric materials, both ceramic and single crystal, that are potentially applicable
up to the target temperature of 580°C, as reported below in Table 2-1. However, besides their reported
material properties at HT, selection of the suitable piezoelectric material will also depend on its
availability, cost and ease of manufacture. The commercial availability proved to be a limiting factor;
at the time of this research. Only elements made of single crystals LiNbO; and GaPO, were

commercially available in large quantities for application up to the temperature level stated above.
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Table 2-1: Reported HT piezoelectric materials. The materials properties are taken from: [14],
[52], [53], [54], [55], [56], [57], [58], [59]. Abbreviations: Tc = Curie temperature, Ter = phase
transition temperature, Tmax =maximum recommended operating temperature, &. = relative

dielectric constant, ds3 = piezoelectric charge constant, kss = electromechanical coupling factor.

Piezoelectric material Tc/ Ter Tmax Erel ds3 K33
- (°C) (°C) ) (PCIN) )
Bismuth Titanate
o 600-850 500-550 120 12-19 0.15
(BI4TI3012)
Lithium Niobate 1150 650 o5 6 0.23
(LiNbO3)
Lanthanum Titanate ;5 ~900 46 3 0.29 (kz2)
(LaTiz07)
Tourmaline 900 600 75 18 -
Lithium Tetraborate 917 500 101 19.5 i
(Li2B40Ov)
Aluminium Nitride 700-in air, 1100-in
2000 ’ - 5.6 0.2
(AIN) H and CO;atm.
Gallium Orthophosphate 44, 700 61 45 (dw) 0.16
(GaPQy)
Langasite >1300 700-1000 9.1 4372 (d) 0'1(i'0)'22
(LasGa38i014) 22
Oxyborate crystals
0.19-0.32

“Re = Rare earth element.

2.8.1.1 Reported HT operation of Lithium Niobate — LiNbOs

LiNbOs; cement piezocomposite transducers with an area of 10 x 10 mm? were fabricated for ultrasonic
measurements up to 500°C [60]. A transducer with an operating frequency of 2.6-3.3 MHz was used to
demonstrate detection of artificial defects in a steel test-block using an HT couplant. Mohimi et al. [61]
have developed a HT ultrasonic guided wave transducer for in-service monitoring of steam lines using
LiNbOs single crystals with operating frequency of 70 kHz. The transducer was shown to work up to
600°C where the transmitted and the received ultrasonic pulses at 600°C were observed to be as good

as at room temperature. However, the transducer deteriorated after only 11 days and as such would not
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be suitable for installation for a long-term NDT at 580°C. It is well known that LiNbO; suffers from a
short lifetime at HT due to outgassing of oxygen, leading to decreased electrical resistivity and increased
attenuation and intergrowth transition [14], [54]. Baba et al. [62] have developed two HT bulk acoustic
wave transducers with frequencies of 8 MHz and 4 MHz from LiNbO; elements bonded on a stainless
steel substrate using silver paste. The transducers were shown to work up to 1000°C, where stable
echoes were observed from the steel substrate. However, the two transducers were heated up in a
furnace at a heating rate of 1°C/min and the whole heat treatment lasted in total less than a day, which
was too short for ageing of LiNbOs elements to occur.

2.8.1.2 Reported HT operation of Gallium Orthophosphate — GaPO4

The first industrial application of GaPO, is an uncooled miniaturised pressure transducer for internal
combustion engines using the direct piezoelectric effect, in which the pressure sensitive elements are
made of GaPQ; single crystals. These sensors are produced since 1994 and are now well established on
the market [63]. With the introduction of the new models such as GU24D or GU24DE, very high
sensitivity of 45 pC/bar and maximum operating temperature of 400°C can be achieved [64]. Regarding
the ultrasonic transducers application, Kazys et al. [65] have developed a transducer using GaPO4
intended for use in imaging and measurements of nuclear reactors core which is cooled in a liquid lead-
titanium (Pb/Ti) eutectic alloy with temperatures up to 250°C. Ultrasonic waveforms of the transducer
with operating frequency of 5 MHz were recorded after the immersion into the alloy. Despite the
achievement of a relatively low operating temperature, it was probably the first time that GaPO,4 was
used as an ultrasonic transducer. Giurgiutiu et al. [66] performed a series of impedance measurement
on the shear mode GaPO,4 samples where it was found that the samples maintained their piezoelectric
activity up to 705°C. Subsequently, GaPO, samples were bonded on a steel plate in order to conduct an
evaluation of their HT ultrasonic performance using the pitch-catch method. The experimental results
showed that the GaPO, samples could survive exposure to temperatures up to 426°C and gave guided-
wave pitch-catch signals that, in terms of their respective amplitude, differed minimally from the room
temperature values. However, at 482°C the GaPO, transducers were still active but no signals were
observed in the received waveform. It was believed by the authors that the reason for this was the failure
of the bonding layer (aluminium oxide ceramic Cotronics 989) between the GaPO, and the steel plate.
Hamidon et al. [67] have studied surface acoustic wave (SAW) GaPO. resonators for high frequency
applications (around 434 MHz) at temperature of 600°C for 192 h and at 800°C 120 h where excellent
long-term resonant frequency stability of six samples was established. The calculated relative drifts of
the frequencies for the six samples were around 2 ppm/h, and the experiment was stopped after 312

hours due to oxidation of the Ti under layer of the Pt electrodes.
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2.8.1.2.1 Crystal structure and physical properties of GaPO.

GaPO. is a transparent colourless piezoelectric single crystal belonging to the group of a -quartz-type
compounds that are stable at normal conditions [51]. The crystal structure of GaPO4 belongs to the
trigonal crystal symmetry class 32 (D3) and can be derived from the o -quartz structure by replacing
alternating Si-atoms by Ga and P. This leads to a doubling of the piezoelectric charge constant di; from
2.3pC/N up to 4.6 pC/N, and to the vanishing of the a- phase transition [53], [63]. The crystal structure
of GaPO, is shown in Figure 2-14 a). The number of molecules in the unit cell is 3, the same as in
guartz. However, compared to quartz, the unit cell dimension into the c-direction is doubled, due to the
alternating sequence of Ga and P atoms. The structure of GaPO4 consists of corner-linked tetrahedra,
with the oxygen atoms at the corners and gallium or phosphorus in the centre of these tetrahedra. A raw
(not coated in metal electrode) GaPOa4 plate, as acquired from the manufacturer Piezocryst Advanced
Sensorics GmbH for the purpose of this work, can be seen in Figure 2-14 b).

Other advantages over quartz are that GaPO,4 shows no pyroelectric effect and no outgassing, thus
avoiding their retribution of the piezoelectric effect [68]. This single crystal material also possesses a
high electrical resistivity with a high mechanical quality factor, which leads to decreased loss at HT and
ensures sharpness of the resonance frequency [15], [66].
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Figure 2-14: a) Crystal structure of GaPO4 [16] and b) raw GaPO; plate, as acquired from the
manufacturer Piezocryst Advanced Sensorics GmbH.
2.8.2 Configuration of electrodes

Thin film metal electrodes are normally deposited on the two large faces of each piezoelectric element

to make them technically usable for production of transducers and other sensors. The two metal
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electrodes allow wiring to be coupled and thus to deliver an AC electric field to the element or,

alternatively, to obtain a generated charge signal from the.

Commonly used metals for the electrode configuration of conventional ultrasonic transducers working
at ambient temperature application are silver or nickel-gold alloys. However, both of these have been
reported for their severe degradation even when applied well below 500°C [69]. For this, a hew non-
standard solution for configuring electrodes to operate at up to580°C will need to be established which

will suit both requirements of good electrical conductivity and long-term sustainable operation at HT.

A number of electrically conductive materials have been reported as possible solutions for metal
electroding of piezo-elements operating at HT, such as pure platinum, platinum-based alloys and
various conductive ceramics [69]. Of these, only pure platinum coating was available from an HT

electrode coating manufacturer Teer Coatings Ltd (Droitwich, UK).

According to literature, platinum electrodes show good performance in both ambient and HT operation
with no surface degradation reported below 650°C [70]. Platinum is known as a metal with high melting
point (1768°C), excellent conduction properties and resistance to oxidation. However, it is important to
mention that some restrictions were reported for its application above 650°C due to the degradation of
platinum thin films (up to 200 nm thickness) due to effects such as agglomeration and recrystallisation
[71]. On the positive side, this present research does not exceed an upper temperature operational limit
of 580°C. The only potential issue is the fact that the ultrasonic transducer is intended for long-term
operation at 580°C, and the long-term behaviour of platinum electroding at this HT level has not been
reported. Also an advantage, platinum exhibits a coefficient of thermal expansion (CTE) of 9-10°%/°C
which matches well with the CET of GaPO, of 12.78-10%/°C. For this reason, no electrode-matching

layer was applied between the two materials.

The raw GaPOQ, plate (from Figure 2-14 b) was coated in the standard parallel electrode configuration,
with an approximate thickness of the platinum layer of 200 nm, using the physical vapour deposition

(PVD) magnetron sputtering technique [72].

2.8.3 Damping mass

The damping mass (damping body) with its specific chemical composition and shape dampens
unwanted vibrations of the piezo-element. The achieved damping will be greater, the closer are the
values of the acoustic impedances of the piezoelectric element and damping mass. Maximum damping

is achieved when these two are equal (no reflection) [17].
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The required acoustic impedance of the damping mass is achieved by adding a powder of high density
to the damping mass composition e.g. for conventional application at ambient temperatures, by adding
tungsten powder to an epoxy resin [73]. Further, at the ends of the damping mass, various slots and
bumps are usually engraved, which further prevents the reflection of generated ultrasound energy back
towards the piezo-element and the contact surface of the test-material [1]. The amount of damping
applied to the back face of the piezo-element determines the ultrasonic pulse duration and consequently
the resolution of the inspection that can be achieved with the given transducer [76].

Conventional ambient temperature transducers use epoxy resins for the design of the damping body,
and it is possible to find some epoxy solutions performing well up t0180°C [77]. This temperature is

well below the target of 580°C and thus an alternative solution must be devised.

A number of materials, such as soft ceramics, sintered metals, carbon and different cuts from austenitic
welds have been studied for possible application as damping bodies and acoustic insulators for
application at HT [78]. It was found that it was very hard to achieve simultaneous matched acoustic
impedance and good ultrasonic attenuation. Of the tested materials, only aluminium oxide (Al,O3) based
ceramics, with a relatively high specific acoustic impedance of 40.6 MRayl, provided good damping to
the piezoelectric elements manufactured from ceramic PZT-5A with a specific acoustic impedance of
33.7 MRayl, significantly reducing unwanted reflections. However, the ultrasonic tests were done only
at ambient temperature and using conventional piezoelectric ceramic PZT-5A. The piezoelectric single
crystal that is used in this work — GaPO4 — exhibits much lower specific acoustic impedance (15.6
MRayl) which imposes the question of how well these two materials will match. The explanation
offered for the good damping properties of AlOz based ceramics was that its porosity acts as a scatterer
for the ultrasound energy, which is then further attenuated by the ceramic material itself. McNab et al.
[1] have also speculated that Al.Os; based ceramics are potentially good damping materials for
piezoelectric transducers, but no ultrasonic experiments at HT have been reported. Finally, Mohimi [79]
showed that a damping body made of Al.O; and vacuum brazed to a LiNbOs piezoelectric element
resulted in good ultrasonic damping of the piezoelectric element, with the transducer tested at 580°C.
However, this transducer was a shear-type and intended for an ultrasonic guided wave inspection of
steel pipes, while the GaPO. elements used in this research are of compression -type and intended for

bulk inspection of pipes/thick plates.

Of other materials, Parks et al. [80] have tested sintered porous carbon-carbon composite with low
acoustic impedance. The same damping material was shown to be a limiting factor for operation at
550°C due to considerable loss of mass, which in turn reduced the coupling pressure and consequently
reduced the signal amplitude. Further, they have done some tests on aluminium foil that did show better

performance than the carbon-carbon composite, but more conclusive tests have been planned for future.
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Since it was more feasible to obtain Al,O3z ceramic than the other discussed materials, two ceramic
adhesives, Ceramabond 569 [81] and Ceramabond 503 [82] have been acquired for study. Ceramabond
569 is an adhesive intended to bond and coat platinum resistance heaters to aluminium oxide cores for
applications up to 1650 °C [83], and as such is potentially suitable for application to the electroding of
the GaPO4transducers. The alternative was an adhesive from the same manufacturer, Ceramabond 503
that is rated for even higher temperatures, up to 1760°C [84]. The reported properties are listed in Table
2-2. Considering the adhesives will be applied directly to the platinum coating, good matching CTEs
of the respective adhesives of 7.6-10%/°C and 7.2-:10%/°C, to that of platinum (9-10%/°C) should
minimise the thermally induced stress on their bond-line.

Table 2-2: Al,Os based ceramic adhesives acquired for damping of the ultrasonic transducer.

Ceramic .
adhesive Supplier  Base Heat cure Max temp. CTE
- - - (°C, h) (°C) (10%/°C) @ 20°C
Ceramabond 569  Aremco ALO 93,2 1650 7.6
23
Ceramabond 503 Inc. 93, 2; 260, 2; 371, 2 1760 7.2

Figure 2-15: Ceramic adhesives acquired for the ultrasonic transducer manufacture.

2.8.4 Protective front plate and/or wedge

The protective front plate protects the piezoelectric element from mechanical damage, wear and
corrosion that happen during contact testing. Further, the protective plate adjusts the transfer of acoustic
energy from the piezoelectric element to the test-material, in which case it is also called the “matching
layer” [76].
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The thickness t (m) of the protective front plate is very important. It is made to be one quarter of the
wavelength at the fundamental resonant frequency f. (Hz) for the velocity of sound v (m/s) in the

material of protective front plate and can be calculated from Eq. (2.7):
t=— 2.7)

This thickness of the protective plate ensures ultrasonic waves which are undesirably reflected back to
the piezoelectric element, are out of phase in order to cancel each other through the principle of
superposition [31]. Figure 2-16 shows a schematic of the interface between the piezoelectric element,
one of the metal electrodes and the protective front plate.

+ Protective front

Metal electrodes } p!ate

Piezoelectric element

Figure 2-16: Schematic of the interface between the piezoelectric element, one of the metal
electrodes and the protective front plate. The thickness of the bonding medium (adhesive)

between the metal electrode and the protective front plate is taken to be negligible.

The protective front plate is normally made of a material with acoustic impedance between that of the
piezoelectric element and that of the test-structure [85]. In conventional ultrasonic transducers, where
the piezoelectric element is normally made of PZT ceramic, the specific acoustic impedance value for
e.g. PZT-5A will be 33.7 MRayl. On the other hand, the specific acoustic impedance of the steel test-
sample will be around 47 MRayl. In the discussed case, the material that is normally used for the design
of the protective front plate is ceramic aluminium oxide (alumina) — Al.Os with the specific acoustic
impedance value of approx. 41 MRayl, which is roughly a middle value. Besides this, alumina further
exhibits an excellent resistance to mechanical damage and wear, and is not sensitive to corrosion [86].
Further, as this ceramic material comes with a very high melting point of around 2070°C, it also presents
as a serious candidate for the intended application at 580°C. However, it is important to mention that
application of this non-conductive ceramic for design of the protective plate also requires a very
complex earthing method to be used, as a conductor wire cannot be directly soldered (or bonded with
high temperature silver epoxy) to it. This does not pose a big problem when designing conventional

ultrasonic transducers, but it could be an issue when designing the HT transducer.
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An alternative solution is to make the protective front plate from stainless steel, which is the second
most frequently encountered material used in the design of the protective front plates [76]. Similar to
alumina, this steel material has a melting point that is well above the target temperature of 580°C and
shows excellent mechanical wear and corrosion resistance. The advantage of steel over alumina is that
it allows soldering of the conductor wire directly to the protective plate, which significantly simplifies
the design of the transducer. However, the suitability of stainless steel will also depend on the choice
of piezoelectric materials for operation at 580°C. As explained before, it is very important to achieve
the right acoustic impedance matching between the piezoelectric element and the test-structure as this
enables maximum transfer of acoustic energy into the test-material and results in a clearer picture of the
structural integrity of the inspected piece. The percentage of the incident acoustic energy that is
transmitted into the second material can be calculated from Eq. (2.8):

E=100-R (2.8)
R can be calculated from Eqg. (2.9):
N
R = (%) «100% (2.9)
1 2

where E is the emitted energy, R is the reflected energy, and Z; and Z; are the acoustic impedances of

two materials.

Finally, if one wants to transmit ultrasonic energy from the ultrasonic transducer to the test-piece at a
desired angle different from normal and in accordance with Snell's Law, an ultrasonic wedge is normally
used. Rexolite (up to 100°C) and Plexiglas (up to 160°C) are the most commonly encountered materials
for the design of the ultrasonic wedges [35]. However, if such a wedge is required in this work,
alternative HT materials will need to be considered along with the desired incident angle, method of

attachment to the ultrasonic transducer, etc.

2.8.5 Acoustic insulator

Similar to the damping mass, the acoustic insulator is fitted between the housing and the piezoelectric
element to absorb the ultrasonic energy generated from the sides of the element and thus prevent its
unwanted “ringing”. Moreover, it is usually made of the same material as the damping mass, which

means that all considerations in section 2.8.3 can be applied to the design of the acoustic insulator [87].
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2.8.6 Housing

Once all the key components of the transducer are selected, they are normally integrated within a
housing to achieve a robust device for application in practice. The shape and size of the housing will
depend on the given testing procedure. Consideration of different configurations of housing will be
required if NDT personnel use the transducer manually, or if the transducer is integrated within a robotic
arm for automated inspection. Secondly, it is good practice to design the housing to be impermeable,
even if not intended for immersion testing, because penetration of a couplant medium can compromise
the electrical integrity of the transducer [88]. Finally, considering the highly corrosive environment the
majority of testing transducers are exposed to, corrosion resistant stainless steel proves to be a good
choice for the housing construction of most commercial ultrasonic transducers in the market today. Its
high stiffness and strength at temperatures well above the present target temperature level will provide

a robust housing also for the HT transducer under study.

2.8.7 Wiring and co-axial connector

Conductor wiring and co-axial connectors are used in transducers to effect communication between the
transducer and the pulser-receiver unit. Their design should enable excellent conductor properties but
also achieve lightweight, reduced size and increased flexibility of transducer handling [89].

According to literature, nickel is the material of choice for application in sensors working in harsh
environments, as it shows the best balance of key properties for electrical performance at HT [43]. The
conductivity of nickel is adequate and it has excellent resistance to oxidation and corrosion [90]. For
this, pure nickel glass braided cable was acquired from Heatsense Cables Ltd, as it was reported to
withstand continuous operation at 600°C, and can be used for work in cycles up to max 700°C [91].

Further, glass braid of the acquired cable will provide an additional protection from the heat exposure.

In terms of the wiring, it was decided that one nickel conductor will be bonded to the Pt electroding of
the back face of the GaPO4element and the second conductor will be grounded to the steel protective
plate. The two conductors will lead outside of the transducer to the pulser-receiver unit. Thus, co-axial

connectors normally attached to the transducer’s housing will not be necessary in the proposed design.

2.8.8 Electrical impedance matching circuiting

Matching circuiting is used to overcome the problem of impedance mismatching between the excitation
source (the pulser-receiver) and the transducer [92]. The high excitation voltage of the pulser-receiver
(up to 200 V or more) allows the improvement of signal-to-noise ratio, however if no matching

circuiting is used, the electric power reflected back to the high impedance transducer will reduce its
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efficiency, and in a long-term can even cause permanent damage [93]. Transducers for NDT and
condition monitoring normally include a tuning circuit inside the transducer housing. A common
procedure is to introduce an inductance in parallel or series. The objective of this inductor is to
compensate the capacitive effect of the transducer [92]. As the tuning circuit is placed inside the
housing, for the high temperature application being developed in this research the electrical components
need to withstand temperatures up to 580°C. As commercially available components can be used up to
approx. 85°C, and some attempts of solving the electronics problem up to 300°C have been reported
[94], development of internal electrical circuits was not feasible. However, electrical matching of high
impedance GaPO. transducers to low impedance pulser-receiver is thoroughly discussed in section
5.4.1, where it is emphasised that for more efficient operation of the GaPOatransducer (improved SNR
level), an external matching circuiting will need to be developed as part of proposed future work.

2.8.9 Bonding of materials

In the transducers operating at ambient temperatures, the conductor wiring is normally soldered to two
large faces of the piezo-element or one large face and the metal housing before application of the
damping body. This is done using a solder that melts at low temperature, such as e.g. 96SC
Tin/Silver/Copper with multicore flux (Flux type Crystal 400) [96]. For HT operation, solder alloys
such as 61/24/15 Silver/Copper/Indium with melting temperatures above 600°C are available [97].
However, in practice, as with other advanced bonding methods such as brazing, diffusion bonding or
cementing, these all require very expensive apparatus and complex bonding processes and procedures,
as explained in [43]. On the other hand, another, much simpler and readily available bonding method
has appeared as an alternative — adhesive bonding — and a number of adhesives operating up to the

required temperature level were available on the market.

A number of electrically conductive adhesives for application at HT are offered, and some of these,
based on their upper temperature operational limit, are listed in Table 2-3. For example, Elecolit 3653
[98] and Duralco 124 [99] are used in standard production of ultrasonic guided wave transducers for
non-destructive testing up to 125°C, commercially offered by Pl Ltd [100]. The silver adhesive
PyroDuct 597-A was used in transducer manufacture, where it coupled the top electrode of a lithium
niobate piezo-element with a mineral insulated cable, and the piezo-element to the steel substrate (front
plate). The ultrasonic measurements with the lithium niobate transducer were done all the way up to
1000°C, thus outperforming this adhesive’s datasheet maximum operating temperature value [62],
[101]. As an alternative to these three silver-based adhesives, graphite-based Resbond 931C was also
purchased for study. This graphite adhesive is characterised by its very high datasheet reported upper
operational temperature limit of 1371°C [102]. Considering the target temperature level of this research

of 580°C, an application of this graphite adhesive would mean a security factor of almost 2.5.
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Table 2-3: Acquired electrically conductive adhesives for application at HT [98], [99], [101],

[102].
Adhesive Supplier Base Heat cure  Max Temp. CTE
- - - (°C, h) (°C) (10%/°C) @ 20°C
Elecolit 3653 Panacol GmbH Silver 110,0.3 180 18
Duralco 124 Cotronics Corp. Silver 150, 4 343 18
PyroDuct 597-A Aremco Inc. Silver 93,2 927 17.28
Resbond 931 C  Cotronics Corp.  Graphite  Air dry, 2-4 1371 7.38

2.8.10 Contact coupling medium

The conventional ultrasonic transducers are normally used in contact inspection testing where a liquid
coupling medium (water, oil, or special gel, called couplant) is used to facilitate transmission of the
ultrasound energy between the transducer and the test-material. The most commonly used liquid
couplant today is Ultragel 1l (from Magnaflux) with the operating temperature limit at 99°C [103].

There are three different concepts of acoustic coupling at HT: (i) dry coupling with high pressure; (ii)
liquid (fluid) coupling; and (iii) solid coupling [78]. Unlike the shear transducers used in ultrasonic
guided wave testing (such as ones already mentioned and commercially offered by PI Ltd [100]), the
compression wave transducers used in standard ultrasonic testing and developed in this work are
affected adversely by the load applied, where the load reduces the elongation of the vibrating
piezoelectric element. This consequently reduces the amplitude of the generated electrical signals [104].
For this reason, dry coupling with a high pressure is not a desired method of coupling in ultrasonic non-
destructive testing. For liquid coupling, HT couplants such as Sono 950, 1100 and 1200+ have been
identified. According to the datasheets, Sono 950 can operate up to 385°C (for a few minutes), and has
an auto ignition temperature at 560°C. Sono 1100 can be used for defect detection from 371°C up to
482°C and has an auto ignition temperature of 626°C, while Sono 1200+ can withstand even higher
temperatures [105]. After an extensive literature review, only one report of application of Sono 1100 in
a HT environment up to 500°C has been found [80]. However, the HT couplant was used only as a
facilitating medium for an experimental comparison among three different HT piezoelectric materials,
and not for a practical measurement with an ultrasonic transducer. Thus, if for any reason couplants
Sono 950, 1100 and 1200+ fail to perform up to the temperature of 580°C, a last resort will be the
aforementioned solid coupling, which assumes permanent attachment of the ultrasonic transducer to the

test-structure using one of the adhesives listed in Table 2-3.
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3 High Temperature Impedance Analysis of
GaPO4Elements

3.1 Chapter overview

In this chapter, the piezoelectric effect of GaPO,at HT is analysed via impedance measurements. As
there were no commercially available devices to allow impedance measurements up to 580°C, a special
test-rig was built to enable all GaPOselements to be tested in the same manner. Two sets of impedance
measurement are reported: (i) analysis from room temperature up to the target temperature of 580°C;
and (ii) at a constant temperature of 580°C over a period of 600 hours. The values of the resonant and
anti-resonant frequencies fr and fa, respectively, taken from impedance characteristics, were used to
derive a set of material properties: (i) thickness coupling factor (k:); (ii) piezoelectric charge constant
(d11); and (iii) compliance and stiffness constants, (s11 and cF11), respectively. These four properties
represent numerical measures of the efficiency of electromechanical conversion, sensing capability and
mechanical/thermal stability of piezoelectric elements. As properties from 25°C up to 580°C were
available in the literature, it was possible to compare these with the measured values to validate the
experimental setup and procedures used. On the other hand, it is believed that the results derived at
580°C over 600 hours are the first reported for a long-term operation of GaPO, at HT and that they
confirm this piezoelectric single crystal as a good candidate material for further development of a high

temperature transducer.

3.2 Introduction

3.2.1 Definition of electrical impedance

Electrical impedance is an important parameter used to characterise electronic circuits, components,
and the materials used to make components (such as piezoelectric resonators). Electrical impedance (Z)
is defined as the total opposition a device or electrical circuit offers to the flow of an alternating current
(AC) at a given frequency, and is represented as a complex quantity, which is graphically shown on a
vector plane. An impedance vector consists of a real part (resistance, R) and an imaginary part

(reactance, X) as shown in Figure 3-1.
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Imaginary axis

= Real axis

Figure 3-1: Impedance (Z) consists of a real part (R) and an imaginary part (X) [106].

The electrical impedance can be expressed using the rectangular-coordinate form where:

Z=R+jX (3.1)

or in the polar form as a magnitude and phase angle:

7 =17|.6 (3.2)

Further, it is possible to show the mathematical relationship between R, X, |Z|, and 6:

R = |Z| cosf
{X = |Z| sin@ (3.3)
|Z| = VR? + X2
6 =tan™?! (f) (34)
R

The unit of impedance is the ohm (Q). Electrical impedance is a commonly used parameter and is useful
for representing a series connection of the real component (resistance R) and imaginary component

(reactance X), because it can be expressed simply as a sum:

R jX

e — Z=R+]jX

For a parallel connection:
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R : 2 2
_ jRX _ RX . R2X 35
—[2]* 4= R+jX ~ R2+X?2 +]R2+X2 (33)
JX

In this case, using the reciprocal of impedance or admittance Y is mathematically simpler. The unit of
admittance is the Siemen (S), and mathematical expressions and explanations of admittance and to it

associated physical quantities such as conductance G and susceptance B, can be found e.g. in [106].

The imaginary component, reactance X, takes two forms: inductive (X.) and capacitive (Xc). By

definition,
L X, = 2nfL (3.6)
Inductor
and
c
Xp = —— (3.7)
— ¢ 7 2nfc '
Capacitor

where f is the frequency of interest, L is inductance, and C is capacitance. 2zf can be substituted for by

the angular frequency w (omega) to represent:

and
1

Expressions (3.1) to (3.9) are used in calculating the L, R and C parameters required to electrically
match high impedance transducers such as the GaPOs to low impedance pulser-receiver instruments

and BNC cabling (see section 5.4.1).

36



High Temperature Impedance Analysis of GaPO4 Elements

3.2.2 Measuring electrical impedance

Because electrical impedance is a complex quantity, to find it, at least two values must be measured.
Modern impedance measuring instruments, such as the impedance analyser used in this research,
measure the real and the imaginary parts of an impedance vector and then convert them into the desired
parameters such as |Z|, 8, R, X, C, and L. The automated impedance analyser that will be used allows a
measurement to be performed by merely connecting the component such as the GaPO4 piezoelectric
elements to the analyser. The measured values, together with their visual representation (the impedance

curves) then can easily be transferred to a PC.

3.2.3 Measuring impedance of piezoelectric elements

Impedance measurement of a piezoelectric element is an important contribution to the element’s
performance. The impedance mismatch between the small piezoelectric element, and (BNC) cable and
pulser/receiver instrument is an important consideration, especially for applications with centre
frequency below 4 MHz [107]. Furthermore, by extracting the values of resonant and anti-resonant
frequencies from the recorded impedance response of a piezoelectric element, it is possible to derive a
set of piezoelectric and electro-mechanical properties, which are useful parameters for discussing the
element’s sensing capability and thermo-mechanical stability when, for example, the element is
operated within a high temperature environment [108]. The typical impedance response of a
piezoelectric element over a frequency range is shown in Figure 3-2. At the resonance frequency fi,
when the impedance is at its minimum, the piezoelectric element vibrates most readily, and most
efficiently converts the electrical energy input into mechanical energy — it is most efficient as a
transmitter. On the other hand, at the anti-resonance frequency fi, when the impedance is at its
maximum, the piezoelectric element most efficiently converts the mechanical energy back into
electrical energy — it is most efficient as a receiver. In order to get the best piezoelectric response from

a piezoelectric element, it has to be used between these two characteristic frequencies [109].

Impedance [Q]

fr fa Frequency [Hz]

Figure 3-2: Typical impedance response over a frequency range for a piezoelectric element.
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3.3 Effect of temperature

HT application of conventional piezoelectric materials such as piezoelectric ceramics is limited due to
phase transitions, which in general lead to instability of the electromechanical properties with
temperature and/or with regard to their respective Curie temperature above which they depolarise and
lose their piezoelectric effect [13]. For example, the discussed piezoelectric ceramic PZT-5A exhibits
a Curie temperature of around 365°C, and its applicability at HT is further reduced by the rule of taking
half of the Curie temperature as a safe upper operational temperature limit [13], [51]. Additional issues
that conventional piezoelectrics face at HT include decreased resistivity leading to increased
conductivity, which contributes to charge drift interfering with piezoelectrically induced charges,
increased attenuation of acoustic waves and dielectric losses with temperature and chemical
decomposition, which accounts for excessive conductive ions and viscous damping [14], [52]. Finally,
as the macroscopic piezoelectric effect in piezoelectric ceramics is achieved through the process known
as “poling”, where their randomly oriented piezoelectric domains are aligned in only one direction, their
high sensing capability and efficiency of electromechanical conversion tends to change over time [110].
This degradation of electromechanical properties is closely related with increased temperature, in which

case it is known as “thermally activated ageing” [13].

To show the temperature limitation of a conventional piezoelectric ceramic, it was decided to proceed
with impedance measurements on a piezoelectric with Curie temperature close to the target temperature
of 580°C. Modified bismuth titanate, under the commercial name HPZ510, was purchased from “Tonix
Advanced Technologies” to be tested as part of this research work. According to its datasheet, the Curie
temperature of this piezoelectric ceramic is at 514°C [111]. The measured frequency dependent electric
impedance response of the HPZ510 piezoelectric element, in the frequency range from 0 Hz up to 4

MHz, and in the temperature range from 25°C up to 525°C, can be seen in Figure 3-3.

From Figure 3-3 one can see that as the temperature increases, the location and amplitude of the f, and
fa peaks change, which accounts for changes in electromechanical properties of the piezoelectric
element HPZ510. At the temperature of 525°C, which is slightly above the expected value of Curie
temperature reported in the datasheet, the f; and f. peaks virtually vanished which implied that this
piezoelectric element lost its piezoelectric effect and could not be used any more for ultrasound

generation and reception [112].

In contrast to ceramics, the less sensitive piezoelectric single crystals, such as quartz (SiO>) and gallium
orthophosphate (GaPQ.), offer advantages over piezoelectric ceramics, with non-ageing behaviour and
much higher long-term stability of their key electromechanical properties at HT due to the absence of

piezoelectric domains [15]. In addition, these piezoelectric single crystals possess an extended upper
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operational temperature limit, owing to the absence of a Curie point transition. However, piezoelectric
single crystals may possess phase transitions below their melting points [113]. For example, SiO2 shows
a phase transition from a-SiO, to $-SiO, at 573°C, leading to instability of its electromechanical
properties close to this temperature [114]. Compared to SiO,, GaPO4 exhibits this phase transition at a
much higher temperature of 970°C, which means that any possible instability of the electromechanical

properties should occur far above the target temperature of 580°C.

Electrical impedance (Ohm)

T T

10"

IR

100 r r r r r
0 0.5 1 1.5 2 2.5 3 3.5 4

Frequency (MHz)

Figure 3-3: Frequency dependent impedance of ceramic bismuth titanate, from 0 to 4 MHz, and
from 25 to 525°C, showing the vanishing of f, and fa peaks once Curie temperature is reached.

3.4 Determination of the key electromechanical properties

The electromechanical properties of piezoelectric materials are anisotropic, which means that they
exhibit different values in different directions, depending on the cut in terms of piezoelectric single
crystals such as GaPO, [115]. According to the Active European Standard on Piezoelectricity [108], for
the X-cut single crystal GaPO, elements vibrating in the thickness compression mode, there are four
relevant electromechanical properties that need to be derived: (i) thickness coupling factor ki (ii)
piezoelectric charge constant di1: and (iii) compliance and stiffness constants, s51; and %11, respectively.
These four electromechanical properties represent numerical measures of the efficiency for
electromechanical conversion, sensing capability and mechanical/thermal stability of a piezoelectric

element, respectively, as explained below.
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3.4.1 Electromechanical coupling factor — kj;

The electromechanical coupling factor k; is the key property when describing the vibration behaviour
of piezoelectrics, expressing a numerical measure of efficiency for the electromechanical conversion
[17]. The first subscript to k denotes the direction along which the electrodes are applied and the second
denotes the direction along which the mechanical energy is applied / developed. The dimensions of the
piezo-element dictate a unique expression of k factor [108]. For a piezoelectric transducer, such as an
X-cut GaPO4, whose surface dimension is large relative to the thickness, the matching
electromechanical factor is the thickness coupling factor k:and it expresses the coupling between an
electric field in direction 1 (thickness, compressional direction) and mechanical vibration in the same
direction. A higher coupling factor is wanted for any piezoelectric transducer, as any energy not
converted from one form to another will be stored in the form of heat, thereby adding to the total thermal

energy content of the transducer and thus further affecting its piezoelectric response [95].

3.4.2 Piezoelectric charge constant — di;

The piezoelectric charge constant — dj gives the ratio of the electrical charge generated per unit of
mechanical stress applied to a piezoelectric element, and conversely is the ratio of the mechanical strain
developed by a piezoelectric element per unit of the electric field applied [108]. The first subscript to d
indicates the direction of polarisation generated in the piezoelectric element and the second subscript is
the direction of the applied stress or the induced strain, respectively. The matching constant for an X-
cut GaPOg4 element vibrating in the thickness compression mode is the constant di;, where the subscript
11 denotes that both the excitation of the piezoelectric element and the response of the element are in
the same direction. The sensitivity needs to be sufficiently high so that the generated electrical signal
can be detected above the background noise [95]. In practice, the generated signal is small and has to

be enhanced by an appropriate charge or voltage amplifier [116].

3.4.3 Compliance and stiffness constant — sF11 and cF11

The elastic compliance constant s¥; relates the applied stress with the relative deformation of the
material — the strain. A different way of relating the stress and strain of a material is to use the elastic
stiffness constant c;. This constant is defined as being inversely proportional to the elastic compliance
constant [108]. The matching compliance and stiffness constants of an X-cut GaPO. piezoelectric
element, vibrating in the thickness compression mode, are the constants s¥1; and cF11, respectively,
where the superscript E denotes a constant electric field applied, and the subscript 11 indicates that the
direction of strain and the direction of stress are the same. For the 11 direction of a piezoelectric element,

the ¢ constant is the Young's modulus of elasticity. These two constants are a numerical measure for
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the mechanical stability of piezoelectric elements vibrating at the resonance and as such are useful

parameters to discuss piezoelectrics’ behaviour when operated at HT.

3.4.4 Calculation of complete set of electromechanical properties

The mathematical relations presented in the Active European Standard on Piezoelectricity [108] were
used to calculate the set of electromechanical properties, useful for understanding the behaviour of
piezoelectric transducers when operated at their resonant frequency.

The thickness coupling factor k:can be derived based on the measured f; and f, values, Eq. (3.10):

k7 =2 Lot (5 Jé) (3.10)

The piezoelectric charge constant di1 can be derived from the relation of the thickness coupling factor

ks, the dielectric constant ¢'1; and the compliance constant s11, Eq. (3.11):
_ T EANY/
dyy = ke(eqq 511) /2 (3.11)

The dielectric constant £'11 can be calculated from the “free” capacitance C" measured well below the
lowest resonant frequency, e.g. at 1 kHz (T denotes the constant mechanical stress in the element), the
thickness t of the piezoelectric element and the electrode area A, Eq. (3.12):

ey = CT= (3.12)

The compliance constant s¥;; can be derived from the thickness coupling factor k; and the compliance

constant s°1;, where D denotes the constant displacement in the element, Eq. (3.13):

sF, = i (3.13)
11 .

1—k?

The compliance constant sP;; can be calculated directly from the measured anti-resonance value f,, the

density p (from datasheet) and the length | (CTE taken into account) of a piezoelectric, Eq. (3.14):

1

D
S11 = ——5
11 4pf512

(3.14)

Finally, the compliance constant c5;; can be derived from the kiand the constant c®i1, Eq. (3.15):
ety = cti(1— k?) (3.15)

To calculate c®1; one has to measure the anti-resonance fa, density p and thickness t, Eq. (3.16):

cP = apfe? (3.16)
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3.5 Development of GaPO4elements

GaPO; elements (X-cut) were purchased from “Piezocryst GmbH”, to be appropriately shaped and
coated with platinum, as shown in Figure 3-4 a) and b). GaPO4 elements with dimensions of 3 mm x 12
mm x 1 mm (width, length and thickness, respectively) were manufactured to provide piezoelectric

elements robust enough to manipulate when performing impedance measurements at HT.

a) b)

Figure 3-4: a) A raw GaPO, element, as purchased from “Piezocryst Ltd” and b) the raw GaPO,

element is coated in platinum and shaped into slender rectangular elements.

3.6 Impedance analysis at HT

Material properties of piezoelectric materials provided in their respective datasheets are normally
measured on simple test-pieces (discs, rods, etc.) using specific geometric and electrical boundary
conditions [108]. For this reason, they should be used only as a guide to the actual properties of piezo-
elements that are manufactured for a specific application such as the one developed in this work.
Further, material properties of piezoelectric elements normally vary with temperature and thus their
room temperature values cannot be used for application at HT [13]. A number of methods, such as the
impedance method, the quasi-static method and the laser interferometry method are used to measure
the electro-acoustic properties of piezoelectric elements [117]. However, all of these require specialised
and accurate measuring devices [118]. Additionally, the quasi-static and laser interferometry methods
are time-consuming and more demanding with respect to preparation of the measurement [119]. In view
of the above and considering that an impedance analyser was already available, it was decided to

proceed with the impedance method.
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In the literature, electrical impedance is defined as the complete opposition an electrical component,
device or circuit offers to the flow of AC at a given frequency [106]. When an AC is applied to a
piezoelectric element, this results in cyclic change of its dimensions. The values of the measured
frequencies at the minimum and maximum electrical impedance can then be used to derive a number
of key electro-acoustic properties of the piezoelectric element under measurement [108]. An Agilent
4294 A impedance analyser was used to perform impedance measurements on the GaPO4 elements; see
Figure 3-5. The used impedance analyser is able to cover a broad test-frequency range from 40 Hz up
to 110 MHz, with an impedance accuracy of + 0.08% [120].

Figure 3-5: (a) Agilent 4294A impedance analyser using (b) an Agilent 16048A text-fixture and

(c) BNC leads that were connected to a piezoelectric element under impedance measurement.

At room temperature, devices such as “smart tweezers” are normally used to connect the piezoelectric
element to an impedance analyser [121]. However, these commercially available devices are not
suitable for measurements at up to 580°C. Hence, a special test-rig for the GaPO4 elements was designed

to ensure that all the piezoelectric elements were tested in the same manner.

3.6.1 Test-rig for performing impedance measurements up to 580°C

In the literature, it is possible to find different approaches to the experimental setup for impedance
measurements on piezoelectric elements at HT. For example, Sherrit et al. [122] used alumina heat
insulation tubing and chrome wires to electrically connect piezoelectric elements inside a furnace to an
impedance analyser for measurements at HT. The wires were affixed to piezoelectric elements using
electrically conductive HT silver paste. A similar approach was adopted by Giurgiutiu et al. [66].
However, even though claimed to be performed in the above referenced work, the compensation
technique that was used to remove the effect of parasitic impedance of metal wiring that can affect

impedance measurement of piezoelectric elements was not explained — this particular problem was
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given a special attention when designing this new test-rig. A purposely built piezo-element holder for
the HT impedance measurements, that allowed compensation to be done to cancel the effect of the
mentioned parasitic impedance, was reported by Mohimi [79]. The holder was designed to operate at
HT inside an electric furnace with a maximum operating temperature at 600°C. Main components of
the holder were two horizontal brass plates separated by an electrically insulating material, and two
steel rods. The function of the top plate was to hold the moving rod in place, and of the base plate to
hold the fixed one. The fixed rod allowed connection between the base plate and wiring leading to the
Agilent 16048A test-fixture. The moving rod was manually adjustable to enable compensation to be
carried out at HT. Once compensation was performed, the moving rod was gently positioned on the
piezoelectric element and the impedance measurements were carried out. This HT holder was designed
for impedance measurement to be performed on the shear mode piezoelectric elements that, if the
voltage is applied over their faces, distort in the shear direction that is perpendicular to the position of
the moving rod. However, the GaPO, elements used in this work are of compression mode. It is known
that electro-acoustic properties of compression mode piezoelectric elements are significantly influenced
by the load applied, e.g. the weight of the steel rod, and for example, the difference between the “free”
and “clamped” electro-acoustic properties of a piezoelectric element can be as much as 80% [104]. For
this reason, it was decided to design a new test-rig which would enable “free” (no load) impedance

measurements with an easily feasible compensation procedure.

Figure 3-6 shows a cross-section view of the new test-rig and it can be seen that the rig was designed
to partially operate outside the furnace at ambient temperature — an exchangeable pair of banana plugs
with appropriate sockets, plastic panel and steel frame, and partially inside the furnace at up to 580°C
— the three twin bore alumina tubes with HT nickel wiring. The plastic panel for sockets — (a) with
dimensions of 70 mm x 60 mm x 40 mm, width, length and height, respectively was made of polylactide
(PLA) thermoplastic polyester. The function of the panel was to hold the banana plug sockets — (b). The
panel was mounted on the steel frame with four screws — (¢). The function of the steel frame was double:
to hold the alumina tubes — (d) and to represent a heat barrier to protect the plastic panel and banana
plug sockets from the heat coming out of the furnace. Also, it was important that the selected material
had a high density so that the frame would be heavy enough to remain in the default position. The
melting temperature of the polylactide (PLA) thermoplastic polyester is around 200°C, and the
maximum temperature for the sockets is 85°C. Thus, the criterion for the high-density frame material
selection was that it should have a low thermal conductivity. Stainless steel with low thermal
conductivity of 16 W/m-K and high melting point at 1350°C -1450°C, as opposed to e.g. brass with 150
W/m-K and 900°C, seemed as an ideal choice. Further, the steel frame was designed in the form of a
symmetrical L-profile, so that it was possible to use a fan to accelerate convection between the heat
coming out of the furnace and ambient air. The steel frame was designed with three holes (¢ 9 mm)

through which the alumina tubes were fed. The three twin-bore alumina tubes were used to feed three
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pairs of pure nickel glass braided conductors — (e) with the maximum temperature of continuous

operation at 600°C inside the furnace.

(f) BNC leads leading to (i) Exchangeable pair of banana plugs
the Agilent 16048A /
text-fixture

(b) Banana plug panel-mount sockets

(a) Plastic panel for sockets

«

(k) Thermocouple (e) Nickle glass

braided conductors

(c) Steel frame for
holding the alumina
tubing

-------- (d) Twin bore
alumina tubes for
additional thermal

. insulation and heat

~ I H_, barrier creation for
4 nickel conductors

(1) Furnace

(g) Short  (h) Open (i) GaPO;

circuit circuit ~ element under
position  position test

Front view
—— 70mm ———»

Figure 3-6: The schematic of the test-rig developed for performing of impedance analysis at HT.

The test-rig was designed to allow connection between BNC test-leads — (f) leading to the Agilent
16048A test-fixture and Agilent 4294A impedance analyser, and each pair of nickel conductors. Inside
the oven, each pair of the nickel conductors had different function while performing impedance
measurements at HT. The first pair was in the short circuit position — (g), the second pair in the open
circuit position — (h) and the third pair of conductors was coupled using the silver adhesive PyroDuct
597-A to the platinum electrodes of the piezoelectric element made of GaPO., which was under the
impedance measurement — (i). Outside the oven, each of the nickel conductors was connected to a
banana plug panel mount socket. Then, an exchangeable pair of banana plugs — (j) was used to carry
out compensation at HT by changing between the three positions and thus cancelling the parasitic
effects. Finally, a thermocouple — (k) was used in the proximity of the GaPO4element to ensure that the

desired temperature was achieved inside the furnace — (I) before any measurement took place.
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3.7 Experimental setup and procedure

Five GaPO, elements were used for impedance measurements. According to datasheet [68], the
elements have velocity of 4356 m/s, and when using this value as an input to Eq. (2.6), together with
the thickness of 1 mm, it is possible to calculate that the resonant frequency is 2.178 MHz. This will be
further tested. The dimensions of GaPO4 elements at 25°C were determined using a digital calliper to

an accuracy of 0.01 mm, and for HT the dimensions were calculated using CTESs provided in datasheet.

The experimental setup can be seen in Figure 3-7. It consisted of the elements: a) GaPO4 element affixed
to nickel conductors using adhesive PyroDuct 597-A; b) alumina tubing; ¢) Carbolite furnace; d) panel
with banana plugs for circuit compensations; ¢) BNC leads with Agilent fixture; f) fan used for cooling
of the outer part of the holder; g) Agilent impedance analyser; h) logger with K-type thermocouple; and
i) PC to collect data. All measurements were taken up to 2.5 MHz, corresponding to the resonant
frequency of 2.178 MHz. The temperature inside the oven was measured with a thermocouple type K
data logger with a resolution of 0.025°C, positioned near the GaPO4 element. Prior to measurement at
each temperature, short and open circuit connections were measured to determine the required
corrections for the effect of parasitic capacitance that exists between the test-setup (BNC test-leads with
Agilent fixture and developed test-rig) and the GaPO, element under test. The parasitic capacitance is a
consequence of the mismatch that exists between different internal capacitance values of the test-setup
and the piezo-element, which can cause their behaviour to depart from that of “ideal” circuit elements

[122]. The “open”, “short” and “GaPQ4 element under test” positions can be seen in Figure 3-7.

Open  Short §Piezoelectric
circuit  circuit § under test

Open Piezoelectric
circuit Short under test
circuit

Figure 3-7: Experimental setup used for impedance analysis of GaPO.elements at HT.

46



High Temperature Impedance Analysis of GaPO4 Elements

3.8 Results and discussion

3.8.1 Impedance response from 25°C up to 580°C

To establish a baseline, impedance characteristics of five GaPO4 elements were recorded first from
25°C up to the target temperature of 580°C with an increment of 50°C, where a hold time of 15 min at
each temperature was applied in order to ensure an isothermal temperature measurement. Recorded
impedance characteristics of a GaPO4 element from 25°C up to 580°C, plotted to show the effect of
increasing temperature on the f, and fa peaks, can be seen in Figure 3-8.
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Electrical impedance (Ohm)

104 r r r bl r r r

Frequency (MHz)

Figure 3-8: Impedance characteristics of a GaPO, element, in the temperature range from 25°C
up to 580°C and in the frequency range from 1.7 MHz up to 2.5 MHz, showing the effect of

increasing temperature on the f; and f, peaks.

First, one can see that the resonant frequency at 25°C was measured to be 2.117 MHz, which is a drop
of 2.84% from the theoretical value of 2.178 MHz. This drop in resonant frequency was probably caused
by application of the silver adhesive that was used to affix the nickel wiring to the GaPO, element, and

which represented an additional load to the free vibration of the piezoelectric element.

Secondly, as clearly seen from Figure 3-9 a) and b) and Figure 3-10 a) and b) below, the rise in
temperature caused the frequency pair f, and f, to shift to the lower frequency and higher impedance

values. As the temperature goes up from 25°C to 580°C, the resonant frequency f. goes down from
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2.117 MHz to 2.077 MHz, and in the same temperature range, the anti-resonant frequency f, decreases
from 2.127 MHz to 2.087 MHz. Both frequencies have decreased less than 2% over the tested
temperature range, which means that the wavelength of waves travelling through e.g. a steel structure
would change less than 2%. Given the rule of thumb that a defect must be larger than one-half of the
wavelength to stand a reasonable chance of being detected, this frequency decrease on a millimetre
scale is so small that it can be neglected, confirming the GaPO, as a potentially suitable piezoelectric
material for application in ultrasonic non-destructive testing at high temperatures.
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Figure 3-9: Measured values of a) resonant f,and b) anti-resonant f, frequency pair, as a function

of temperature from 25°C up to the target of 580°C, averaged for five GaPQO,elements.

Further, as seen from Figure 3-10 a) and b) below, as the temperature goes up to 580°C, the measured
impedance at the frequencies f; and f, also goes up. The impedance at the resonance peak Z: increases
from 15.28 kQ at 25°C up to 18.22 kQ at 580°C, which is an increase of 19.24%, and the impedance at
the anti-resonance peak Za goes up from 90.42 kQ up to 113.89 kQ, which is an increase of 25.96% in
the same temperature range. As explained before, when the impedance is at its minimum, the
piezoelectric vibrates most readily and is most efficient as a transmitter. On the contrary, when the
impedance is at its maximum, the piezoelectric is most efficient as a receiver. This means that with the
rise in temperature from 25°C to 580°C, the GaPO, elements will start reducing their transmission
efficiency but improve their reception efficiency. Purposely designed circuiting is normally used to
balance these two; however as there are no electrical components available for application at 580°C
(some elements can be found for application up to max 300°C), the measurements will rely only on the

in-built filters and voltage/charge pre-amplifiers of the commercial pulser-receiver instrument.
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Figure 3-10: Measured values of a) resonant Z; and b) anti-resonant Z, el. impedance pair, as a

function of temperature from 25°C up to the target of 580°C, averaged for five GaPO.elements.

3.8.2 Long-term impedance response at 580°C

After the five GaPO, elements were tested up to 580°C, the impedance response of the last GaPO4

element was recorded at constant temperature of 580°C for 600 hours, as shown in Figure 3-11.

Electrical impedance (Ohm)

10"

2.2 25

Frequency (MHz)

580°C
24h
48h
72h
96h
120h
168h
192h
216h
240h
264h
288h
336h
360h
384h
408h
432h
456h
504h
528h
552h
576h
600h

Figure 3-11: Impedance response of a GaPO. element at constant temperature of 580°C for 600

h, showing a good thermal stability of f. and f.frequency peaks over the tested period.

After 600 hours, the impedance test was stopped because the adhesive, bonding the nickel connectors

to the GaPO, element, finally failed. This experiment had a significant implication on the rest of the
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research; it is believed this was the first time a piezo-resonator machined from GaPO,was tested at the
given temperature level over such a long period of time. This experiment confirmed what the theory

already claimed — an excellent thermal stability of the piezoelectric effect of single crystal GaPOa..

The electrical impedance characteristics recorded at 580°C over 600 hours (Figure 3-11), show the
effect of a constant HT exposure of a GaPO,element and how this affects its resonant and anti-resonant
peaks over time. As explained, the high temperature stability of GaPO,4 over time is important as the
application of this piezoelectric material inside a transducer aims not only to provide individual short-
term non-destructive testing of critical points in power plants but also to provide their continuous
monitoring at operating conditions. According to Figure 3-12 a) and b), over the 25-day period at 580°C,
the value of the resonant frequency f. dropped less than 0.4% and the anti-resonant frequency f.dropped
less than 0.1%. This small shift to lower values of the two key frequencies when exposed to HT over
time can be neglected considering the sensitivity of a transducer that would use this piezoelectric
material for continuous monitoring and defect detection would stay practically the same.
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Figure 3-12: Measured values of a) resonant f. and b) anti-resonant f. frequency pair, at the
constant temperature of 580°C, as a function of time over 600 hours.

In terms of the impedance, Z: generally dropped steadily from the initial value of 14.18 kQ at the
beginning of testing to 10.71 kQ by the 20" day, when it again increased to 15.58 kQ on the last day;
see Figure 3-13 a). The possible reason for the increment of resonant electrical impedance Z, from 10.71
kQ on the 20" day of testing to 15.58 kQ on the last day lies behind the ageing of the silver adhesive
applied to bond nickel wires to the GaPO.element, which in the end led the measurement to be stopped
after 600 hours. On the other hand, the Z, value dropped after only one day, from 117.64 kQ to 73.16
kQ and over the rest of the measurement period, the Z, value stayed at approximately 75 kQ and finished
at 53.93 kQ on the last day of measurement (see Figure 3-13 b). The overall change in resonant and

anti-resonant impedance values at 580°C within the 25-day period was 9.87% and 56.85%, respectively.
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Figure 3-13: Measured values of a) resonant Z:and b) anti-resonant Z, electrical impedance pair,
at the constant temperature of 580°C, as a function of time over 600 hours.

3.8.3 Electromechanical properties from 25°C up to 580°C

Based on the measured f.and f, values, the material properties da, ki, s511 and cF1; were derived. Looking
at Figure 3-14 a), one can see that the charge constant di; stayed stable from 25°C up to 580°C, with
the maximum value of 4.35 pC/N at 25°C and the minimum value of 4.12 pC/N at 500°C; at 580°C the
constant was 4.22 pC/N. The difference between the min and max charge constant values is thus
calculated to be 5.58%. The derived di: values agree well with the datasheet ones, which at 25°C is
reported to be 4.5 pC/N [68].

Second, according to Figure 3-14 b), the derived thickness coupling factor k; remained stable, with
10.5% at 25°C, a slight increase up to 11.06% at 200°C and then finished at 10.04% at 580°C. In the
datasheet, k: value of 16% was reported and according to the theory it should stay unchanged all the
way up to 933°C, where an irreversible phase transition to a low quartz/cristobalite-like structure occurs
[123]. However, as explained before, the reported values should only be taken as benchmarks, as the
measurements were performed on piezoelectric elements with different geometries (rods, plates, etc.)
and then averaged, and also with different measuring equipment from that used here (impedance
analyser Agilent 4294A). Besides the differences in geometry of GaPO,4 elements and measurement
techniques, a second reason why the k;was lower than expected could be due to the influence of the
silver adhesive used to bond the GaPO, elements to the nickel conductors and thus allow an electrical
connection to the impedance analyser. The downside of using silver adhesives is that very few of their
physical properties are reported, especially at HT, and it is almost impossible to really understand and
quantify their influence on the overall measurement. Still, a good bonding alternative to the application

of silver adhesives was not established during this work.
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Figure 3-14: a) Derived piezoelectric charge constant di; and b) electromechanical thickness

coupling factor ki, in the temperature range from 25°C up to 580°C, averaged for five GaPO,

elements. The constant d;, was also compared to the provided datasheet value.

According to Figure 3-15 a) and b), the elastic compliance and stiffness constants — s%;; and cF1; were
derived to verify the mechanical stability of GaPO, elements from 25°C up to 580°C. The si; constant
was 18.49 pm?#/N at 25°C and slightly went up to 19.22 pm?/N at 580°C and in the same temperature
range, the derived c%1; constant dropped from the initial value of 63.84 GPa to 61.42 GPa at the higher

temperature. Both changes of the elastic constants were approx. 4%. The maximum deviation of these

measured (derived) values from the datasheet values can be observed at the highest achieved
temperature — difference of 6.88% for sF1; and difference of 7.92% for cF; at 580°C.
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Figure 3-15: a) Derived elastic compliance s1; and b) elastic stiffness constant 11, in the range

from 25°C to 580°C, averaged for five GaPO, elements and compared to the datasheet values.
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When comparing piezoelectric resonators machined from single crystals such as GaPO4 with resonators
machined from conventional ceramics such as PZT-5A, the GaPO.’s room temperature sensitivity of
4.35 pC/N, compared to PZT-5A’s sensitivity of 370 pC/N, and GaPOs’s (room temperature)
electromechanical conversion of 10.5%, compared to PZT-5A’s conversion of 70%, seem to be very
low. However, it is important to keep in mind that PZT-5A resonators are recommended for operation
up to 200°C maximum, while GaPO, will perform well even at temperatures up to 580°C. Regarding
the elastic constants s&i; and cFi:for GaPO4 and PZT-5A resonators, the elastic constants of PZT-5A
experience a very large drop in their respective values when exposed to temperatures up to 200°C (~
half of the Curie point). For PZT-5A, from room temperature up to 200°C, the s¥1; and ¢F1; can decrease
nearly 25% [124]. For GaPO, resonators, the change in value of s¥i; and cF4; from 25°C to 580°C was

measured to be only ~ 4%, where the value of sF1; went up, and the value of ¢;; went down.

3.8.4 Long-term electromechanical properties at 580°C

If one looks at Figure 3-16 a), one can see that the charge constant di1 remains stable with around 10%
deviation throughout the experiment (25 days), with a minimum of 3.7 pC/N was achieved at the 15"
day and a maximum of 4.12 pC/N achieved at day 19. According to Figure 3-16 b), the
electromechanical coupling factor k:also remained stable at 10.5%, with a minimum of 10.1% achieved
on the 2", 5" and 19" days, and a maximum of 11.1% measured in the 2", 8" and 11" days of the

experiment. All variations were calculated to be below 10%.
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Figure 3-16: a) Derived charge constant di: and b) thickness coupling factor k; of a GaPO.

element, at the constant temperature of 580°C as a function of time over 600 hours (25 days).

Finally, according to Figure 3-17 a) and b), both properties, the elastic compliance and stiffness, s

and cFy1, respectively, remained stable within a 1.2% variation throughout the entire 25-day period.
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Figure 3-17: a) Derived elastic compliance sF1; and b) elastic stiffness constant cFi; of a GaPOs
element, at the constant temperature of 580°C as a function of time over 600 hours (25 days).

After the GaPO, element was cooled to ambient temperature of 25°C (over 24 hours), the new silver
adhesive was applied to connect the nickel wires back to the GaPO. element and the impedance
measurement repeated. The compared impedance responses at ambient temperature before (blue trace)
and after (red trace) the heat treatment at 580°C can be seen in Figure 3-18. This comparison confirms
good thermal stability of this piezoelectric crystal even after the exposure to 580°C for a prolonged
period. In both displayed traces, the fr and fa frequency peaks were pronounced and the resonant
frequency of 2.178 MHz was virtually the same in both cases. Thus the transducer that would use the
piezoelectric element machined from GaPQO, for defect detection (at room temperature) would resolve

the same size of defect in test-structure before and after the heat treatment at 580°C.

In this chapter, the material properties were derived for five GaPO, elements using the impedance
method, as outlined in the European Standard on Piezoelectricity. To ensure that all GaPO4 elements
were tested in the same manner, a special holder was designed for the piezoelectric elements. The main
finding in this chapter is that the GaPO4 element maintains the piezoelectric effect at 580°C for at least
600 hours, which is significantly longer than previously reported work on this or other piezoelectric
materials. The next step will be to examine the ultrasonic response of the GaPO, elements (their
transmission and reception quality), in order to reach the final goal of this work — construction of an
ultrasonic transducer to operate up to 580°C which is the temperature normally found in high

temperature pipework of operational power plants.
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Figure 3-18: Impedance traces of GaPO, element at 25°C, before (blue trace) and after (red trace)

the 25-day exposure to 580°C, showing an excellent stability of the piezoelectric response.
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4 High Temperature Ultrasonic Analysis of
GaPO4Elements

4.1 Chapter overview

Following on from the impedance analysis at 580°C, in this chapter the validation has gone a step further
and has shown that GaPQO, elements are capable of performing two basic non-destructive evaluation
tasks, thickness gauging and defect detection, at up to the same HT level. Thickness gauging has shown
that GaPO, elements work as functional piezoelectric transducers generating and receiving ultrasound
at 580°C for at least 360 hours, before high temperature corrosion of the carbon steel test-block occurred
leading to failure of the experiment. Considering the relevant pipework of interest for non-destructive
evaluation is made of corrosion resistant stainless steel or P91 steel, changing the test-material is
expected to contribute to a longer ultrasonic measurement. Finally, the GaPQO, transducer’s sensitivity
was successfully tested through defect detection on a steel test-block containing an artificial defect with
known geometry (side-drilled hole of d=0.8 mm) up to 580°C, keeping the defect’s SNR level above
the threshold of 6 dB, which is high enough for NDT practice.

4.2 Introduction

Impedance analysis reported in the previous chapter indicates that piezoelectric elements machined
from single crystal GaPO4 could potentially transmit and receive the ultrasound energy at HT up to
580°C. In this chapter, this will be further tested with a series of ultrasonic experiments to verify the
capability of GaPO,elements when used for two basic non-destructive testing and evaluation tasks: (i)

thickness gauging; and (ii) defect detection up to the same temperature level of 580°C.

As explained in the Chapter 1, pipes of interest for inspection with the HT transducer are operating at
temperatures of up to 580°C and are constructed from P91 alloy steel or sometimes stainless steel.
Ideally, the ultrasonic validation of GaPO4 would be done using the same P91 material. However, at
this stage of development, the test-samples machined from P91 were not available. For this reason, it
was decided to proceed with a material that is more common — carbon steel, which was available in

workshop, and later on samples machined from P91 / stainless steel would be introduced when
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available. Finally, there are two basic modes of operation of each ultrasonic transducer for non-
destructive testing. The first is the pulse-echo mode, where one transducer is used for both transmission
and reception of ultrasound energy that was reflected from the backwall and/or a defect in the material.
The second one is the through-transmission or pitch-catch mode, where one transducer is used for
transmission of ultrasound energy into the test-material and the second transducer for the reception of
the reflected ultrasound energy. For the reason of limited number of piezoelectric elements machined
from crystal GaPO, available for this development, it was decided to proceed with the simpler and less
material consuming pulse-echo mode of operation (for each measurement one element is needed and

not two).

4.3 High temperature ultrasonic analysis

Commercial ultrasonic pulser and receiver machine TOPAZ from ZETEC was used to deliver a short
sharp electrical pulse to “pluck” the piezoelectric element machined from the crystal GaPO4and allow
itto vibrate at its own fundamental resonant frequency [125]. The commonly used name of this electrical
pulse is “the initial pulse” or sometimes in the literature (mainly US) “the main bang”. To increase the
amplitude of ultrasonic waves generated from the vibration of the piezoelectric element, the peak
voltage of the initial pulse must be increased [115]. Another possibility of achieving ultrasonic signals
with increased peak-to-peak amplitude is to use the in-built amplifiers and filters that normally come
with powerful ultrasonic machines such as TOPAZ. With the right combination of sufficiently strong
initial pulse and application of powerful in-built amplifiers/filters, it should be possible to control the

noise level during measurement with a sufficiently high SNR level.

4.3.1 Experimental setup for analysis of the initial pulse

In order to analyse the initial pulse emerging from the pulser of the pulser-receiver instrument, an
experimental setup was built from the following elements: (a) TOPAZ pulser-receiver instrument; (b)
passive oscilloscope transducer (Keysight Technologies, 150 MHz, 10 MQ, <12 pF and 300 V); and
(c) an oscilloscope (Keysight Technologies, MSOX3024A, 200 MHz) (see Figure 4-1). From the
oscilloscope, the recorded ultrasonic waveform of the received initial pulse was transferred to a PC for

further analysis simply by using a USB stick.
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-- (a) pulser-
receiver
instrument
TOPAZ

(b) Passive oscilloscope probe

Figure 4-1: Experimental setup used for analysis of the initial electrical pulse coming out from

the pulser of the commercial pulser-receiver instrument TOPAZ.

The working principle of a pulser-receiver instrument is that it delivers short, sharp electrical pulses at
definite time intervals to the piezoelectric element of a transducer which start the element vibrating at
its natural resonant frequency, producing waves of ultrasound that are then used for measurement. The
pulser-receiver instrument must allow enough time for the returned ultrasound echoes from a barrier
such as a backwall and/or a defect in the test-structure to be received by the piezoelectric element
between two consecutive initial pulses, and thus not be masked by them. Considering that sound waves
in a conventional test-material such as steel travel with a speed of ~6000 m/s, this means that for a 50
mm thick steel plate it will take ~17 ps for a generated wave to hit the backwall and return to the
piezoelectric element. A pulse repetition frequency (PRF) of 100 Hz (one pulse every 10 ms) is more
than enough to acquire usable ultrasonic measurements. This is the case for pulse-echo mode of
operation where the same transducer acts both as a transmitter and as a receiver. In the pitch-catch mode
of operation, where one transducer is used as a transmitter and the other one as a receiver, the PRF is
not that an important parameter considering the piezoelectric element of only one transducer will be
triggered with the initial pulse to generate ultrasonic waves and the other transducer will be receiving

the returned reflected echoes.

4.3.2 Results of the initial pulse analysis

An example of two consecutive initial pulses with PRF of 100 Hz and amplitude of -50 V (minimum
pulser voltage) that were generated from the pulser of the TOPAZ pulser-receiver instrument and

recorded using an oscilloscope can be seen in Figure 4-2 a). Although it seems at first that the two initial
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pulses reach all the way to approximately -80 V, this is only because of the imperfection of the pulser-
receiver unit used. TOPAZ, as any other real electrical system is characterised by an overshoot effect
that is followed by a “ringing” and settle time, after which the pulse will achieve its steady-state value,
in this case -50 V [126]. This can be easily checked if one of the two recorded initial pulses is stretched
over a narrow period, e.g. from 310 ns up to 710 ns (Figure 4-2 b). One can now see that after the initial
pulse is generated, it first sinks to approximately -80 V (overshoot), then it starts “ringing” and finally,
after the settling time of approximately 50 ns, achieves the set value of -50 V.

-10 -10 _—
- Ringing
% -30 % -30
E E "
e} " —
= 50 = 50 [P
£ 10 ms g Settling time ~ 50 ns
< 70 -70
<--- Overshoot
-90 I I I I I -90 L L L )
22 25 28 31 34 37 310 410 510 610 710
Time of flight (ms) Time of flight (ns)
a) b)

Figure 4-2: a) Two consecutive pulses generated from the pulser of TOPAZ. b) An illustration of
the overshoot effect followed by a “ringing” and settle time for an initial pulse of -50 V.

After the initial pulse of -50 V was analysed, the same analysis was performed for a number of initial
pulses with amplitudes ranging between -50 V (min) and -200 V (max), with a step of -10 V. These
pulses, averaged for five measurements, can be seen in Figure 4-3. It is clear that, as the amplitude of
the initial pulse increases, the electrical system becomes less stable. This is characterised through
enhanced overshoot and ringing together with prolonged settling times as the amplitude goes to -200
V. At the set up value of -50 V, the overshoot will cause the pulse value to drop to approximately -80
V (difference of -30 V); however, if the setup pulser voltage value is -200 V, the pulse will drop all the
way to approximately -320 V (difference of -120 V). In both cases, after the settling time of ~50 ns or
~75 ns is completed, the initial pulse will achieve the setup value of -50 V and -200 V, respectively.
This is the most important result coming out from this analysis, as it shows that the initial pulse coming
out from the pulser of the ultrasonic machine TOPAZ will achieve exactly the amplitude value that is

setup by the user and thus can be used for planned ultrasonic measurements.
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Figure 4-3: The initial pulses coming out from the pulser of the ultrasonic machine TOPAZ, for
amplitude ranging from a min of -50 V to a max of -200 V, averaged for 5 measurements.

From Figure 4-3, it is clear that the analysed initial pulse recorded at different amplitude values has a
square form of only half a cycle (in the negative phase). This is due to its main feature, to be very short
and only “plucking” the piezoelectric element without driving it at a certain frequency. Taking into

account Eq. (4.1):
N=f-I (4.2)

where N (No) is the number of cycles in a pulse, f (Hz) is the resonant frequency and | (s) is the pulse
duration, it is possible to calculate that the pulse duration for the resonant frequency of 2.178 MHz
(calculated for a GaPO4element 1 mm thick) and half a cycle (N = 0.5) will be 230 ns. This value can
also be directly read from Figure 4-3. Finally, for a piezoelectric element of a different thickness (and
thus different resonant frequency), the pulse duration will also be different to ensure that the mentioned

square-form-half-a-cycle of the initial pulse is maintained throughout measurement.

4.4 Thickness gauging at high temperatures using GaPO4

Thickness gauging is the most basic measurement that can be done with a transducer. Normally it is

used to assess the extent up to which mechanisms such as corrosion and erosion affect the components’
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integrity by reducing their wall thickness over time [127]. As already emphasised, conventional
transducers are limited to around 180 °C due to the majority of devices relying on piezoelectric ceramic
material PZT to generate and detect the acoustic signal [128]. It will be shown in this thesis that by
using piezoelectric single crystal GaPOs, not only it is possible to perform short-term thickness gauging
at high temperatures up to 580°C (useful for non-destructive testing), but also that it is possible to do

so for an extended period (useful for non-destructive monitoring).

Three thicknesses gauging experiments are reported in this chapter:

o In the first experiment, it is shown that by applying an initial pulse with an increased amplitude
value (voltage) to the resonating GaPO,element, it is possible to achieve a reflected ultrasonic echo
from the backwall of the steel test-block with higher peak-to-peak amplitude and that this enables
a higher SNR level. Further, it is shown that the relationship between the amplitude of the initial
pulse and the one of the reflected echo will be linear.

e In the second experiment, it has been shown that a GaPO, element, bonded to a steel test-sample
using an adhesive, can be used for practical thickness gauging up to the target temperature of 580°C,
where all the received ultrasonic echoes will stay above the noise level needed for practical NDT
(>6 dB).

e Finally, it has been demonstrated that a GaPO, element can resonate at 580°C for an extended
period of time (15 consecutive days) when degradation of the platinum electroding and of the steel
test-sample occurs, leading to the loss of the reflected echoes.

4.4.1 Base-line thickness gauging at ambient temperature

A GaPO, element coated in the parallel electrode configuration, with a Pt layer of 200 nm, an area of
100 mm? and thickness of 0.8 mm (calculated frequency f;=2.723 MHz) was coupled to a carbon steel
block (30 mm thick) using silver adhesive Elecolit 3653, Figure 4-4 a). Elecolit 3653 is the least viscous
of all the acquired adhesives for intended HT application (reported in Table 2-3) and, for this, it is the
easiest to apply to the surface of the GaPQO, element. However, it offers reported maximum operation
up to 180°C only. As this first experiment was done at ambient temperature, this was not an issue.
Furthermore, pure nickel glass braided wiring was used to connect the GaPO4 element to the TOPAZ
pulser-receiver instrument. The schematic of the setup used for this base-line ultrasonic experiment
using a GaPO, element can be seen in Figure 4-4 b). In terms of the test-conditions, a pulser voltage
ranging from -50 V (min) to -200 V (max) was used with a pulse width of 184 ns and a band-pass (BP)
filter of 1-5 MHz. No rectification and no smoothing of the ultrasonic waveforms were applied. The
pulse width of 184 ns was calculated using Equation (4.1) for the resonating frequency of 2.723 MHz

in order to achieve the square-form-half-a-cycle initial pulse, as explained in section 4.3.2.
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ZETEC TOPAZ
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Transmitted wave Reflected wave

a) b)
Figure 4-4: a) A GaPO4element is coupled to steel test-block using silver adhesive with attached

nickel wiring; b) The schematic of setup used for base-line experiment at ambient temperature.

4.4.2 Results of the base-line thickness gauging at ambient temperature

The A-scan containing waveforms of the fastest arriving echo reflected from the backwall of the steel

test-block at 30 mm and received back by the GaPO, element can be seen in Figure 4-5.
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Figure 4-5: The waveforms of the fastest arriving echo reflected from the backwall of carbon steel

block at 30 mm and received by GaPO.element, for the initial pulse from -50 V to -200 V.
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First, it is clear from Figure 4-5 that as the amplitude of the initial pulse goes from the minimum value
of -50 V (red trace) up to the maximum value of -200 V (black trace), the amplitude of the received
echoes to the GaPO, element will also increase. For example, when an initial electrical pulse of -50 V
is applied, the amplitude of the received echo will be only 16.94 mV; however, when an initial pulse of
-200 V is applied, the amplitude of the received echo will go up to 74.98 mV. This means that the more
electrical energy is delivered to the GaPO, element, the more electrical/ultrasonic energy will also be
generated from the piezoelectric element towards the steel test material and, finally, after reflection
from the backwall of the steel block, the more will be received back by the GaPO4element. Second, the
amplitude of the received ultrasonic echoes to the GaPO, element, as a function of the initial pulse
ranging from -50 V to -200 V can be seen below in Figure 4-6 a). From here, it is very clear that the
relationship between the amplitude of the initial pulse applied to the GaPO,element and the amplitude
of the ultrasonic echo / electrical signal received back by the same piezoelectric element will be
practically linear. Finally, it is also interesting to see if changing the initial pulse from -50 V to -200 V
will affect only the received ultrasonic echo/electrical signal, or if it will also have an impact on the
level of nearby noise. In order to test the achieved SNR, the detectability of the ultrasonic reflection
reported in Figure 4-5 was assessed using the SNR calculation. Calculation of the SNR level throughout
this thesis is done according to Eqg. (4.2):

SNR = 20 log 1, (%) (4.2)
where P; is the peak-to-peak amplitude of the reflection from the backwall and o is the standard

deviation of x(t), the signal waveform under consideration [129].

The results of the SNR calculation can be seen below in Figure 4-6 b). Here one can see that by
increasing the amplitude of initial pulse from minimum -50 V up to maximum -200 V, the SNR level
will also go up. For example, when an initial pulse of -50 V is applied to GaPO,element, the SNR level
of the received ultrasonic echo that is generated electrical signal will be 9.2 dB, and when an initial
pulse of -200 V is applied to the GaPO4 element, the SNR level of the echo/signal will be 19 dB.

It is important to conclude with the observation that all derived SNR values were suitably high (above
6 dB), so that ultrasonic reflections from the backwall of steel block could easily be identified above
the background noise. For a practical ultrasonic measurement, the SNR level needs to be greater than 6

dB that is the signal amplitude needs to be twice as strong as the noise amplitude [130].
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Figure 4-6: a) Reflected echoes received back by the GaPO,element as a function of the initial
pulse ranging from -50 V to -200 V. b) SNR level (in dB) as a function of the same initial pulse.

4.4.2.1 Fourier analysis and the transducer’s bandwidth

Using the Fourier analysis, an ultrasonic waveform can be transformed from its original time-domain
(A-scan) to a representation in the frequency-domain [131]. From here it is possible to define the
bandwidth of a transducer, together with its characteristic frequencies (centre frequency fc, lower
frequency limit f; and upper frequency limit f,), that are usually defined as the frequencies at which the
amplitude is reduced by a given factor. This reduction factor can be taken to be 30% (-3 dB) or 50% (-
6 dB) [76]. An example of a frequency-domain waveform of a commercial 5 MHz transducer, with

marked bandwidth and the characteristic frequencies, can be seen in Figure 4-7.
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Figure 4-7: Bandwidth of a commercial 5 MHz transducer [76].

For the waveforms reported in Figure 4-5, a signal analysis in the frequency-domain was done using
MATLAB R2011b software package. The normalised frequency domain of the fastest arriving
waveform received at the GaPO, element (Figure 4-5) can be seen in Figure 4-8. From this figure, one
can see that the centre frequency is 2.343 MHz. This is a 13.95% attenuation compared to the frequency
value before the GaPO, element was attached to the steel block (2.723 MHz) and is a result of the steel
block acting like a damping mass to the free vibration of piezoelectric element. The second important
thing one can see here is that as the initial electrical pulse goes from -50 V to -200 V, the peak frequency
will not change and it will stay constant of 2.343 MHz. This is because the frequency is not a function
of the electrical energy input but rather a function of the initial pulse width, shape (square-form-half-a-
cycle) and the thickness of the piezoelectric element (in this case 0.8 mm). Finally, from the same Figure
4-8 one can evaluate the frequency spectrum or the bandwidth B of the resonating GaPO4 element that
was coupled to the steel test-block. The lower frequency limit f; is at 2.03 MHz and the upper frequency
limit f, is at 2.58 MHz. This means that the centre frequency f. (at -6 dB) will be 2.17 MHz, which is
close to the peak frequency f, at 2.343 MHz (difference of 7.38%). Finally, this means that the
bandwidth will be from 2.03 MHz to 2.58 MHz or B = 0.55 MHz. This very narrow bandwidth is a
consequence of the fact that no damping body was applied to the back face of the GaPO, element (the
steel test-block was applied from the front side, and has dampened the vibration slightly as explained
above), which allowed it to vibrate with around 8 cycles in each ultrasonic waveform. However, in a
practical NDT measurement, too long waveforms would reduce the sensitivity that can be achieved with

the given transducer. For this, the piezoelectric element of a transducer for non-destructive testing
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normally comes with a damping body applied to its back face, which reduces the number of cycles in

an ultrasonic waveform down to 1 or 2 only [76].
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Figure 4-8: Normalised frequency domain of the fastest arriving ultrasonic waveform that was

received at the GaPO,element, for the initial pulse ranging from -50 V (min) to -200 V (max).

4.4.3 Thickness gauging at high temperatures

After it has been demonstrated that a GaPO. element generates an ultrasonic waveform with an
amplitude that is linearly dependent on the applied initial pulse, the next step was to examine the
capability of GaPO,elements for a practical ultrasonic measurement such as thickness gauging at high
temperatures. For this reason, two GaPO,elements of same configuration as before (Pt electrodes thin
film of 200 nm, area of 100 mm?, thickness of 0.8 mm and resonant frequency of 2.723 MHz) were
mounted onto a steel test-block with 25 mm thickness using silver adhesive Duralco 124, as shown in
Figure 4-9. Finally, two nickel conductor wires were attached to the two GaPO, samples and one

conductor wire was grounded to the steel block using the same silver adhesive.
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Grounding __ . GaPOsElement 1

---- GaPO,Element 2

Figure 4-9: Two GaPO,elements were mounted onto a steel block (25 mm thickness) using silver

adhesive. The same adhesive was used to wire the two elements to the nickel conductors.

4.4.3.1 Experimental setup for thickness gauging up to 580°C

The experimental setup used for ultrasonic thickness gauging using two GaPO, elements can be seen in
Figure 4-10 a). The two GaPQO4elements coupled to the steel block were placed in furnace (1) (Carbolite
LHT6-30). An opening on the top of the furnace allowed the nickel wiring to go out from GaPO4
elements to TOPAZ pulser-receiver instrument (2) and also for a K-type thermocouple to USB TC-08
thermocouple data logger (3) (Pico Technology Ltd). The data collected using the pulser-receiver
instrument and the thermocouple data logger were then transferred to PC (4) for further analysis. The
steel block with coupled two GaPO4transducers to it, after it was placed inside the electric furnace, can
be seen in Figure 4-10 b). The temperature of the steel block was measured with thermocouple type-K
data logger (5) with resolution better than 0.025°C, which contacted the topside of the steel block
through a heat transfer paste; see Figure 4-10 b).

The ultrasonic reflections from the backwall of the steel block were recorded at every 50°C, from 25°C
up to 580°C, where the hold time of 15 minutes at each temperature interval was applied to ensure an
isothermal ultrasonic measurement. Finally, the test conditions were the same as in the previous

experiment, and a half-a-cycle pulse of -75 V was delivered to the two GaPO4elements.
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a) b)

Figure 4-10: a) The experimental setup for ultrasonic thickness gauging up to 580°C. b) The

GaPO, samples coupled to the steel block using silver adhesive were placed inside a furnace.

4.4.4 Results and discussion of the thickness gauging up to 580°C

The GaPO4 element No 1 failed somewhere above 450°C. It was discovered later that the silver adhesive
did not achieve a good coupling between the piezoelectric element and the nickel wiring through the
curing procedure and thus the wiring severed from the surface before achieving the target temperature.
On the other hand, the GaPO4 element No 2 performed well throughout the ultrasonic testing confirming
GaPOQy’s suitability for thickness gauging up to the target temperature of 580°C.

Eight A-scans containing two consecutive ultrasonic reflections from the backwall of the steel test-
block that were received at the two GaPO4elements at 25°C, 200°C, 400°C and 450°C/580°C, can be
seen in Figure 4-11 a) and b), respectively.
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Figure 4-11: Two consecutive reflections from the backwall of the steel block that were received
at a) GaPOselement No 1 up to 450°C and b) GaPO,element No 2 up to temperature of 580°C.

One can see that the reflected ultrasonic signals are both attenuated and lengthened with the introduction
of heat. This agrees well with similar tests done on GaPO, elements coupled to steel using silver
adhesives, although not up to the same temperature level [65], [66]. This reduction in sensitivity of
GaPQ4elements at high temperatures is suspected to be the result of an increase in attenuation of steel
during heating [132]. As the temperature of the steel goes up, its modulus of elasticity E (N/m?) and
density p (kg/m®) will decrease, and other properties such as Poisson’s ratio » will change too [133].
For carbon steel such as AISI 12114 that was used in thickness gauging reported here, this decrease in

physical properties from 25°C up to 580°C will only be about 2% in terms of its respective density;
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however, the modulus of elasticity will be reduced by more than 50% [134]. The reason is that the
acoustic energy generated from the resonating GaPO. element will transfer more easily and quickly
from one particle to the next in a steel material having greater elasticity, and will reflect more sharply
from its backwall. As the elasticity decreases, the acoustic energy will also attenuate and once received
back at the GaPO. element, this will result in a smaller generated peak-to-peak voltage on the surface
of the piezoelectric element, as the sensitivity of the element has decreased. The direct consequence of
the attenuation is enhanced “ringing” of the GaPO4 elements that can be seen in the A-scans from Figure
4-11. As now the elasticity of steel is lower, it will take more time for the acoustic energy to travel from
the GaPO. element to the backwall of the steel block and then to reflect and travel back to the GaPQO,
element in the same energy amount as at the lower temperature. Of course, one has to assume there was

no energy loss in the process [135].

Finally, the de-bonding phenomenon caused by thermal expansion at HT is also likely to contribute to
enhanced “ringing” and attenuated signals, as the rapid increase in temperature from 25°C up to 580°C
in less than 8 hours could produce a thermal strain in the transducer’s components due to different
CETs, as explained in [136]. Mismatching of CETSs, especially regarding the silver adhesive, which
exhibits a CET two times higher than the one of Pt electroding, is easily seen from Table 4-1:

Table 4-1: CETs of the materials that were used for ultrasonic thickness gauging at HT.

GaPO;, | tPt di Silver adhesive  Steel block
CET [10%/°C] @ 20°C electroding _—
12.78 9 Qﬁ,ﬁ 11.7

Finally, one should pay attention to the shift of reflections to the right at the temperature of 580°C (the
red waveform in Figure 4-12). This is because the velocity (that is modulus of elasticity, density and
Poisson’s ratio) and thermal expansion of steel change with the rise in temperature. Ultrasonic wave
velocity as a function of temperature, for different types of carbon and stainless steels, can be found in
[137] and in terms of P91 alloy steel, a separate report was produced as part of this research to determine
how its velocity changes with temperature [138]. The speed of sound travelling through P91 steel at
25°C will be 5940 m/s, and at temperature of 580°C will be 5127 m/s; a difference of 15%. This also
means that it will take 15% more time for the waveforms to be received at the GaPO,element at 580°C,

and this is why the red coloured waveform in Figure 4-12 has shifted to the right.

The working principle of commercial pulser-receiver instruments, such as TOPAZ, is to measure the
time-of-flight of ultrasonic signals and then, by taking into account velocity, to calculate the thickness
of the test-part and/or the depth at which a defect is located. However, as the pulser-receiver instrument

normally compute using velocity values for room temperature, they will make a mistake if the
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inspection is done at a higher (or lower) temperature. For this, if one wants to measure the correct
thickness/location of a defect at any given temperature in a test-sample with complex geometry, this
change of velocity with temperature must be taken into account by using the literature previously listed:
for carbon and stainless steel [137]; and for P91 steel [138].

—25°C
—>580°C

Amplitude (mV)

Time of flight (us)

Figure 4-12: The fastest arriving reflections received at the GaPO,element No 2, at 25°C (blue

trace) and 580°C (red trace), showing the influence of temperature on measured time-of-flight.

The calculated SNR values, for the ultrasonic waveforms received at GaPO., element No 1 (up to 450°C)
and at GaPO, element No 2 (up to 580°C), are plotted together in Figure 4-13.

21

® GaPO4 Element 1

18
® GaPO4 Element 2

15

12

SNR (dB)

I NDT practice > 6 dB I I I

25 50 100 150 200 250 300 350 400 450 500 550 580

Temperature (°C)

Figure 4-13: SNR (in dB) for the reflections received at GaPO,element No 1 and No 2.
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Figure 4-13 shows good agreement between the SNR values calculated for GaPO,element No 1 (up to
450°C) and the values calculated for GaPO, element No 2 up to the same temperature level. For
example, at 25°C, the SNR value was 20.75 dB (GaPOselement No 1) and 20.28 dB (GaPO, element
No 2), and at 450°C was 10.83 dB (GaPQO4element No 1) and 9.53 (GaPO4 element No 2). A slight
difference was observed between 200°C and 250°C. Second, the SNR value of GaPO4element No 2
increased between 450°C and 550°C but finally dropped down to 7.88 dB at the target temperature of
580°C. One can see from Figure 4-13 that by increasing the temperature to 580°C, the SNR level goes
down due to attenuation of ultrasonic signals. However, all the calculated SNR values were still
sufficiently high (above the threshold of 6 dB) that the ultrasonic reflections from the backwall of the
steel test-block could easily be identified.

4.4.4.1 Signal analysis in frequency-domain

Using Fourier analysis, the ultrasonic signals received at GaPO4 element No 1 (up to 450°C) and at
GaPO, element No 2 (up to 580°C) have been transformed from their original time-domain to a
representation in the frequency-domain and these are plotted in Figure 4-14 a) and b), respectively.
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Figure 4-14: Normalised frequency domain of the signals received at a) GaPO, element No 1 up
to 450°C and b) GaPO, element No 2 up to the target temperature of 580°C.

For easier viewing, the peak frequency values at temperatures up to 450°C (GaPO4 No 1) that is 580°C
(GaPOs4 No 2), were taken from Figure 4-14 a) (GaPO4 No 1) and Figure 4-14 b) (GaPO4 No 2) and
then plotted together with the resonant frequency values that were measured in the earlier impedance

analysis; see Figure 4-15.
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Figure 4-15: Comparison of the frequency values derived from impedance tests on five GaPO,
elements up to 580°C (black markers) and the values derived from ultrasonic tests for GaPO,
element No 1 up to 450°C (blue markers) and GaPO4element No 2 up to 580°C (red markers).

First, one can see that at 25°C, the three measurements give different frequency values. This is because
the five GaPO, elements used for impedance analysis were 1 mm thick with a calculated resonant
frequency of 2.178 MHz, and the two GaPQO4elements used for ultrasonic analysis were 0.8 mm thick
with a calculated frequency of 2.723 MHz. However, once the five GaPO, elements were affixed to
nickel wiring using silver adhesive, their resonant frequency was slightly attenuated to around 2.117
MHz as explained in section 3.8.1. Similarly, once the two GaPO, elements were coupled to the steel
block using the same silver adhesive, their vibration was also attenuated to 2.321 (GaPO. element No
1) and to 2.539 (GaPO, element No 2). Probably, the GaPO, element No 1 has experienced more
attenuation than GaPO4element No 2 due to the deficient curing procedure of the applied adhesive, as
explained in section 4.4.4.

Second, from same Figure 4-15 one can see that as the temperature in the furnace goes up, the resonant
frequency value decreases in all three cases. However, the rate of this decrease was different for the
impedance measurements from one of the ultrasonic measurements. The drop of the resonant frequency
of five GaPO,elements derived from the impedance analysis was only 1.93% in the range from 25°C
up to 580°C (black markers), which confirms good thermal stability of the piezoelectric effect of this
piezoelectric single crystal. However, once the two GaPO4elements were attached to the carbon steel
test-block using silver adhesive and then heated to 450°C/580°C, the occurrence of attenuation in the
carbon steel test-material caused the peak frequency to decrease to a much lower value. For the GaPO4
element No 1 (blue markers) from 25°C up to 450°C, this decrease was from 2.321 MHz down to 2.148
MHz, which was a drop of 7.45%. On the other hand, for the GaPQO, element No 2 (red markers) from

25°C up to the target temperature of 580°C, the decrease was from 2.539 MHz down to the same value
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of 2.148 MHz, and this drop was calculated to be 15.40%. This means that in the same range from 25°C
to 580°C, the drop in the frequency of a GaPO.element that was coupled to the steel structure was about
8.5 times larger than the drop in the frequency of the same GaPQO,element that was freely resonating in
air. In practical ultrasonic measurements, where a piezoelectric elements is either permanently attached
to the test-structure or it is enclosed within an ultrasonic transducer, one will need to take this frequency
drop with temperature into account, and relate it to the change in size of a defect that can still be resolved
with this element at any given temperature. If the already mentioned rule is applied, that a defect in the
test-structure must be equal or larger than half of the wavelength to stand a reasonable chance of being
detected, it is possible to calculate that for an artificial defect such as SDH of 1 mm, the /2 must not to
exceed 1 mm. Using the Eq. (4.3):

(4.3)

=<

where the velocity v of GaPOs is 4356 m/s, it is possible to calculate that even if the frequency value
drops by 16.68% up to 580°C, the GaPOaelement should still be able to resolve the given 1 mm hole,
as the A/2 value at 580°C is calculated to be 1.01 mm; see Table 4-2.

Table 4-2: 472 value for the peak frequency f, derived from ultrasonic measurement on GaPO,
element No 2, calculated at 25°C and at the target temperature of 580°C.

Temperature fo 2
(°C) (MHz) (mm)
25 2.539 0.86
580 2.148 =(\1.01:

4.4.5 Long-term thickness gauging using GaPOaelement at 580°C

After reaching the temperature of 580°C, the ultrasonic reflections from the backwall of the steel block
were recorded continuously at the same temperature for fifteen days. The four A-scans (in time-
domain), recorded on the 1%, 13", 14" and 15" days of testing at 580°C, can be seen in Figure 4-16.

From Figure 4-16 one can see that once GaPO. element has stabilised at the temperature of 580°C (24
hours at the temperature), less “ringing” and less attenuation was observed in the received waveforms.
This is probably because previously developed stresses due to different CETs (Pt electrode, raw GaPOs,
silver adhesive, carbon steel) initiated with the rapid increase in temperature from 25°C up to 580°C in

less than 8 hours, was eliminated in this experiment with the constant temperature of 580°C.
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Figure 4-16: Two consecutive ultrasonic reflections from the backwall that were received at
GaPO,element No 2. The echoes were recorded on the 1%, 13™", 14" and 15" days at 580°C.

Second, the amplitude of the received waveforms was virtually constant from the 1% day of testing until
the 10" day of testing at 580°C, with a value slightly above 5 mV. The first drop in amplitude was
experienced on the 11" day (4.9 mV) and then in the next 3 days the amplitude significantly reduced to
2.54 mV (14" day at 580°C). In addition, the received waveforms fell within the noise level on the 15"
day, which removed the need for further measurements. All discussed amplitude values of the received

ultrasonic waveforms can be seen plotted in Figure 4-17 a).

Finally, detectability of the first or fastest arriving waveform from the backwall of the steel block that
was received at GaPO.element No 2 at 580°C was assessed using the same SNR calculation as before.
All the calculated SNR values for each day of testing from 15t until the 14" were above the threshold of
6 dB, which was high enough for the received waveforms to be clearly resolved from the background

noise, Figure 4-17 b).
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Figure 4-17: a) Generated signal amplitude and b) calculated SNR for the fastest arriving
reflection from the backwall received back at the GaPO,element No 2, at 580°C for 14 days.

Finally, the most important result from this HT experiment is that it has been demonstrated for the first
time that a piezoelectric element machined from single crystal GaPO, can be used for practical
ultrasonic measurements at the operating temperature of a power plant (580°C) over an extended period
(minimum 14 days). Similar ultrasonic tests that can be found in the literature have been done for a
maximum period of few hours (or one day only at HT but at temperatures below 580°C) [65], [66]. It
is assumed that, by replacing the carbon steel test-material with more suitable corrosion resistant such
as stainless steel or P91, it is possible to allow for a much longer ultrasonic measurement using the same
single crystal GaPO.. This has already been indicated through the earlier impedance analysis, where it
was shown that a GaPOselement can resonate at 580°C for at least 25 days (600 hours).

After the exposure to the temperature of 580°C for 15 consecutive days, the carbon steel test-block
evidenced severe oxidation/corrosion, which ruined its surface layer and accounted for a significant
drop in the SNR value on the 15" day of measurement. For this reason, after the 15" day, more
background noise than reflection was observed in the received waveforms. This practically prevented
further measurement. The devastating effect that a long-term exposure to 580°C had on the carbon steel
test-block and the coupled two GaPO4elements, can be seen in Figure 4-18 a) and b). From Figure a)
one can see that the nickel wire is no longer connected to GaPO, element No 1, which answers why the
reflections previously received on the element were lost somewhere above 450°C. As explained before,

the nickel wire was bonded to GaPQO, element using the adhesive Duralco 124. Once they were bonded
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together using this silver adhesive, a curing procedure was applied in order to achieve full adhesion
strength. The same was done for GaPO.element No 2 and the nickel wire bonded to it. For an unknown
reason, it seems like the bond between GaPO4element No 1 and the nickel wire was not achieved in the
first place, leading later to a failure of the experiment at 450°C. On the other hand, the nickel wire
stayed well-bonded to GaPO, element No 2 even after the exposure to 580°C for 15 days, when the
experiment was stopped because of oxidation/corrosion of the carbon steel test-block caused by heat.

The nickel wire possibly did not bond well to the GaPO4
element No 1 through the curing procedure and this later on Raw GaPOs Silver adhesive Duralco
caused the measurement to fail somewhere above 450°C . 124 changed the colour

-

 GaPO:
element No I
. -

-

n
u

1)

I
New layer of carbon steel emerging below the Platinum electroding Carbon steel material
oxidised/corroded surface layer

a) b)

Figure 4-18: a) The two GaPO. elements together with the corroded steel block showing the effect
of exposure to 580°C for 14 days. b) The GaPO, element No 2, with seriously damaged platinum

electroding, showing the complexity of ultrasonic measurements at high temperatures.

Closer inspection of GaPO4 element No 2 is displayed in Figure 4-18 b). This figure vividly shows the
devastating effect the temperature of 580°C over the 15-day period had on the piezoelectric element. It
has been reported in the literature that there are some limitations on the use of Pt electrode metallisation
at temperatures higher than 650°C because of Pt thin film degradation phenomena as a result of
agglomeration, recrystallization and dewetting effects [69]. The degradation of Pt electroding in this
experiment possibly occurred as a combination of the degradation phenomena mentioned above and the
degradation of the steel block surface, which probably caused an excessive stress on the bond-line
between the GaPO.element, Pt electroding, silver adhesive and the steel test-block. This in the end led
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to failure of the experiment after 15 days. To exclude the influence of corrosive sensitive carbon steel,
all other measurements reported within this work and performed at 580°C for more than one day, were
done using samples made of corrosion resistant stainless steel or P91 alloy steel. Unfortunately, all the
attempts to find a better HT electroding solution failed, as the platinum electroding was only

commercially available method for the required temperature level at the time this work was conducted.

Finally, the Fourier analysis of the signals recorded at 580°C showed that the peak frequency did not
measurably change over 14 days and stayed at 2.148 MHz. On the other hand, the earlier impedance
analysis at the same temperature showed that over 25 days the value of resonant frequency dropped for
less than 0.4% and anti-resonant frequency for less than 0.1%. The main difference in these two
approaches to frequency measurement is that, by using impedance analysis, the frequency is directly
measured with an impedance analyser, and in the Fourier analysis the frequency is indirectly derived
from the time-domain of the received ultrasonic waveforms using software such as MATLAB. It is
possible that the pulser-receiver instrument TOPAZ has some limitations on its sensitivity and is not
able to sense such a small change in the frequency value which even with a precise impedance analyser
was measured to be less than 0.4%, that is 0.1% in an almost twice longer period of 25 days.

4.5 Defect detection in the pulse-echo mode at up to 580°C

After it was demonstrated that an element machined from GaPO, can be used for thickness gauging at
580°C for a period of at least 360 h, the next step was to advance a step further towards practical non-

destructive measurement by testing the GaPO,’s defect detection capability up to the same temperature.

4.5.1 Experimental validation of high temperature damping body

As discussed in section 2.8.3, the amount of damping applied to the backside of the piezoelectric will
determine the pulse duration and consequently the resolution of the inspection that can be achieved with
the transducer. As the next experiment with the GaPO, element was to validate its defect detection
capability using a test-block with an artificial defect inside the block’s volume, it was important to try
to reduce the 8 cycle signal (see Figure 4-5) down to one or two cycles only. This way the GaPO4
element would have the maximum chance of detecting the small defect in the volume of the test-block

and the reflection from the defect would not be masked by the very long reflection from the backwall.

As discussed in section 2.8.3, two ceramic adhesives, Ceramabond 569 and 503, were acquired for
application as damping materials on the back face of the GaPO4 elements, and according to their
respective material sheets, both of these materials could be exposed to temperatures well above the
target of 580°C. In Figure 4-19 below, one can see a detailed view of the Ceramabond 503 mass applied

to the back face of the GaPO, element. The final achieved thickness of the ceramic backing was 4 mm.
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Figure 4-19: A detailed view of the Ceramabond 503 adhesive applied to the GaPO, element.

In Figure 4-20 and Figure 4-21 one can see how the experiment with Ceramabond 503 adhesive was
executed. First, an ultrasonic reflection from the backwall of the test-block was recorded before the
backing mass was applied (the black trace in Figure 4-21). Then a ceramic layer of 2 mm thickness
(approx. two times A/4) was applied to the back face of the piezoelectric element [Figure 4-20 a)], and
another reflection from the backwall of the block was recorded (the blue trace in Figure 4-21]). Finally,
another ceramic layer of again approx. 2 mm thickness was applied to the first layer, and this meant an
overall backing mass of 4 mm thickness or approx. four times A/4 [Figure 4-20 b)]. Then again, the

ultrasonic reflection from the backwall of the block was recorded (see the red trace in Figure 4-21]).

a) b)

Figure 4-20: The adhesive Ceramabond 503 applied to the backside of the GaPO, element to serve
as a backing body. a) The first layer was ~2 mm thick and b) the second one was ~4 mm.
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Figure 4-21: Three consecutive echoes recorded for three cases: (i) no backing (the black trace),
(ii) ceramic backing thick 2 mm (the blue trace) and (iii) backing thick 4 mm (the red trace).

Looking at Figure 4-21, one can see that the application of a ceramic mass to the backside of GaPO4
element barely reduced the number of oscillations in a pulse, from 8 cycles (no backing) to about 6
cycles (4 mm backing). At the same time, the peak-to-peak amplitude was reduced from 14.5 mV (ho
backing mass) down to 3.3 mV (4 mm backing). This is quite a low amplitude, and when the third layer
of ceramic was applied (thus overall thickness was now 6 mm) the SNR value drop was so severe that
the piezoelectric element was generating more noise than signal. Using only one or two layers of
backing mass still meant losing more in terms of the generated amplitude than what was gained in terms
of the pulse duration reduction. Thus, it was decided to proceed with the defect detection experiment
using GaPO. element without any damping mass applied to its back face. In any case, it was already
reported in literature that high temperature transducer’s configuration without backing mass is possible,
and that damping could be controlled by the quality of coupling between the ultrasonic transducer and
the test component. Depending on the achieved quality of ultrasonic coupling between the piezoelectric
element (A/2 thickness), the protective front plate (A/4 thickness) and the test-sample, the ultrasound
energy loss from the front face of the piezoelectric element will affect to a greater or lesser extent the

vibration of the transducer system [51].

4.5.2 Selection of the suitable test-frequency

The frequency of ultrasonic waves is an extremely influential factor in ultrasonic NDT method. With
the speed of sound, which is a constant for the given material, the choice of test-frequency determines
the duration of ultrasonic waves in the inspected material. The wavelength is directly related to the size

of defects and sensitivity of the method as explained before. By increasing the frequency, the
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wavelength of waves is decreased, which has a positive effect to the sensitivity of the inspection.
However, increasing the frequency causes greater attenuation of ultrasonic waves in medium, which
reduces the thickness of the material that can still be examined with the selected parameters.
Considering the smallest diameter of a side-drilled hole (SDH) representing an artificial defect in a steel
test-structure that was achievable in the workshop was 0.8 mm, corresponding to the dimensions of the
expected damage on a reactor vessel of nuclear power plant [73], and taking into account the 1/2 rule,
the required wavelength is calculated to be 1.6 mm. For carbon steel (v=5920 m/s), according to Eq.
(2.6), it was possible to calculate a suitable test-frequency of a GaPO,element of 3.7 MHz. The closest
available match to this was a GaPO. element with f,=3.5 MHz. As can be seen from Figure 4-22, an
impedance analysis of the acquired GaPO, element confirmed its resonating at 3.5 MHz. As will be
demonstrated later, this frequency is high enough to successfully resolve the given defect.
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Figure 4-22: The impedance analysis of GaPO,element confirmed it to resonate at 3.5 MHz.

4.5.3 Experimental setup for defect detection up to 580°C

A GaPQ, element (an area of 100 mm?, coated in a Pt layer of 200 nm and with calculated frequency
of 3.5 MHz), was attached to a carbon steel block (25 mm thick) containing a side-drilled-hole (SDH,
diameter of 0.8 mm) representing an artificial defect in structure, and then using nickel glass braided
wiring was connected to a TOPAZ pulser-receiver instrument. The test conditions were the same as
before, with a pulser voltage of -75 V. A detailed view of the steel test-block with SDH and its coupled
GaPOQO4element is given in Figure 4-23 a). These were then placed inside a furnace for defect detection
up to 580°C to take place, Figure 4-23 b). Similarly to previous experiments, the temperature of the
carbon steel block was measured with a thermocouple which contacted the topside of the steel block
through a heat transfer paste very close to GaPO.element. The ultrasonic reflections from the backwall
and from the SDH were recorded at every 50°C up to 580°C, where the hold time of 15 min at each

temperature interval was applied in order to ensure an isothermal measurement.
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Figure 4-23: a) A GaPO, element was coupled to a steel test-block directly above the SDH using

silver adhesive. b) Everything was placed inside a furnace for defect detection up to 580°C.

4.5.4 Results and discussion on defect detection up to 580°C

Four A-scans containing ultrasonic reflections from the defect (SDH) and from backwall of the steel
test-block at temperatures 25°C, 200°C, 400°C and 580°C can be seen in Figure 4-24. It is easy to
confirm that the recorded signals are the right ones by multiplying the recorded time-of-flight with the
respective velocity in carbon steel at the given temperature, in order to calculate that the defect is located
at the depth of exactly 12.5 mm [this can also be directly read from Figure 4-23 a)]. These four A-scans
confirmed that a GaPO. element with test-frequency of 3.5 MHz was sufficient to successfully resolve
the given 0.8 mm defect up to the temperature of 580°C. It is believed that this was the first time that a
piezoelectric element machined from a single crystal GaPO4 was used for a classic NDT task such as

defect detection, and particularly at the temperature level of an operational power plant.

First, it can be seen that at any given temperature the reflections from the SDH always have a lower
generated peak-to-peak voltage than the respective reflections from the backwall of the steel block. This
is because the cross-section (CS) of the SDH is much smaller than the CS of the GaPO. element (CSspr
= 0.502 mm? << CSgaro. = 100 mm?). For this reason, the ultrasonic energy emitted from the GaPO,
element and transmitted into the steel block volume is reflected from the SDH back to the GaPO,
element with a much smaller percentage than the energy from the backwall of the steel test-block.

The reflected signals from SDH and backwall are again both attenuated and lengthened with the
introduction of heat. The influence of attenuation that occurs in steel at HT on the ultrasonic signals
received back to the piezo-element has already been explained in section 4.4.4. Further, the de-bonding
phenomenon caused by thermal expansion of the GaPOs transducer’s components at HT that contributes

to enhanced “ringing” and attenuated signals has also been explained in section 4.4.4.
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Figure 4-24: A-scans containing reflections from defect (SDH) and backwall of the carbon steel
block that were received back to the GaPO,4 element at 25°C, 200°C, 400°C and 580°C.

Finally, one should notice the shift of ultrasonic reflections to the right as the temperature goes up to
580°C. As explained before, this is caused by a change in the physical properties (modulus of elasticity,

density and Poisson’s ratio) of the steel test-block that accompanies a rise in temperature; Figure 4-25.
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Figure 4-25: Compared reflections from defect (SDH) and backwall of the steel block received at
the GaPO, element at 25°C (black trace) and at 580°C (red trace) showing the influence of

temperature on the time-of-flight.
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The detectability of reflections from SDH and backwall was assessed using SNR calculation. From
Figure 4-26 it is clear that all calculated SNRs up to 580°C were sufficiently high that reflections could
be identified. In addition, because an initial pulse of -100 V was used, (and not -75 V as before), the

SNRs reported here come with slightly higher values than the ones reported in thickness gauging.
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Figure 4-26: Calculated SNR values for reflections from SDH and backwall, from 25 to 580°C.

Finally, to check if exposure to 580°C left any trace on the performance of GaPO,element, the steel
block together with the GaPO4 element were left to cool to 25°C. Then, measurement took place again.
From Figure 4-27, it is clear that even after the exposure to 580°C, the GaPO4element is able to detect
the SDH. A small reduction in generated peak-to-peak amplitude of reflections from the SDH and
backwall can be seen, but this is likely to be due to changes in physical properties in the silver adhesive

as it was exposed to temperatures above the maximum recommended by its datasheet.
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Figure 4-27: Compared reflections from SDH — (a) and backwall — (b) received at GaPO, element
at 25°C, before (the black trace) and after (the blue trace) the exposure to 580°C.
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With ultrasonic defect detection, the confidence building experiments on piezoelectric elements
machined from crystal GaPO,were completed. In this chapter, it was shown that GaPO,elements could
be used for practical NDT and condition monitoring, by allowing thickness gauging and defect detection
to be performed up to the target temperature of this work of 580°C, where the SNR level was always
high enough for a practical ultrasonic measurement. Also, it was shown that an ultrasonic transducer’s
sensitivity can be kept sufficiently high, even though no damping mass is applied to its back face. The
next step in this work was to design and manufacture the ultrasonic transducer for practical non-
destructive testing and condition monitoring, by using components machined from appropriate high
temperature substitutes, as discussed in previous chapters. This should allow the new transducer to
operate up to 580°C, which is the temperature normally found in high temperature pipework of

operational power plants.
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5 Design, Manufacture and Testing of the

Ultrasonic Transducer up to 580°C

5.1 Chapter overview

Electrical impedance and ultrasonic measurements performed on GaPO, elements confirmed the
potential of this piezoelectric single crystal for application in practical non-destructive testing such as
thickness gauging and defect detection at high temperatures. In this chapter, it is described how a
prototype high temperature transducer was designed around the GaPQO4 element, manufactured in five
simple steps and finally tested up to the target temperature of 580°C. The approach in the development
of the high temperature transducer was to stay close to the design of a conventional ambient-temperature
transducer but to replace each of its components with appropriate high-temperature substitutes. All the
components were integrated within a steel housing, together comprising a novel transducer for operation
at high temperatures. Successful testing of the manufactured transducer in the lab environment using a
steel calibration block that was placed in an oven showed its applicability for ultrasonic thickness
gauging up to 580°C. Finally, to allow an efficient coupling of the transducer to the steel calibration
block, the measurements up to 100°C were performed with conventional couplant Ultragel Il, and for

measurements at high temperatures, a special couplant SONO 1100 was used.

5.2 Design of the ultrasonic transducer for operation at 580°C

To get a cost-effective and reliable ultrasonic transducer for operation at HT, it is important to keep a
simple design with the minimum number of bond-lines [1]. The more the bond-lines there are, especially
between the piezoelectric element of the transducer and the test-material, the more ultrasound energy
will be reflected back and not transmitted into the test-material. The percentage of the incident energy

that is reflected back can be calculated from Eq. (5.1):

R= (ﬂ)2 (5.1)

Z1+Z,

where R is the reflected energy and Z; and Z; are the acoustic impedances of the two materials.
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5.2.1 First bond layer — application of the electrode

For a piezoelectric element to be usable as an ultrasound transducer and integrated within a transducer,
its two large faces must be coated in metal electroding. Electrical wiring which delivers the electrical
signal between the piezoelectric element and the pulser-receiver instrument is then bonded to the two
metal electrodes. As explained in section 2.8.2, it was decided the GaPO, elements would be coated in
200 nm thick platinum layer, which should sustain operation up to 580°C. The schematic of the GaPO,

element coated in platinum thin film can be seen in Figure 5-1.

S

GaPO. "> Platinum electroding

Figure 5-1: The GaPO4 element is coated in the standard parallel electrode configuration with a

200 nm thick platinum layer.

5.2.2 Second bond layer — application of the protective front plate

There are two basic approaches to coupling a piezoelectric element to the test-structure. Either the
piezoelectric element is permanently attached to the test-structure using one of the bonding methods
listed in section 2.8.9, or a coupling medium (liquid, paste) is used between the piezoelectric element
and the test-structure to facilitate transmission of the ultrasound energy as explained in section 2.8.10.
In the first approach, only a single point in the test-structure can be inspected or monitored, considering
the ultrasonic beam will always emerge from the piezoelectric element at the same angle. The more
advanced second approach allows mechanical scanning to be done along the surface of the test-
structure, which means that a larger volume can be covered with a single transducer and thus the
inspection is more flexible and efficient. Further, as explained in 2.8.4, during scanning, mechanical
damage, wear and corrosion of the piezoelectric element are likely to occur. For this, a protective front

plate is applied to the element, even though it means an increase in the number of bond-lines.

The schematic of a piezoelectric element attached to a protective front plate can be seen in Figure 5-2
a) and b). In position a), the element will measure only the thickness of the test-structure (T = the
ultrasonic energy delivered to the backwall and R = the ultrasonic energy that was reflected and received
back to GaPO4element). However, once it is moved to position b), it will not only measure the thickness
but also detect the SDH (T1 and T, = ultrasonic energy delivered to the backwall and SDH, respectively,
and R; and R» = parts of ultrasonic energy that were reflected from backwall and SDH, respectively,

and then received back to GaPO,element at different time intervals).
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Figure 5-2: A front plate is applied between the piezoelectric element and the test-structure that
allows for both scanning and monitoring. In a) the transducer will measure thickness of the test-
structure. Once moved to b), it will allow for both thickness gauging and defect (SDH) detection.

As explained in section 2.8.4, a lambda-quarter protective plate/matching layer made of stainless steel
will be used for construction of the new transducer. According to Eq. (2.7), for a GaPO. element of 1
mm thickness and 2.178 MHz resonant frequency, the thickness of steel protective plate is calculated
to be 0.7 mm (for lambda-quarter). The protective front plate will be bonded to the piezoelectric
element using one of solid bonding methods discussed in section 2.8.9. The application of a bonding
layer at the same time means that another interface will be added in the transducer’s sound transmission
path. This is why it is important that the bonding material applied does not have substantially different
acoustic properties (i.e. specific acoustic impedance) from the piezoelectric element and the front plate,
or otherwise the resulting mismatching will reduce the amount of ultrasound energy transmitted into
the test-object [74]. Using one of electrically conductive silver-based adhesives (earlier listed in Table
2-3) is expected to minimise the problem, as they come with the specific acoustic impedance close to
that of silver (36.9 MRayl), which is suitably between that of the steel plate (44.8 MRayl) and that of
gallium orthophosphate (15.6 MRayl). Further, even though it has been demonstrated that the adhesive
thickness is a prominent design parameter for piezoelectric transducers, its effects on the ultrasound
signals have not yet been explored extensively and are normally neglected in transducer design practice
[75]. The same approach was taken in this work, since to carefully examine the silver adhesives
(acoustic) properties would require a separate research, and at the same time, it was not expected to
significantly influence the final result — design and manufacture of an ultrasonic transducer that could

withstand and operate at high temperatures in a prolonged period.

5.2.3 HT housing

To make the transducer technically usable and (hand) measurement with it feasible, the piezoelectric
element bonded to the protective front plate was enclosed within a stainless steel housing, seen in Figure

5-3. One could argue that the proposed transducer design was still missing a damping body to be
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attached to the upper face of the piezoelectric element; however, at this stage of research, no satisfactory
solution for high temperature damping body was established. Some work on this can be found in section
4.5.1 “Experimental validation of high temperature damping body”. For this, it was decided to design
the prototype transducer without the damping body and once it was manufactured, it would be tested to
see if such a simplified transducer design could meet the requirements of a practical non-destructive
testing and condition monitoring measurement, such as achieving high enough defect detection
resolution and high enough SNR level.

As one can see from Figure 5-3, there are three bonding operations required to build the prototype
ultrasonic transducer. First, the piezoelectric element needs to be bonded to the protective front plate.
Second, nickel wiring must be added to both the piezoelectric element and the protective front plate
(earthing). Finally, a third bonding operation is required to attach the stainless steel housing to the
protective front plate. Even though different bonding methods exist (as explained in section 2.8.9) and
potentially could be used, it was decided to proceed with the simplest and cheapest one — adhesive
bonding using the commercial HT silver adhesives, as previously discussed and listed in Table 2-3.

Housing -~ Piezoelectric element

~.,
.
~.
.
~.
<.
<.
<.
<.
~.
~.
~..
N

Silver adhesive drops
for connection to
nickel wiring
Protective front plate

— MA=0.7 mm
4

Figure 5-3: Simplified design of the prototype ultrasonic transducer for application up to 580°C.

5.3 Manufacture of the transducer for operation at 580°C

Once design of the prototype transducer for thickness gauging/defect detection up to 580°C has been
finalised, the steps in the process of manufacturing can be explained. First, it is necessary to manufacture
the protective front plate. The protective plate was manufactured from a stainless steel sheet. The
lambda-quarter thickness of the protective plate was calculated to be 0.7 mm and the plate has an area
of 20 by 20 mm?2. The manufactured protective front plate, as ready for implementation in the

transducer, can be seen in Figure 5-4 a). Second, the GaPO, element needs to be coupled to the
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protective plate. This was done using the adhesive Duralco 124. The lambda-half piezoelectric element
is 1 mm thick with calculated resonant frequency of 2.178 MHz. The area of the piezoelectric element
is 10 mm by 9.5 mm and its two large faces are coated in a 200 nm Pt layer. The piezoelectric element
coupled to the protective plate can be seen in Figure 5-4 b). Third, the HT wiring needs to be attached
to the piezoelectric element and the metal protective plate (grounding). Using the same silver adhesive,
one glass braided nickel conductor has been connected to one platinum electrode of the GaPO.element,
and the second nickel conductor has been grounded to the steel front plate; these can be seen in Figure
5-4 c). Fourth, the piezoelectric element, the front plate and the nickel wiring must be enclosed within
the transducer’s housing. The housing was manufactured from corrosion resistant stainless steel with a
wall-thickness of 1.5 mm. The steel housing was bonded to the protective plate using silver adhesive
Duralco 124 and can be seen in Figure 5-4 d). Fifth, to prevent possible abruption of the two nickel
wires from the GaPO, element and the steel front plate during transducer’s operation, the nickel wiring
needs additional fixing to the housing. This was done using adhesive Duralco 124 and can be seen as
indicated by two red circles in Figure 5-4 e). Finally, in Figure 5-4 f), one can see the manufactured
prototype of the transducer for thickness gauging/defect detection up to the temperature of 580°C. The

manufactured transducer responds well to the design that was previously proposed in Figure 5-3.

Specifications of the transducer are listed in Table 5-1. One can see that besides the silver adhesive, all
other HT substitutes come with operating or melting temperatures well above the required level of
580°C. However, as silver adhesive PyroDuct 597-A (with max application at 927°C) proved to be of
no use, silver adhesive Duralco 124 with maximum application at 343°C had to be applied. As reported
in section 4.4.5, the same adhesive was already used for long-term gauging at 580°C. From this, this

adhesive was expected to be the best solution for bonding of the new HT transducer.

Table 5-1: Specifications of the prototype transducer for NDT at 580°C.

Component Material Thick./Diam. Area/Cross Sec. Acoust. Imp. Melting Temp.

- - (mm) (mm x mm) (MRayl) (°C)
Front plate  Stainless steel 0.7 20x 20 44.8 1400-1450"
Adhesive Duralco 124 NA 10x9.5 NA 343"
Piezoelectric GaPO4 1 10x9.5 15.6 970"
Wiring Nickel 0.2 NA NA 1455
Housing Stainless steel 15 20x 20 44.8 1400-1450"

*Stainless steel 304, NA = not applicable/available, “max recomm. temp., "loss of piezoelectric effect.
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e) f)

Figure 5-4: a) Steel protective plate, b) front plate is coupled to GaPO,element using adhesive, c)
nickel wiring is affixed to GaPO, and front plate, d) new transducer is enclosed within steel
housing, e) nickel wiring is affixed to housing to prevent possible abruption of wires during
measurement and f) ultrasonic transducer is manufactured and ready for testing up to 580°C.
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5.4 Electrical impedance analysis of the manufactured transducer

The manufactured transducer was tested using a GaPO4 element of 1 mm thickness and the calculated
resonant frequency of 2.178 MHz. However, once the protective front plate made of stainless steel sheet
(0.7 mm thick) was coupled to the GaPQO, element using silver adhesive, the value of the resonant
frequency was changed (dampened). To measure the new resonant frequency, an experimental setup
was used; see Figure 5-5 a). The transducer was directly connected to an impedance analyser (the same
as in experiments reported in Chapter 3), and an electrical impedance response over the test-frequency
range from 1.2 MHz up to 2 MHz was recorded; see Figure 5-5 b). One can read from Figure 5-5 b)
that the protective front plate, once coupled to the piezoelectric GaPO, element, has attenuated free
vibration of the piezoelectric element from 2.178 MHz down to 1.496 MHz, which is a reduction of
31.31%. All other impedance parameters (fa, Zrand Z,) that were measured in this experiment have also
changed and these have been listed in Table 5-2. As explained before, the reduction of the resonant
frequency of 31.31%, means that the minimum dimension of a defect that can still be detected with this
transducer will also reduce by 31.31%. One needs to consider this reduction and design such a
transducer to achieve the test-frequency matching the minimum size of defects that are expected to
occur in an inspected structure and that need to be detected with the transducer. The A/2 parameter at a
frequency of 1.496 MHz is calculated to be 1.37 mm. In theory, this means that by using this
manufactured transducer, one will be able to detect a minimum defect of at least the same dimension,
for example a 1.37 mm in diameter for a side-drilled hole. However, as will be shown later in this work,
the new transducer was sensitive enough to detect a number of standard side-drilled holes with diameter

of 1 mm, thus surpassing its expected minimum (A/2) sensitivity.

g e okl Jcnle Fefl
T T T AT
: N SLHLE

EXl
CHF

0P

WALE
Hid
BOT TN

b ; : WRLUE

sy

B | [&H COPLE
OH «FF
fr, Zr

WHE e TAE wee T IOE ===
TTORT 12 MHz 05k oo3 miolk ETOPZ M Hz

a) b)

Figure 5-5: a) The experimental setup used for impedance analysis of the new transducer. b) The

impedance response over the test-frequency range shows the new resonance at 1.496 MHz.

92



Design, Manufacture and Testing of the Ultrasonic Transducer up to 580°C

Table 5-2: The electrical impedance parameters of the new transducer at ambient temperature.

Parameter Symbol Unit Value @ 25°C
Resonant frequency fr [MHz] 1.496
Anti-resonant frequency fa [MHZz] 1.512
El. impedance at resonance Zr [kQ] 1.766
El. impedance at anti-resonance Za [kQ] 21.808

5.4.1 Electrical impedance matching of the transducer

To design a matching network, the first step is to approximate the transducer’s electrical behaviour
around its resonant frequency by some electrical model. The Agilent 4294A analyser offers an inbuilt

function of generating equivalent circuit models, and five different models can be seen in Figure 5-6:

B | Lo | Lk

=]
=L1=C1=R1= —4 I—-
L1-C1-F1

Figure 5-6: Five different equivalent circuits offered by the impedance analyser.

The circuit model “E” was automatically offered by the analyser, as the most appropriate circuit to
describe the electrical behaviour of the GaPO4 transducer around its resonance. In literature, this model
is known as the Butterworth-Van-Dyke (BVD) model, and has already been used to match high
impedance transducers to low impedance pulser-receiver units [92]. This BVD circuit has four electric
elements: two capacitors Co and C4, one inductor Li and one resistor Ri1. Co represents the equivalent
capacitance, Ri represents the radiation and mechanical losses, and L; and C: model the resonant
performance of the transducer. Assuming that mechanical losses are relatively small, the power supplied
to Ry can be considered as the acoustic power emitted. The values of the four quantities can be obtained
by using mathematical expressions listed earlier in section 3.2.1, however here they were automatically

generated by the impedance analyser and can be seen listed in Table 5-3.
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Table 5-3: Generated values of electrical components.

Parameter Symbol Unit Value @ 25°C
Resistance R1 [kQ] 1.93404

C: [fF] 63.1501
Capacitance
Co [pF] 9.73878

Inductance L1 [mH] 97.0114

By using the four values, it is possible to generate another impedance characteristic, which
approximates the measured characteristic of the manufactured transducer previously reported in Figure
5-5b). Figure 5-7 shows both the measured impedance characteristic (the black trace) and the simulated

impedance characteristic (the red trace).
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Figure 5-7: The measured impedance response of the transducer (the black trace), and the
simulated response using the equivalent circuit and the values from Table 5-3 (the red trace).

Once the equivalent circuit simulating the behaviour of the transducer is known, a similar circuit can
be used to simulate the behaviour of the pulser-receiver instrument (the equivalent circuits of
commercial pulser-receiver instruments can normally be found in their technical datasheets). Once the
two equivalent circuits are known, a matching network can be designed to improve the performance of
the transducer. In the case of high temperature transducers, the same process needs to be repeated over
the whole temperature range of interest, and then to simulate and finally build a circuit that can be fine-

tuned based on the required impedance value at the given (high) temperature. A good example of a
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simple matching network with only one inductor and one capacitor can be found in [92]. Here, the
authors have managed to match both real and imaginary parts of the transducer’s impedance, and thus
deliver the power much more efficiently to the transducer. This in return has increased the level of

signal-to-noise ratio and achieved better accuracy in the measurement.

Figure 5-8 shows how matching networks or impedance circuits are being applied in practice between
high impedance transducers such as GaPO, (impedance at resonance 1766 Q) and low impedance
pulser-receiver instruments (commercial instrument TOPAZ: pulser output impedance 25 Q, receiver
input impedance 75 Q) and the BNC cable (50-75 Q). From Figure 5-8 one can see that the impedance
matching circuit is placed inside the transducer’s housing, just next to the piezoelectric element.
Unfortunately, as explained in section 2.8.8, commercially available electrical components required to
build an impedance matching network cannot be used above ~85°C, and the transducer developed here
is intended for application up to 580°C. For this reason, design of a matching network for the GaPO4
transducer development was not part of this research work. However, even though it was successfully
demonstrated that GaPO,transducers can operate at 580°C for at least 600 h, the low measured coupling
coefficient (GaPO, k: = 7.5% vs. conventional PZT k; ~ 70%) and the piezoelectric constant (GaPO4
dfi1 4 pC/N vs. conventional PZT di; = 370 pC/N), as well as relatively low SNR level (see sections
4.4.4 and 5.7.1) suggest that a matching network will eventually need to be developed. A possible
solution will be to place the matching circuit outside the transducer housing, closer to the pulser-receiver
instrument and thus far enough from the hot part being inspected. As one possible direction for further
development of the high temperature GaPO,transducers, development of external impedance matching

circuits is listed under section 6.2 “Recommendations for future work”.

A

Impedance of BNC
cable: 50 - 75 Q

Impedance matching —~
circuit

. GaPO,element

e — 3
Pulser output impedance 25 Q, Transducer’s impedance at
receiver input impedance 75 Q resonance: 1766 Q

Figure 5-8: Schematic of a matching circuit (network) installed between the high impedance

GaPO.transducer, and the low impedance pulser-receiver instrument and the BNC cable.
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5.5 Ultrasonic analysis of the manufactured transducer

The previously reported impedance analysis was used to examine the electrical properties of the new
transducer before it was connected to the pulser-receiver instrument. Once the transducer is connected
to the pulser-receiver, it becomes possible to use it for thickness gauging and defect detection. Both of
these capabilities of the new transducer have been tested and are reported below. The tests were initially

performed at ambient temperature, and finally up to the target temperature of 580°C.

5.5.1 Thickness gauging at ambient temperature

The setup was the same as the one reported in Chapter 4 and can be seen in Figure 5-9. The same pulser-
receiver instrument was used to trigger the GaPO. element and the test-conditions were unchanged: an
initial pulse ranging from -50 V to -200 V was applied. However, after the application of the protective
front plate, the resonant frequency has changed and was how measured to be 1.496MHz, so this time a
low-pass (LP) filter of 2 MHz was used as this produced much better A-scans then if a band-pass (BP)
filter of 1-5 MHz was used. Finally, to couple the manufactured transducer to the calibration block, an

ultrasonic couplant Ultragel Il was used, Figure 5-9.

Figure 5-9: The setup for testing of the new transducer at ambient temperature.

In Figure 5-10 one can see the recorded A-scan containing: (a) waveforms of the initial pulse that was
applied to the transducer at different amplitudes from -50 to -200 V and (b) waveforms of the fastest

arriving echo that was reflected from the backwall of the block and received back at the transducer.
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Figure 5-10: The A-scan containing (a) waveforms of the initial pulse applied to the transducer
at different amplitudes from -50 to -200 V and (b) waveforms of the fastest arriving echo reflected

from the backwall of the calibration block that were received back at the transducer.

In Figure 5-11, one can see a more detailed view of the reflected echo in Figure 5-10, plotted from 50
mm to 61 mm. Similar to the experiment reported in Figure 4-5, it is clear that as the amplitude of the
initial pulse goes from -50 V to -200 V, the amplitude of the reflected (and shortly afterward received)

echo will also increase. The relationship between these two amplitudes is again linear.

However, one should notice that the generated peak-to-peak amplitude of the reflected ultrasonic
echo/generated electrical signal is lower than the one reflected when a single GaPO,4 element is bonded
directly onto the steel substrate using silver adhesive (A-scan in Figure 4-5). For example, for an initial
pulse of -50 V (min), the generated peak-to-peak amplitude using the new transducer was approximately
10.5 mV while using the single GaPQO, element it was approximately 17 mV. On the other hand, for the
initial pulse of -200 V (max), the generated signal using the manufactured transducer was 46 mV as
opposed to generated 74 mV when a single GaPO, element was bonded directly onto the steel substrate.
In both cases, this is a drop of approx. 61%. This means that the application of the protective front plate
to the front face of the GaPO4element did not just attenuate its fundamental resonant frequency (from
2.178 down to 1.496 MHz) but also its sensitivity measured as the generated amplitude of the received

ultrasonic echoes once the transducer is coupled to the steel test-structure.
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Figure 5-11: The returned waveform of the fastest arriving echo received back at the ultrasonic
transducer, for the initial pulse ranging from -50 V to -200 V.

After it was shown that application of protective plate to the front face of GaPO4element lowered its
resonant frequency as well as the amplitude of the received signals, the last test remaining was to
examine whether the SNR level of the measurement using the new transducer also changed. For this,
detectability of the backwall reflection that was received at the transducer (from Figure 5-11, and for
an easier comparison again plotted in Figure 5-13 below) was compared with detectability of the
backwall reflection that was received at the single GaPO4element (from Figure 4-5, again plotted in
Figure 5-12). Calculation of the SNR level was done according to Eq. (4.2). If one looks at the two
waveforms plotted next to each other (Figure 5-12 and Figure 5-13), it is easy to spot that the protective
front plate machined to A/4 thickness has acted as a filter and cleaned the captured ultrasonic waveform

from the unwanted reflections, as explained in section 2.8.4.

The single most positive result coming out from the application of the protective plate to the element
has been a slight increase of the measurement’s SNR level. From Figure 5-14 one can see that the
derived SNR level of the signal received at the transducer is slightly higher than that received at the
single GaPQ, element, for the whole test range of the initial pulse from -50 V to -200 V. Although the
rise in SNR level is mild and somewhat more significant at higher amplitudes of the initial pulse, it is
important to say that any increase in SNR level is welcome and can only have a positive impact on the
overall measurement using the ultrasonic transducer. Finally, in both cases the SNR level was above

the threshold of 6 dB required for a practical NDT measurement.
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Figure 5-12: The backwall reflection at 30 mm received back to the single GaPO, piezoelectric

element, for the initial electrical pulse ranging from -50 V (min) to -200 V (max).
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Figure 5-13: The backwall reflection at 50 mm received back to the ultrasonic transducer, for the
initial electrical pulse ranging from -50 V (min) to -200 V (max).
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Figure 5-14: SNR values (in dB) for the waveforms received at the GaPO,element (blue part of

the chart) and the transducer (red part of the chart); all SNR values were suitably high (>6 dB).

5.5.1.1 Fourier analysis

As can be seen in Figure 5-15, the returned waveforms at the transducer were transformed to a

representation in the frequency-domain, for an initial pulse ranging from -50 V to -200 V.
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Figure 5-15: The frequency domain of the backwall reflection waveforms received at the

manufactured transducer, for an initial pulse ranging from -50 V to -200 V.
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From Figure 5-15 one can read the transducer’s peak frequency to be 1.562 MHz and this corresponds
well to its resonant frequency (1.496 MHz), previously measured using the analyser. This small
frequency attenuation of 4.23%, will have no impact on the transducer’s test resolution. Secondly, as
with a GaPO.element permanently attached to the steel block, when operating the transducer at different
initial pulses (from -50 V to -200 V), the peak frequency does not change and in this case has stayed
constant at 1.562 MHz. Finally, one can calculate the bandwidth of the transducer at -6 dB to be 0.708
MHz (23.6%) with the lower frequency limit 1.319 MHz and the upper frequency limit 1.847 MHz.
The centre frequency of 1.678 MHz corresponds well to the peak frequency of 1.562 MHz.

It is interesting to compare the bandwidth for the case when a GaPO,element is directly bonded to the
steel substrate using silver adhesive (A-scan in Figure 5-12) with the case when the manufactured
transducer is coupled to the calibration block using liquid couplant (A-scan in Figure 5-13). In the first
case, the -6 dB bandwidth is derived to be 0.55 MHz and in the second case, it is 0.708 MHz. This is a
broadening of approximately 29%. This means that when the protective plate is introduced between the
GaPO, element and the steel structure, it acts as a damping body affecting the element’s frequency and
other ultrasonic parameters, as explained in [1]. For example, a direct consequence of the broader
bandwidth will be the reduced number of cycles in the waveform emerging from the transducer. This
is clear just by comparing the two waveforms reported in Figure 5-12 and Figure 5-13. In the first case
the waveform has approx. 8 cycles in a pulse, and with the front plate coupled to the GaPO, element,
the vibration is reduced to 5 cycles per pulse. As already explained, conventional transducers for non-
destructive testing normally give no more than 1 or 2 cycles per pulse in order to meet the required
inspection resolution [76]. However, as a damping body for the GaPO, element operating at 580°C has
not been established yet, any reduction in the number of cycles is a very appreciated means of increasing
the transducer’s resolution. The information summary of the manufactured ultrasonic transducer is
listed in Table 5-4.

Table 5-4: The ambient temperature parameters of the transducer for operation at 580°C.

Parameter Unit Symbol Value @ 25°C

Peak frequency (MHz) fo 1.562
Centre frequency (MHz) fe 1.678
Lower limit frequency (MHz) fi 1.319
Upper limit frequency (MHz) fu 1.847

-6 dB Bandwidth [MHz (%)] B 0.708 (23.6)
Max peak-to-peak sensitivity (@ -200 V) (mV) Ap-Prmax 46

Min peak-to-peak sensitivity (@ -50 V) (mV) Ap-Prmin 10.5
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5.5.2 Defect detection at ambient temperature

In defect detection, a pulser-receiver measures the time taken for each echo to arrive back at the
transducer after entering the surface of the test object. If the velocity of sound in the test-material is
known, it is possible to determine the distance travelled by the sound wave. If there are one or more
defects in the test-structure, such as side-drilled holes (SDH) normally found in calibration blocks,
depending on the position of the transducer, some of the ultrasonic energy will reflect from one or more
SDHis first, and a little while later, some will reflect from the block’s backwall. The arrival of the two
or more reflections at the piezoelectric element will be separated by a short interval of time. If the pulse
duration of any of these reflections is longer than this interval of time, then it may not be possible to
distinguish the defect/SDH from the backwall. This means that at least one or more echoes will not be
“resolved” and one can say that the resolution of the transducer is poor. To improve the resolution, one
needs to ensure that the pulse duration is as short as possible. This is achieved with application of a
damping body on the backside of the piezo-element. Considering an alternative damping body operating
at 580°C has not been established, it was a question whether the “undamped” transducer with 5 cycles
in its pulse was able to resolve each of the SDHs of the block. For this, the transducer’s resolution (both
horizontal and vertical) must be validated, but first it is important to determine the transducer’s exit-
point and the angular distribution of its ultrasonic beam.

5.5.2.1 Determination of the transducer’s exit-point

The exit-point is the point where the central ray of the beam emerges from the transducer. The exit-
point is a very important parameter, because the exit-point is normally taken as the starting point of
each measurement with the transducer. To determine the exit-point of the transducer, the “V1”
calibration block was used [139]. The “V1” block, with coupled transducer, can be seen in Figure 5-16.
For the coupling, couplant Ultragel 11 was used and the max pulser voltage of -200 V was delivered to
the GaPO. element. The transducer was placed on the block directly above the “centre mark”, and
directly above the reflective surface that was 2 mm wide and located at the depth of 85 mm (detailed in
Figure 5-17). Then, the transducer was moved (carefully) left and right from the reflective surface,
keeping the transducer’s front and back surfaces parallel with the front and back surfaces of the block.
At the same time, it was important to maintain a uniform pressure between the transducer and the
contact surface. Finally, the transducer was stopped in the position where the max amplitude of the
reflection from surface was achieved. The exit-point of the transducer was the point that coincided with
the “centre mark”. The same Figure 5-17, shows that left and right from the reflective surface at 85 mm,
there were also two backwall surfaces: one was located at the depth of 91 mm (left from the reflective
surface) and the other was at the depth of 100 mm (right from the reflective surface). These three

features of the “V1” block, help to explain the A-scan from Figure 5-18 a).
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Ultrasonic transducer Liquid couplant
: Ultragel 11

“V1” carbon steel
calibration block

Figure 5-16: The transducer was coupled to “V1” block to determine the location of the exit-point.

As a coupling medium, Ultragel 11 was used. Finally, a max voltage of -200 V was applied.

. i

Backwall at 91 mm Reflective surface at 85 mm | . Backwall at 100 mm

Figure 5-17: Backwall at 91 mm, targeted surface at 85 mm and a backwall at 100 mm depth.

In Figure 5-18 a) one can see an A-scan, with three signals. The first signal is the one from the targeted
reflective surface at 85 mm, and this one is the most important for this measurement. As explained
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before, the amplitude of this signal needs to be carefully observed while moving the transducer; when
the amplitude comes to its maximum (in this case just below 10 mV) one knows where the exit-point
of the transducer is. The second signal is the reflection from the first backwall (the one that is located
left from the targeted reflective surface at the depth of 91 mm), and the third signal is another reflection
from the backwall (this time the one at the right from the targeted reflective surface at the depth of 100
mm). The transducer with the marked exit-point can be seen in Figure 5-18 b).

20

91 mm & 100 mm

Amplitude (mV)

100 110 120 :
True depth (mm) Transducer’s exit-point

a) b)

Figure 5-18: a) A-scan with three signals, one from the reflective surface at 85 mm and second

and third from the backwalls at 91 and 100 mm, respectively. b) The transducer’s exit-point.

5.5.2.2 Measurement of the angular distribution of the ultrasonic beam

The ultrasonic beam emerging from the transducer normally spreads out into a conical shape, where its
intensity follows the inverse square law just as it would for a beam of light or X-ray [40]. The
conventional way of measuring the angular distribution of the beam is to immerse the transducer into a
pool filled with water, which also contains a small spherical reflector [73]. Then, the spherical reflector
is moved vertically up and down until the maximum amplitude of the reflected signal is captured. After
this, the same spherical reflector is again moved up and down in a controlled way, where the unit of the
vertical movement is related to an angle, in order to capture the value of the intensity of the transducer’s
ultrasonic response. Since the design of the transducer was not yet finalised, and therefore the transducer
was not hermetically sealed, immersion into water was not feasible. For this, an alternative way to
measure the angular distribution of the ultrasonic beam was utilised. In Figure 5-19 one can see the
setup used to measure the angular distribution of the beam. The transducer was coupled to the “V1”
block using couplant Ultragel Il. However, this time the transducer was coupled at a different location
on the “V1” block, above an SDH (d=2 mm) located at a depth of 15 mm. Below the SDH there was a
circular insert made of Perspex (d=50 mm) at the depth of 45 mm. The exit-point of the transducer

coincided with the position “0”, which was positioned vertically above the SDH. At this position, the
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amplitude of the reflection from SDH was the largest. The A-scan containing the maxi reflection from
SDH, together with the reflection from Perspex insert, can be seen in Figure 5-20 a). The peak-to-peak
amplitude of the reflection from SDH was measured to be 12.35 mV, and the amplitude of the reflection
from the circular insert was 8.61 mV. After the largest reflection from the SDH was captured, the
transducer was moved to the left and right from the position “0”, until a empirical edge of -6 dB was
achieved. This was where the amplitude of the reflection fell to one half of its max value, at 5.94 mV.
At the same time, the amplitude of the reflection from the circular insert stayed almost the same, 8.93
mV. These two reflections, at the edge of -6 dB, can be seen in Figure 5-20 b). These were previously
marked positions “1” and “2” in Figure 5-19. Then two lines are drawn, one through the position “0”
and the position “1” and another between position “0” and position “2”. This resulted in a measured

beam spread angle of 19° (the same as Figure 5-19).

Perspex insert

Figure 5-19: The transducer coupled to “V1” block to measure the beam spread angle. As a
coupling medium, couplant Ultragel Il was used. Finally, pulser voltage of -200 V was applied.
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Figure 5-20: a) A-scan with two reflections from SDH & Perspex circular insert. The amplitude
of the reflection from SDH is at its max value. b) A-scan with the same two reflections; however

the amplitude of the reflection from SDH is here 50% (-6 dB) of its max value.

In the literature, it is possible to find a mathematical expression that relates the -6 dB edge (or possibly
the -20 dB edge) to the beam spread angle. For a square piezoelectric element, such as GaPO4element
used in this work, it is possible to calculate the ultrasonic beam spread angle by using Eq. (5.2), [140]:

.a 0.44-1
Sin E =

(5.2)

a

where a (°) is the beam spread angle, A (m) is the wavelength and a (m) is the width of the element.

For a steel calibration block (v=5920 m/s) and a transducer with the peak frequency of 1.562 MHz, the
wavelength A is calculated to be 3.79 mm. If the width of GaPO,element is 10 mm, then the beam
spread angle « can be calculated to be 19.198°. This calculated beam spread angle is practically the

same as the measured one (19°), confirming the chosen measurement method.

5.5.2.3 Defect detection with the manufactured transducer

After the exit-point was determined, and the beam spread angle was measured, the defect detection
capability of the new transducer at ambient temperature was tested. The transducer was coupled to a
steel calibration block using liquid couplant Ultragel Il. The calibration block was the same as that
depicted in Figure 5-9, containing four artificial SDHs (through thickness of the block) with diameter
of 2 mm, and the backwall surface at 50 mm. The SDHSs were located at four different depths: 42, 30,
17 and 4 mm, looking from left to right. The horizontal distance between two consecutive SDHs was 7

mm. Measurements with the transducer were done at six different positions on the calibration block:

(1) the transducer was coupled to the calibration block in the far left position with no SDH below it but

only the backwall at depth of 50 mm (see Figure 5-21);
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(2) the transducer was coupled directly above the SDH located at depth of 42 mm (see Figure 5-22);

(3) the transducer was coupled to block directly above the SDH at depth of 30 mm (see Figure 5-23);

(4) the transducer was placed above the SDH at depth of 17 mm (see Figure 5-24);

(5) the transducer was positioned directly above the SDH located at depth of 4 mm (Figure 5-25);

(6) and finally the new transducer was coupled to the steel block in the far right position with no SDH
below it but only the backwall at 50 mm see (Figure 5-26).

Amplitude (mV)

N i
Reflection from the
_ backwall at 50 mm |

45 50 55 60 65 70
True depth (mm)

Figure 5-21: The transducer coupled to the block in the far left position with no SDH beneath.
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Figure 5-23: The transducer coupled to the block above the SDH (d=2 mm) at depth of 30 mm.
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Figure 5-24: The transducer coupled to the block above the SDH (d=2 mm) at depth of 17 mm.
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Figure 5-26: The transducer coupled to the block in the far right position with no SDH beneath.

If one looks at Figure 5-21, one can see that in the far left position, it is only possible to detect the
backwall surface and measure the thickness of the calibration block at 50 mm, as there is no SDH
located between the transducer and the backwall. It is interesting that in this position, the amplitude of
the reflected signal is the largest (similar to that in the far right position), compared with the four cases
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with an SDH inserted between the transducer and the backwall. This is because the energy is reflected
from only one reflector, the backwall, and then is received back at the transducer. If there were one or
more SDHSs between, part of the energy would reflect from the respective SDH and another part a bit
later from the backwall, as explained in section 4.5.4. However, in both cases the total amount of the
energy that was reflected from the reflectors and later received at the transducer would be the same, if

one assumed there was no energy loss in the process.

On the other hand, as one can see in Figure 5-22 to Figure 5-24, respectively, in the positions where the
transducer was coupled above the SDHs located at 42, 30 and 17 mm, it was possible to detect both the
corresponding SDH and the backwall of the block. However, once the transducer was moved to the
position above the SDH that was located at depth of 4 mm (Figure 5-25), it was not possible anymore
to detect the SDH but only the backwall at 50 mm. This was because the reflection from the SDH was
within the “dead zone” of the transducer, which is defined as the part of the time-base occupied by the
initial pulse [40]. For the transducer used in this measurement, it was possible to estimate that the “dead
zone” taken by the initial pulse was approx. 10 mm (one can see this from the A-scan in Figure 5-25).
This relatively large “dead zone” is a consequence of the fact that no damping body was applied to the
back face of the GaPQ, piezoelectric element. Finally, in the last Figure 5-26 one can see the transducer
that was in the far right position. Here, similar as to the far left position, it was only possible to measure
the thickness of the calibration block of 50 mm and no SDH could be detected, simply because there
was no SDH located below the transducer.

5.6 Testing of SONO high temperature ultrasonic couplants

After the transducer was validated with a series of confidence-building impedance and ultrasonic tests
at ambient temperature, the next step was to test the behaviour of the transducer exposed to a high
temperature environment. To allow an efficient ultrasonic coupling of the transducer to the steel test-
block as hot as up to 580°C, a number of HT ultrasonic couplants from the SONO family (such as
SONO 950, 1100 and 1200+ that were already discussed in section 2.8.10) were purchased.

5.6.1 Testing of SONO couplants with a commercial transducer

Even though SONO couplants have been present on the market for some time, there is little data on
their properties and ultrasonic performance. The reported properties of SONO couplants, compared to

the properties of the conventional couplant Ultragel 11, one can see in Table 5-5:
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Table 5-5: 'The highest temperature ultrasonic couplant commercially available. 2At ambient
temperature. *Brookfield Helipath Spindle E @1.5 rpm. “Brookfield LV #5 @0.3 rpm.

Couplant Ultragel 11 SONO 950 SONO 1100 SONO 1200+
Physical state Slow flowing gel ~ Medium viscosity paste
Ferro. corr. inhibition rating 90 95 100 100
Viscosity? [cps] 80000° >3000000* >3000000* -
Relative viscosity 4 - - -
Density [kg/m?] 1091 - - -
Velocity [m/s] 1650 - - -
Spec. acoustic imp. [MRayl] 1.8 - - -
Min. temperature [°C] -23 315 371 371
Thickness gauging [°C] 99 315-510 371-593 371-649
Flaw inspection [°C] 93 315-385 371-482 371-482
Auto ignition [°C] - 560 626 -

The investigation of the couplant effect on the amplitude of the signals in the test material was
performed with the normal beam compressional transducer with a piezoelectric ceramic of 10 mm in
diameter and with frequency of 4 MHz (GE Inspection Technologies, type K4N). The transducer was
in a direct contact with the surface of the block using three different couplants: (a) Ultragel I, (b) SONO
950 and (c) SONO 1100. A digital flaw detector (Sonatest Masterscan 335) was used to excite the
transducer and receive the pulse-echo signals from the backwall of the block, as well to display the

recorded back-wall echoes on a LCD panel. The experimental setup can be seen in Figure 5-27:

Figure 5-27: The setup used to test the couplant effect on the amplitude of the echo signals

consisted of a normal beam transducer, a steel test-block and a digital flaw detector.
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Figure 5-28 a) to ¢) shows four consecutive echoes received at the commercial transducer as reflections
from the backwall of the steel block, where a different couplant was used for each of the three cases: a)
Ultragel 11; b) SONO 950; and ¢) SONO 1100.

Figure 5-28: Four consecutive backwall echoes received at the commercial transducer where a
different couplant was used for each of the cases: a) Ultragel 11, b) SONO 950 and c) 1100.

To keep the first backwall echo at 80% of full screen, HT couplants SONO 950 and 1100 require 31 dB
and 30.5 dB, respectively, higher gain than the conventional couplant Ultragel I1. In addition, the rate
of decrease of the backwall echoes are different, and the second and third back-wall echoes using
Ultragel 11 decline several times faster than those using HT couplants. This is because the intensity of
the first echo increases with the transmission coefficient, and that of the second echo and consecutive
echoes decrease as the transmission coefficient increases in line with the characteristic acoustic
impedance. According to the material data sheet (Sonotech NDT Ultrasonic Couplants), the minimum
operating temperature for SONO 950 and SONO 1100 is 315°C and 371 °C, respectively. Thus, one
can expect that the ultrasonic properties of these two HT couplants will improve above the minimum
operating temperatures. With the expected increase of the characteristic acoustic impedance with
temperature, the transmission coefficient, i.e. the intensity of the first echo, will increase. For better

flaw detection, the amplitude of the first backwall echo should be large [141].

5.6.2 Testing of SONO couplants with the manufactured transducer

Again, a comparison of Ultragel 11 and SONO couplants was performed, however this time using the
manufactured transducer. In Figure 5-29, one can see how the new transducer was used to perform
ultrasonic thickness gauging on a steel calibration block (50 mm thick) using the conventional couplant
Ultragel 1. The recorded time domain response of the first reflection from the backwall of the block (at
50 mm) can be seen in Figure 5-30 a), and the same ultrasonic response of the transducer in the

frequency domain can be seen in Figure 5-30 b). The initial pulse applied to the transducer ranged from
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-50 V (min) to -200 V (max), and a clearly proportional relationship between the initial pulse applied
to the transducer and its ultrasonic response can be seen in the below figures.

Figure 5-29
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Figure 5-30: Thickness gauging using Ultragel 11: a) time domain and b) frequency domain of the
first reflection from backwall of the steel block, for the initial pulse from -50 V to -200 V.

Figure 5-31 shows, how the ultrasonic thickness gauging with the transducer was performed using the
HT couplant SONO 1100. The recorded time domain response of the first reflection from the backwall
of the block (at 50 mm) can be seen in Figure 5-32 a), and the same ultrasonic response of the transducer
in the frequency domain can be seen in Figure 5-32 b). Again, the initial pulse applied to the transducer
was from -50 V (min) to -200 V (max), and again a proportional relationship between the initial pulse

applied and the transducer’s response can be seen in the figures.
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Figure 5-32: Thickness gauging using SONO 1100: a) time domain and b) frequency domain of
the first reflection from backwall of the steel block, for the initial pulse from -50 V to -200 V.

5.6.2.1 Comparison of Ultragel 11 and SONO 1100

The comparison of the response when conventional couplant Ultragel 1l and HT couplant SONO 1100
are used, can be seen in Figure 5-33 for time domain and in Figure 5-34 for frequency domain. In Figure
5-33 a) and Figure 5-34 a), a minimum initial pulse of -50 V was applied, and in Figure 5-33 b) and
Figure 5-34 b), a maximum initial pulse of -200V was applied. From the time domain response it is
clear that using the conventional couplant Ultragel 11 will result in a higher generated amplitude and
less “ringing” of the transducer (in literature “ringing” is sometimes called the “surface noise” [142]).
In general, the optimum sound transmission and lowest surface noise is achieved with application of
couplants with high acoustic impedance [143]. In terms of frequency response, regardless of the
couplant applied (Ultragel Il or SONO 1100) or the amplitude of the initial pulse (-50 V or -200 V), the

peak frequency of the transducer did not change and stayed constant at ~ 1.4 MHz.
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Figure 5-33: Time domain comparison of the ultrasonic response when two couplants were used
to facilitate the transmission of ultrasonic energy, with an initial pulse: a) -50 VV and b) -200 V.
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Figure 5-34: Frequency domain comparison of the ultrasonic response when two couplants were

used to facilitate the transmission of energy, with an initial pulse: a) -50 V and b) -200 V.

5.7 Testing of the ultrasonic transducer at high temperatures

The experimental setup for thickness gauging using the manufactured transducer can be seen in Figure
5-35 a). The temperature of the steel block was measured with two thermocouples, where one measured
the temperature of the surface very close to the place where the transducer was placed, and the second
was inserted in an SDH close to the surface to measure the temperature achieved inside the block (Figure
5-35 b). After the same temperature was measured using both thermocouples, the electric furnace was
open in order to remove used/apply new couplant between the transducer and the test surface and then
the furnace was closed again. Once the same temperature was achieved for the second time, the
thickness gauging took place. The test was performed at 25°C steps from room temperature up to the

target temperature of 580°C. The transducer test rig used in this measurement was developed within an
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earlier development of high temperature guided wave transducers [144]. Finally, it can be mentioned
that even though the test rig allowed application of an additional load, because of the adverse effects

that load have on compression wave transducers (discussed in section 3.6.1), only own load of the test

rig’ plunger of 17 N was used for coupling.

_. Transducer test rig for characterisation of

’

" ultrasonic transducers at high temperatures

Figure 5-35: a) The transducer was coupled to block using test rig and SONO 1100. Everything
was placed inside an oven. b) Detailed view of the transducer and the two thermocouples.

5.7.1 Ultrasonic signals received at transducer from ambient up to 580°C

The A-scans containing echoes from the backwall of the block, and received back at the transducer up
580°C can be seen in Figure 5-36 a) to g). The pulser-receiver unit was operated in the Time-of-Flight
mode (us). For the first two measurements (25°C and 100°C), couplant Ultragel Il was used, and
between 200°C and 580°C, HT couplant SONO 1100 was used.
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Figure 5-36: The ultrasonic waveforms reflected from the backwall of calibration block received
back at the transducer at temperatures: a) 25, b) 100, c) 200, d) 300, e) 400, f) 500 and g) 580°C.

In Figure 5-37 a) one can see that as temperature increased from 25°C to 580°C, the generated peak-to-
peak voltage of the received signals decreased. The effect of HT attenuation in steel material was
already explained in section 4.4.4. At 25°C, the generated voltage was 43.75 V, and at 580°C it was
16.6 V, a decrease of 62.06%. Exactly the same trend was also noted for SNR level. In Figure 5-37 b),

one can see that in the same temperature range up to 580°C, the calculated SNR level significantly
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reduces and this is a direct consequence of reduction of the generated peak-to-peak voltage with
increasing temperature. At 25°C, the SNR level was 21.88 dB, while at 580°C it was 13.28 dB.
However, even though the SNR level went down almost 40%, it is still well above the minimum

required level for a practical NDT (6 dB).
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Figure 5-37: a) Generated voltage (mV) of the received signals at the transducer from 25°C up to

580°C. b) Calculated SNR level (dB) of the received signals in the same temperature range.

5.8 Manufacture of a prototype ultrasonic transducer

Based on the results from this research, a prototype high temperature transducer was manufactured by
a specialist company. The transducer can be seen in Figure 5-38. The specifications of the transducer

are listed below:

e Asa protective front plate, a stainless steel sheet of thickness 0.7 mm was used;
o Asilver adhesive was used for coupling between the steel sheet and the piezoelectric element;
e A metal spring was holding the piezoelectric elements in position and also for wiring;

¢ No backing/additional matching layer was used for this ultrasonic transducer.

The manufacturer carried out an initial test of the transducer. Tests in water with a steel target placed at
about 50 mm using a standard Panametrics 507PR pulser/receiver were conducted. Due to the
transducer configuration (e.g. no backing), the transducer’s sensitivity was rated as “satisfactory”, the
centre frequency was measured at approximately 2 MHz and the bandwidth was very limited.
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Figure 5-38: A prototype of the commercial high temperature ultrasonic transducer.

5.8.1 Testing of the transducer in a high temperature environment

As part of this research, the manufactured ultrasonic transducer was tested in a lab environment up to
the target temperature of 580°C. For ultrasonic coupling, HT couplant SONO 1100 was used (Figure
5-39). Tests and discussion on this high temperature couplant can be found in section 5.6 (the suggested
temperature range for its application is between 371 and 593°C).

- pajouos

Figure 5-39: Ultrasonic couplant SONO 1100 for application at high temperatures.

Figure 5-40 shows the transducer coupled to a 25 mm thick P91 steel pipe section using high
temperature couplant SONO 1100 and placed in an oven. Two thermocouples were used to ensure the
temperature on the surface of the pipe section was correctly achieved. After the pipe section was heated
to the target temperature of 580°C, ultrasonic thickness gauging was performed to validate the

manufactured transducer’s performance in a lab environment.
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Figure 5-40: The transducer is coupled to a P91 pipe section and ready for HT test to take place.

Figure 5-41 shows the echoes that were reflected from the pipe section’s backwall and received at the
transducer. The blue trace shows the waveform received at 25°C, and the red trace shows the waveform
received at 580°C. The waveform at 580°C (the red trace) is delayed compared to the waveform at 25°C
due to decrease in velocity of P91 steel with rise in temperature. In addition, it is easy to see that there
is more noise in the waveform at 25°C then at 580°C. This is possibly because the same SONO 1100
was used in both measurements, and according to its data sheet, the minimum operating temperature is
371°C at which the couplant changes from a powdered paste to a viscous liquid and enables much better
transmission of the energy between the transducer and the test piece.
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Figure 5-41: The ultrasonic echoes received at the high temperature transducer at ambient
temperature of 25°C (the blue trace) and at the target temperature of 580°C (the red trace).
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A transducer for operation at high temperatures was successfully developed, as discussed in this chapter.
The transducer design is very similar to the one of a conventional transducer for application at ambient
temperature; however, each of its components was manufactured using high-temperature substitute
materials. The transducer was tested in a lab environment, using a calibration block, high temperature
couplant SONO 1100 and an electric furnace. In the range from 25°C up to the target temperature of
580°C, the transducer kept its signal-to-noise level sufficiently above the threshold of 6 dB for practical
ultrasonic non-destructive testing and condition monitoring. Based on the results from this research
work, a prototype commercial high temperature transducer was manufactured by a specialised
company. The transducer was tested in a lab environment in the same setup as before (pulser-receiver
instrument TOPAZ, an electric oven and SONO 1100 couplant), using a pipe section manufactured
from high temperature grade steel P91. The transducer performed well, and enabled successful
ultrasonic thickness gauging of the tested steel pipe section up to the target temperature of 580°C.
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6 Conclusions and Future Work

6.1 Conclusions

Today, a great number of ageing power plants around the world have been receiving extension of their
service life as they are approaching the end of their designed life. Even a single growing crack on a pipe
or component such as a weld can cause a failure. If pipe crack(s) are identified during regular inspection
at ambient temperature, there is always a question whether to replace the defective pipe/repair the weld
or the crack is not severe enough and can be left for inspection at the next outage. However, uncertainties
in calculation of lifetime of the defective part between two consecutive inspections can lead to very
expensive consequences (plant not operating ~£1M/day, cost per major failure up to £120M) with even
tragic results (injury, loss of human life). For this reason, the industry requires in-situ inspection and
monitoring techniques to be developed; for steam pipes and headers fabricated from P91 steel for
temperatures < 580°C. This research work has achieved significant advances towards enabling
ultrasonic inspection and monitoring of critical components at high temperatures, by developing an
ultrasonic transducer based on an advanced single crystal piezoelectric Gallium Orthophosphate
(GaP0O.) material that can operate at the required temperature level. With this, the main goal of this

research work was achieved.

Other objectives, set at the beginning of the PhD work, were also achieved. Conventional ultrasonic
transducers can continuously operate only up to ~50°C and some high temperature transducers do exist,
operating still below the target temperature of this work and with a lot of limitations (e.g. Olympus: up
to 425°C, max 10 sec of hot contact; Hagisonic: up to 500°C, in cycles and special coupling medium
required). For this reason, the main challenge was to select the materials to continuously withstand the
temperature of 580°C, and to be compatible between themselves to achieve a functional transducer. The
critical parameters such as heat conductivity, oxidation and diffusion or coefficients of thermal
expansion were taken into account to select the right combinations of high temperature materials. After
the materials were selected, they were procured from commercial vendors so that they could be tested
in the lab, namely with a series of impedance and ultrasonic tests. Five piezoelectric elements
manufactured from GaPO, kept resonating at virtually the same frequency while exposed to a hot

environment with the temperature being raised from ambient up to the target of 580°C. One of the
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transducers operated at 580°C for the duration of 600 h, which was considered as a significant
improvement compared to the work reported by other researchers. The ultrasonic tests conducted on
the same piezoelectric material demonstrated that GaPO. works as functional ultrasonic transducers,
transmitting and receiving ultrasonic waves at temperatures as high as 580°C for a minimum of 360
hours. Finally, a GaPO4 element (frequency 3.5 MHZz) coupled to a steel test-block successfully detected
an artificial defect with a simple geometry (a side-drilled hole with d=0.8 mm) up to the same
temperature level. The resolved defect corresponded to the scale of expected damage on a reactor vessel
of a nuclear power plant. Based on these characterisation results, a prototype ultrasonic transducer for
operation at high temperatures was designed and manufactured from the most optimum combination of
high temperature materials. The transducer was tested in a laboratory environment, using a steel
calibration block, high temperature ultrasonic couplant SONO 1100 and an electric furnace. In the range
from ambient up to the target temperature of 580°C, the ultrasonic transducer kept its signal-to-noise
ratio (SNR) level sufficiently above the threshold of 6 dB for practical ultrasonic NDT. Based on the
results from this research, the prototype of a commercial ultrasonic transducer for operation at high
temperatures was manufactured by a specialised NDT company. The transducer was tested in a lab

environment, where it was shown to perform well all the way up to the target temperature of 580°C.

Although the main objectives of this research were achieved by developing the transducer to operate at
high temperatures, further work is still required to optimise its performance especially on pipes and
welds with defects arising from creep and fatigue. Some of these recommendations for future work are

described below.

6.2 Recommendations for future work

» Development of low-noise signal amplifiers and impedance matching circuiting

The GaPO4elements proved to possess stable piezoelectric properties when subjected to 580°C for 600
hours. However, the very low measured values of the coupling coefficient k; of 7.5% (PZT k; = 70%)
and the piezoelectric constant d®;; of 4 pC/N (PZT dfi; = 370 pC/N) suggest caution and further study
is needed. One of the proposed solutions to utilise this very low percentage of the converted energy
(low efficiency) and low sensing capability of GaPO. elements, is the development of low-noise signal
amplifiers to amplify very low-power signals without significantly degrading the SNR level. In
addition, the measured impedance of GaPO, elements is in kQ, which is several orders of magnitude
higher than the load on standard BNC cable and pulser receiver unit (up to 75 Q). Appropriate matching
circuits could bridge this impedance mismatch and enhance the operation of GaPO. transducers in both
transmission and reception modes. As there are currently no electrical components available to operate
at temperatures as high as 580°C, an alternative approach needs to be adopted. Researchers in the field

of high temperature ultrasonics have started looking into the development of matching circuiting that is
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placed outside of the transducer’s housing and thus far enough from the heat zone, and this approach

might be worth further exploration.

» Development of high temperature damping body

The damping body with its specific chemical composition and shape will determine the pulse duration
and the resolution of the ultrasonic inspection. For transducers operating at ambient temperatures, the
damping body is normally designed by mixing high-density powders such as tungsten with damping
resins such as epoxies and these combinations perform well up to around 180°C. In the literature, a
number of materials, such as soft ceramics, sintered metals, carbon and different cuts from austenitic
welds have been studied and reported for possible application as HT damping bodies. In addition,
ceramic mixtures Ceramabond 569 and 503 have been tested as part of this research. In the end, none
of these materials achieved a functional damping of the tested GaPO4 elements. The weight of the
ceramics bodies, actually even further reduced the low sensitivity of GaPOa. elements. Recently, some
researchers have speculated that it is possible to use unbacked piezoelectric elements, which are damped
only from the front by good coupling to the test object. In practice, this means that the specific acoustic
impedance of GaPO. (15.6 MRayl) and the specific acoustic impedance of steel test-object (47 MRayl)
will have to be balanced by application of a material that will have an impedance value between the
two previously stated values and will also have to withstand temperatures up to 580°C.

» Application of an automatic couplant feed/retrieval system

The idea behind this research and the “HotPhasedArray” project is to have a smart and automated
ultrasonic system for monitoring of existing defects in operating pipes and welds, which do not yet
require replacement. To prevent the NDT personnel from unnecessary exposure to very hot surfaces of
parts being monitored (temperatures up to 580°C), and to make the monitoring process more
independent from the operator, an automatic couplant feed/retrieval system needs to be developed. The
couplant feed/retrieval system could be based on available high temperature ultrasonic couplant
solutions (e.g. SONO 1100) and commercially available pumps, and it would facilitate transmission

and reception of the ultrasound energy from the transducer to the hot part being inspected.

> Development of phased array using GaPOu4

Advanced ultrasonic techniques, such as Phased Array (PA) can be used to monitor defects while
providing a much more immediate and easily interpreted presentation of results than it is possible with
single-element transducers. By using dynamic depth focusing, it is possible to maintain the sensitivity
to defects throughout the depth of a test-piece and allow for a better defect position measurement

accuracy. By combining beam steering with beam focusing, it is possible to allow the ultrasonic waves
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to focus anywhere within the test-piece, consistent with various limitations, which means that full area
coverage can be completed much more quickly with a suitable phased array than with a single-element
transducer. At the moment, the phased array transducers that can work up to 580°C do not exist (actually
they do not work even at much lower temperatures), and in their future development GaPQO, could prove

to be a very useful high temperature piezoelectric material for application in PA.

> Resistance to radioactive (y-rays and thermal neutrons) radiation

One application of ultrasonic transducers is to monitor critical assets inside nuclear power plants, and
thus selected piezoelectric elements and other parts of the transducer (cables, front plate, etc.) have to
be suitable for operation under both high temperatures and strong radioactive radiation. Some tests have
been performed on GaPO4 and can be found in literature, but more extensive research is required,
especially into the long-term exposure of vibrating GaPO. elements to the radioactive environment.
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