Seénsors

Environments

Edited by
Anthony N. Sinclair and Robert E. Malkin

Printed Edition of the Special Issue Published in Sensors

=4
www.mdpi.com/journal/sensors rM\D\Py




Sensors for Ultrasonic NDT in Harsh
Environments






Sensors for Ultrasonic NDT in Harsh
Environments

Special Issue Editors

Anthony N Sinclair
Robert E. Malkin

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin



Special Issue Editors
Anthony N Sinclair
Department of Mechanical
and Industrial Engineering,
University of Toronto

Canada

Robert E. Malkin
Department of Mechanical
Engineering, University of
Bristol

UK

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Sensors (ISSN 1424-8220) (available at: https://www.mdpi.com/journal/sensors/special_issues/
Sensors_Ultrasonic_NDT).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,
Page Range.

ISBN 978-3-03928-422-1 (Pbk)
ISBN 978-3-03928-423-8 (PDF)

© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

About the Special Issue Editors . . . . ... .. .. ... .. .. . L L L o

Anthony N. Sinclair and Robert Malkin
Sensors for Ultrasonic Nondestructive Testing (NDT) in Harsh Environments
Reprinted from: Sensors 2020, 20, 456, doi:10.3390/s20020456 . . . . . . . .. ... ... ... ...

Anurag Dhutti, Saiful Asmin Tumin, Wamadeva Balachandran, Jamil Kanfoud and Tat-Hean
Gan

Development of Ultrasonic Guided Wave Transducer for Monitoring of High
Temperature Pipelines

Reprinted from: Sensors 2019, 19, 5443, d0i:10.3390/s19245443 . . . . . ... ... ... ... ...

Neelesh Bhadwal, Mina Torabi Milani, Thomas Coyle and Anthony Sinclair
Dry Coupling of Ultrasonic Transducer Components for High Temperature Applications
Reprinted from: Sensors 2019, 19, 5383, d0i:10.3390/s19245383 . . . . . ... ... ... ... ...

Laura Pucci, Raphaéle Raillon, Laura Taupin and Francois Baqué
Design of a Phased Array EMAT for Inspection Applications in Liquid Sodium
Reprinted from: Sensors 2019, 19, 4460, doi:10.3390/s19204460 . . . . .. .. ... ... ... ...

Léonard Le Jeune, Raphaéle Raillon, Gwénaél Toullelan, Franc¢ois Baqué and Laura Taupin
2D Ultrasonic Antenna System for Imaging in Liquid Sodium
Reprinted from: Sensors 2019, 19, 4334, d0i:10.3390/s19194334 . . . . . . .. ... ... ... ...

Jean-Francois Saillant, Régis Marlier, Frédéric Navacchia and Francois Baqué

Ultrasonic Transducer for Non-Destructive Testing of Structures Immersed in Liquid Sodium at
200 °C

Reprinted from: Sensors 2019, 19, 4156, d0i:10.3390/s19194156 . . . . . ... ... ... ... ...

Bernhard R. Tittmann, Caio F.G. Batista, Yamankumar P. Trivedi, Clifford J. Lissenden III
and Brian T. Reinhardt

State-of-the-Art and Practical Guide to Ultrasonic Transducers for Harsh Environments
Including Temperatures above 2120 °F (1000 °C) and Neutron Flux above 10'® n/cm?

Reprinted from: Sensors 2019, 19, 4755, d0i:10.3390/s19214755 . . . . . . .. ... ... ... ...

Geonwoo Kim, Namkyoung Choi, Yong-Il Kim and Ki-Bok Kim
Pb(Mg1,3Nb,/3)-PbTiO3-Based Ultrasonic Transducer for Detecting Infiltrated Water in
Pressurized Water Reactor Fuel Rods

Reprinted from: Sensors 2019, 19, 2662, d0i:10.3390/s19122662 . . . . . . .. ... ... ... ...






About the Special Issue Editors

Anthony N Sinclair is a professor in the Department of Mechanical & Industrial Engineering
at the University of Toronto. His research specialty is Ultrasonic Nondestructive Evaluation (NDE),
with a focus on image enhancement via signal processing, phased arrays, precise measurement
of defect size, ultrasonic transducer design, and characterization of material interfaces. His work
involves a combination of experimental and numerical modelling techniques, reported in over 200
journal and conference publications, and technical reports. Sponsors of current and past projects
have included Ontario Hydro/OPG, NSERC, Pratt & Whitney Canada, NRC Institute for Aerospace
Research, Rockwell International, Sigmabond Technologies, Cercast Aluminum, Tower Automotive,
Atomic Energy of Canada, DRDC, MITACS, Hatch, Alcan International, ANDEC Manufacturing,
Olympus NDT Canada, Advanced Measurement and Analysis Group, Eclipse Scientific, and Groupe
Mequaltech. Tony Sinclair was Chair of the Department of Mechanical & Industrial Engineering
at the University of Toronto, 2004-2009. He is a past winner of the Faculty Teaching Award for
the Faculty of Applied Science & Engineering at U of T. He is on the editorial board of NDT&E
International, and has supervised approximately 60 graduate students, postdoctoral fellows, and

research associates, plus 90 undergraduate thesis students.

Robert E. Malkin is senior research associate in the Mechanical Engineering department at the
University of Bristol. He is also research lead at Ultraleap Ltd. His specialty is advanced ultrasonic
imaging, array design and acoustics. His work involves both experimental and numerical simulations
of acoustics in both solids and fluids. Between 2014 and 2019, he was lead researcher for a UK-Japan
partnership on acoustic imaging of nuclear debris at the Fukushima nuclear power plant. He has
had 20+ undergraduate students and 4 post-graduate students. He also lectures for the Nuclear
Engineering MSc with a specialty of nuclear accidents. He has consulted for Magnox Ltd, the National
Composites Centre, Reckitt Benckiser, Imasonic Ltd, the British Broadcasting Corporation (BBC) and
BAE Systems Ltd. He was awarded the British Science Association Award in 2016. He has authored
20 peer reviewed papers and given many international talks (including invited and plenary).

vii






E SeNnsors ﬁw\n\py

Editorial
Sensors for Ultrasonic Nondestructive Testing (NDT)
in Harsh Environments

Anthony N. Sinclair '* and Robert Malkin 2

1 Department of Mechanical and Industrial Engineering, University of Toronto, 5 King’s College Road,

Toronto, ON M5S 3G8, Canada
2 Department of Mechanical Engineering, University of Bristol, Bristol BS8 1TR, UK; Rob.Malkin@bristol.ac.uk
*  Correspondence: sinclair@mie.utoronto.ca

check for
Received: 23 December 2019; Accepted: 9 January 2020; Published: 14 January 2020 updates

Abstract: In this special issue of Sensors, seven peer-reviewed manuscripts appear on the topic of
ultrasonic transducer design and operation in harsh environments: elevated temperature, high gamma
and neutron fields, or the presence of chemically aggressive species. Motivations for these research
and development projects are strongly focused on nuclear power plant inspections (particularly
liquid-sodium cooled reactors), and nondestructive testing of high-temperature piping installations.
It is anticipated that we may eventually see extensive use of permanently mounted robust transducers
for in-service monitoring of petrochemical plants and power generations stations; quality control
in manufacturing plants; and primary and secondary process monitoring in the fabrication of
engineering materials.

Keywords: ultrasound; nondestructive testing; ultrasonic transducer; high temperature; radiation

1. Introduction

Industrial use of ultrasound for nondestructive testing (NDT) has expanded rapidly over recent
years, but has generally been confined to inspections at ambient temperatures, in radiation-free,
chemically-benign surroundings. Most of the sensors are based on a lead-zirconate-titanate (PZT)
piezoelectric element that has a Curie temperature of a few hundred degrees Celsius, and various
plastic components that would not survive temperature excursions above 200 °C. In addition, the
degradation of adhesives, and breakdown of various transducer components would threaten such
traditional ultrasonic transducers exposed to harsh environments.

In the face of increasingly stringent demands from regulatory bodies that oversee critical industries,
and demands from industrial leaders, the demand for ultrasonic transducers that can withstand harsh
conditions has risen sharply. Key drivers include:

e On-line, full-power monitoring of crack growth, corrosion, and flow rates in hot piping systems
(e.g., nuclear power plants and petrochemical installations).

e Process control and immediate inspection of products on manufacturing production lines (e.g.,
steel mills and casting plants).

e Nuclear power accident investigation and monitoring as well as nuclear decommissioning
inspection/assessment of contaminated materials and structures.

e  Corrosion monitoring in chemically aggressive environments (e.g., geothermal piping systems).

There are various mechanisms that have been explored to deal with harsh environments for
ultrasonic sensors. These include a selection of materials that resist degradation; use of forced (water)
cooling systems; delay lines and wedges that effectively isolate the transducer from the aggressive
agent; and air-coupling or electromagnetic acoustic transducers (EMATSs) that place a layer of air
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between the sensor and item under inspection. In this special issue of Sensors, seven peer-reviewed
manuscripts explore some of the engineering challenges encountered with the design and operation of
ultrasonic transducers under these imperfect conditions.

2. Contributions

The first paper by Dhutti et al. [1] from Brunel University UK, focuses on the on-line integrity
monitoring of high temperature piping systems, by the use of a piezoelectric wafer active sensor to
generate torsional guided waves. As piping temperatures reach up to 600 °C, a gallium phosphate
(GaPQy) piezoelectric element was selected, which will resist depoling over extended time periods.
Challenges such as differential thermal expansion of transducer components, characterization of
material properties, and generation of multiple modes are explored with the aid of a finite element
model. Testing conducted for periods of over 1000 h indicate the potential for permanently mounted
transducers on piping systems for long term condition monitoring.

The second paper by Bhadwal et al. [2] investigates the problem of coupling together the various
components of an ultrasonic transducer that would undergo excursions to temperatures as high
as 700 °C. Due to the differential thermal expansion of the piezoelement, backing layer, and wear
plate, solid coupling techniques such as brazing would lead to cracking or even total transducer
failure. The authors evaluated the feasibility of using dry coupling, but at far lower clamping loads
than the 200-500 MPA interfacial pressure often quoted for high dry coupling efficiency. Their
transducer design is spring-loaded to maintain a constant inter-layer pressure as the transducer
undergoes large temperature excursions; using soft coupling foils at each transducer component
interface demonstrated that dry coupling at pressures of 25 MPA can lead to a high signal-to-noise
ratio (SNR) and signal amplitude.

The third paper by Pucci et al. [3] originates from the French Alternative Energies and Nuclear
energy Commission (CEA) which has a strong program for development of liquid sodium-cooled fast
reactors. The ultrasonic sensor is a 12-element array based on the principle of an EMAT array designed
for in-service reactor inspection. The paper is concentrated on design details and laboratory testing
of prototype transducers; CIVA simulation software is used for simulation and to optimize focusing
characteristics. A major advantage of EMAT design is that very accurate control of beam steering and
mode generation can be achieved through a judicious choice of array architecture, coil geometry, and
magnet arrangement. The inherently weak transduction mechanism of an EMAT is a major challenge,
addressed to the extent possible in the design process.

The fourth paper (also from the French CEA) by Le Jeune et al. [4] is again motivated by interest in
ultrasonic imaging in in-service sodium-cooled fast reactors. However, the focus here is on optimization
of a long-distance imaging system that consists of two linear phased arrays (termed antennas) that are
perpendicular to each other. Full Matrix Capture is used for data collection, and then Total Focusing
Method is applied to the data for imaging of large areas. CIVA simulations of the system are compared
with experimental results of data collected in water; a prototype system for under-sodium trials
is currently being manufactured. Extensive plans are described to reduce computation time and
improve SNR.

The fifth paper by Saillant et al. [5] also deals with the design of a transducer to be used for
inspections conducted in liquid sodium, at temperatures on the order of 200 °C. Although the proposed
transducer is based on the same principles of conventional room-temperature probes, the combination
of elevated temperature, radiation fields, and a chemically aggressive environment necessitates several
design modifications and a selection of appropriate materials. A significant addition is a “wetting
layer” to allow ultrasound to pass efficiently between the transducer and liquid sodium. Extensive test
result are presented for inspection of machined defects in a welded stainless steel test block.

The sixth paper by Tittmann et al. [6] originates from a long record of research at Penn State
University into ultrasonic transducers for use in nuclear reactors. A very thorough review is provided
of the piezoelectric materials that could be used under conditions of temperatures over 1000 °C, neutron
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fluence up to 102 cm~2, and gamma ray dose rates of up to 10’ Rem/h. Alternative configurations
include spray-on transducers and guided wave sensors. Experimental results are presented of
transducer performance as a function of irradiation time (both gamma and neutron irradiation) and
temperature, for a variety of piezomaterials. This review includes a very extensive bibliography of work
done on characterization of piezomaterial properties, and transducer designs for harsh environments.

The last paper of this special issue of Sensors comes from the Korean University of Science
and technology. Geonwoo Kim et al. [7] are developing an ultrasonic transducer for a very specific
task: inspection of pressurized water reactors fuel rods for the detection of infiltrated water (akin to
fuel rod failure). A high-sensitivity Pb(Mg3Nby/3)O3-PbTiOj3 single crystal is selected as the active
piezoelement, as it can generate stronger signals than PZT-based transducers, in this highly attenuative
inspection environment. Extensive results are reported on the effect of neutron irradiation on this
material, to show that it is suitable for an in-reactor environment. Transducer design details, backed
up by a one-dimensional Krimholtz Leedom Matthae (KLM) model of performance, are presented, for
a sensor with central frequency of 5 MHz.

Author Contributions: This editorial was drafted by A.N.S., and edited by R.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
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Abstract: High-temperature (HT) ultrasonic transducers are of increasing interest for structural
health monitoring (SHM) of structures operating in harsh environments. This article focuses on
the development of an HT piezoelectric wafer active sensor (HT-PWAS) for SHM of HT pipelines
using ultrasonic guided waves. The PWAS was fabricated using Y-cut gallium phosphate (GaPOy) to
produce a torsional guided wave mode on pipes operating at temperatures up to 600 °C. A number
of confidence-building tests on the PWAS were carried out. HT electromechanical impedance (EMI)
spectroscopy was performed to characterise piezoelectric properties at elevated temperatures and
over long periods of time (>1000 h). Laser Doppler vibrometry (LDV) was used to verify the modes
of vibration. A finite element model of GaPO4 PWAS was developed to model the electromechanical
behaviour of the PWAS and the effect of increasing temperatures, and it was validated using EMI
and LDV experimental data. This study demonstrates the application of GaPOy for guided-wave
SHM of pipelines and presents a model that can be used to evaluate different transducer designs for
HT applications.

Keywords: gallium phosphate; piezoelectric wafer active sensor; thickness shear; high-temperature
monitoring; ultrasonic; guided wave; structural health monitoring

1. Introduction

There is an increasing emphasis on the development of structural health monitoring (SHM)
systems using in situ sensors that can inform an operator about the health of their critical infrastructure,
develop damage and estimate the remaining useful life. Piezoelectric wafer active sensors (PWASs)
are increasingly used for many SHM applications, as they are lightweight, inexpensive and can be
permanently installed on structures. They have been successfully demonstrated on various critical
components and substructures in many industrial applications [1]. PWASs can be used for damage
detection in three different ways: guided-wave ultrasonics [2], high-frequency modal sensing [3] and
acoustic emission passive detection [4]. SHM applications for assets subjected to an extreme operational
environment such as high temperature (HT) are in great demand to monitor critical components
in gas turbines and nuclear power industry. This has led to rapid developments in the field of HT
piezoelectric sensing. Several accelerometers, surface acoustic wave sensors, ultrasonic transducers
and pressure sensors for temperatures up to 1250 °C have been reported [5].

High-temperature pipelines (HTPs) are critical components in nuclear power plants, providing
connections between feed water pumps, a boiler or heat exchanger and a turbine. HTPs are operating
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at extreme temperatures up to around 600 °C [6], high pressures and subjected to continuous
cyclic loadings. This can lead to the development of creep-fatigue- [7], corrosion- [8] and stress
corrosion cracking-type [9] defects. Currently, they undergo periodic inspections during maintenance
outages, but new technologies are being sought after for in situ monitoring and early warnings of
material degradation [10]. A number of SHM technologies have been developed for pipelines [11].
A suitable solution is demonstrated by the ultrasonic guided wave (UGW) technique, as it provides
full cross-sectional area coverage for a range of tens of meters from a single location. Rings of shear
transducers are used to transmit unidirectional and axially symmetric ultrasonic wave modes [12]
in a frequency range of 20-100 kHz, and they can detect the presence of structural defects such as
cracks and corrosion by analysing reflected waves. Commercial products such as gPIMS [13] are
now available for SHM of pipelines but are limited for continuous operation at temperatures below
~100 °C. To enable guided-wave SHM for HTPs, piezoelectric transducers that can perform reliably at
HT are required.

2. High-Temperature Ultrasonic-Guided-Wave Transducers

Several transduction technologies based on piezoelectric, electromagnetic-acoustic and
magnetostrictive principles have been developed for the generation and the detection of UGWs.
For application at HT, piezoelectric sensing is the most promising technique due to its thermal stability
and reliability [5]. A thickness-shear (TS) piezoelectric transducer consists of five main components: a
face plate, a piezoelectric element, a backing/damping block, a casing and electrical connections, as
illustrated in Figure 1. The electrical connection allows for the transfer of an electrical pulse to and
from the piezoelectric element. The casing provides mechanical support for the whole transducer
as well as electrical shielding for the piezoelectric element. The damping or backing block damps
the vibration of the piezoelectric element, after the excitation pulse is transmitted. The piezoelectric
element generates a mechanical signal from an electrical input or, conversely, an electrical signal from
a mechanical input, enabling transmission and reception of ultrasonic signals, respectively. The face
plate protects the fragile piezoelectric element and is used for mechanical impedance matching.

Electrical
Connector
Casing
Damping
Block
Piezoelectric
Element
Face
Plate

Figure 1. Construction of a generic piezoelectric transducer.

In pipes, there is a large number of wave modes present in the frequency range of interest, and a
transducer can excite all the modes that exist within its frequency bandwidth. This can complicate the
data and make its interpretation challenging. To simplify the guided wave response, transducers are
designed to minimise the excitation of unwanted modes and achieve a linear frequency response in the
region of operation to avoid mode coupling, frequency jumps and performance dips. For the HT SHM
application, transducers must also provide sufficient ultrasonic outputs at the target temperature and
sustain their electromechanical response over prolonged periods of time to achieve the desired defect
sensitivity of the SHM system. This requires careful selection of piezoelectric material, understanding
of its thermal characteristics and compatibility with other transducer subcomponents.

2.1. High-Temperature Piezoelectric Materials

Piezoelectric materials are characterised by a number of interrelated coefficients standardised by
the IEEE [14,15], which define their piezoelectric, dielectric and elastic behaviour. These coefficients
are used to describe the coupling between structural and electrical behaviour of the material. It can



Sensors 2019, 19, 5443

be expressed as a relation between the material stress and its permittivity at a constant stress (stress
charge form, Equation (1)) or as a relation between the material strain and its permittivity at a constant
strain (strain charge form, Equation (2)).

Stress charge form : T = ES—¢TE, D = ¢S+ E (1)

Strain charge form : S =s*T+d"E, D =dT +€'E 2)

where E is the electric field, D is the electric displacement, S is the mechanical strain, and T is the
stress. The material parameters s¥, d and €T are material compliance, coupling property and relative
permittivity at a constant stress, respectively, and they are tensors of ranks 4, 3 and 2, respectively, and
represented using the abbreviated subscript Voigt notation.

A useful guide for the selection of an appropriate piezoelectric material is its figure of merit
(FOM), which is defined based on a specific application [16]. A key FOM for an HT transducer is the
product of piezoelectric charge coefficient d and voltage coefficient g, where a higher value gives a
higher electromechanical coupling coefficient, k, which is defined as the ratio of stored electrical energy
to applied mechanical energy and vice versa.

Several new high-performance HT piezoelectric materials have been developed [17-19], and they
can be broadly categorized into two types: ferroelectric polycrystalline (such as lead zirconate titanate
(PbZrTiO3 and barium titanate (BaTiO3)) and single crystals (such as lithium niobate (LiNbO3) and
quartz (SiO,)). Ferroelectric materials possess high FOMs (e.g., k = 0.7 for PbZrTiO3) and are the
most commonly used piezoelectric materials for ultrasonic transducers. However, they are limited
to operate at temperatures below their Curie temperatures (T;). Beyond T, they depolarize, i.e.,
their ferroelectric phase transforms into a high-symmetry nonferroelectric phase, and are no longer
piezoelectric. Ferroelectric materials at temperatures exceeding 0.5T. [20] can undergo accelerated
thermal ageing and property degradation. They also exhibit pyroelectric behaviour, which can lead
to instability of their electromechanical properties at HT. Nonferroelectric single crystal materials
are being increasingly explored, as they do not undergo phase transition or domain-related aging
behaviour, have high resistivity and low losses and can provide excellent thermal stability. Various
types of single crystals have been investigated for HT applications, and monoclinic-type BiB3Og (BIBO)
and langasite-type CazTaGazSipO14 (CTGS) trigonal crystals have shown stable piezoelectric properties
at temperatures up to 700 and 900 °C, respectively [21].

Gallium orthophosphate (GaPO,) was selected for this study, as it offers high electrical resistivity,
low acoustic losses, no pyroelectricity and thermally stable properties (constant value of dy; at
temperatures up to 700 °C [22]), which makes it a suitable candidate for HT UGW transducers. GaPO,
crystals belong to the trigonal 32-point group and can be synthesised using a hydrothermal process.
The AVL (now Piezocryst Advanced Sensorics GmbH) developed the first commercial product GM12D,
which was an uncooled pressure sensor for combustion engines, and since then, GaPOy4 has been
explored for a large field of HT resonator applications including temperature-compensated cuts for
bulk acoustic wave (BAW) [23], surface acoustic wave (SAW) [24] and microbalance [25] operating at
temperatures up to 720 °C. GaPOj, resonators can be obtained in different crystal cuts and depending
on crystal cut angles, and their sensitivity, resolution and linearity differ in a wide range. Singly rotated
Y-cut GaPOj, resonators with different angles have been investigated [26]. Y —84° was shown to have a
very high Q factor and a high drive level dependency appropriate for pressure sensing applications,
whilst Y +27° displayed a linear resonance frequency dependence on temperature [27], which makes it
suitable for temperature sensing. An X-cut resonator was investigated for phased arrays and displayed
encouraging results for SHM applications [28].

2.2. High-Temperature Transducer Design

The selection of transducer passive materials including electrodes, matching layers, backing
materials, connecting wires and adhesives also requires careful consideration. The coefficient of
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thermal expansion (CTE) of the piezoelectric material should be compatible with the structure and
the materials within the particular transducer assembly. Excessive differential thermal expansion can
lead to permanent damage to the transducer assembly or thermal stresses within the piezoelectric
material, leading to the generation of unwanted modes of vibration. Bonding of different materials
within the transducer assembly is also challenging, as the temperature required for bonding must be
below T, /2 and pressure used in bonding could crack the piezoelectric material. The bond must also
remain strong at the operating temperature of the device and be elastic in order to be able to change
shape, as the piezoelectric deforms and the other parts of the transducer expand or contract due to
changes in temperature.

Common methods of bonding include the use of HT epoxy, which is a thermosetting polymer used
as a glue. Additionally, glass solder can be used at temperatures up to 500 °C, as for higher temperatures,
itreacts chemically with other components. Other methods include regular soldering, diffusion bonding,
ultrasonic welding, cementing, sol-gel and vacuum brazing. A comprehensive review of these bonding
techniques and designs of ultrasonic transducers at HT can be found in the literature [17]. Unlike
bulk transducers that require lower internal damping to achieve resonant transducers, piezoelectric
materials must be damped heavily to produce broadband, guided-wave transducers.

2.3. Thickness-Shear Piezoelectric Material Characterisation

It is critical to characterise piezoelectric properties for the transducer design and modelling and
also to analyse their performance for the application under study. Not all the parameters are usually
available from datasheets, the real values may deviate from specified values due to electrodes and
polarisation, or they might not be available for the range of the temperature of interest. The material
properties can be derived from their electromechanical impedance (EMI) measurements in accordance
with BS EN 50324-2:2002 [29]. The expression of the EMI of a plate vibrating in a TS mode as a function
of frequency can be shown as:

tan(ﬂ)
z(w) = - tS 1-Kk? il ,
iwes,A ( W )
4f,

®)

where t is the plate of thickness t and A is the electrode area. The EMI response represents the dynamic
behaviour of the piezoelectric material, when an AC voltage is applied. An example of the EMI
response of a commonly used PZT material is presented in Figure 2.

1E+4 T T

50°C

100°C
150°C
200°C
250°C
—300°C
350°C

1E+3

1E+2

21 @

1E+H

1E+0

0 2 4 6 8 10 12
Frequency (MHz)

Figure 2. Example of high-temperature electromechanical impedance (EMI) response from a Lead

zirconate titanate (PZT) plate.

The electromechanical resonances are associated with the reaction of a ceramic body to an
ultrasound. EMI versus frequency plots can be presented on a logarithmic scale to emphasise weaker
excitable modes including a harmonics, spurious or unwanted mode. For piezoelectric materials in
class 32, the TS mode of a vibration can be obtained using Y-cut plates with electrode surfaces on a
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plane normal to the x, direction. For the TS mode, the eigenfrequency equation for the harmonics is
given as:
D
v “66
=N—, 0= 1|—, 4

fo=nsr ; @)

where f, is the frequency of the nth harmonic, / is the thickness of the plate, and v is the shear acoustic

wave speed, which is related to the material density p and the elasticity constant C6DS' The characteristic

resonance frequencies of the TS mode can be used to compute the electromechanical coupling factor

k26 by
z&m@ﬂ)
2 fa 2 fa)
where f, and f; are the resonance and antiresonance frequencies, respectively, as annotated on the
EMI measurements in Figure 2. Other relevant material constants for the TS mode include the elastic
constants c§6 and Sgé, the piezoelectric constants ey and dos and the dielectric constant egz. These
parameters are related to the electromechanical coupling factor kys, which can be written as:
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The elastic constants can be derived using EMI characteristic frequencies, material density and
plate thickness, which can be expressed as:

2
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4pP2f2(1-15)
The temperature coefficients of these elastic, piezoelectric and dielectric constants are important

for predicting the variation of the frequency response of practical transducers with temperature. The
temperature coefficients of the material properties are defined as:
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where T(P) (m) is the nth-order temperature coefficient of the material property P, Ty is the reference
temperature (usually 25 °C), and the property P(T) at temperature T can be calculated using
these coefficients.

3. Materials and Methods

In this study, a GaPO, plate was examined for the HT guided-wave ultrasonic transducer
development. A finite element model was developed to simulate the electromechanical response of
the PWAS. The effects of temperature and material degradation on the electromechanical response
were evaluated using the model. The modes of vibration within the frequency range of interest
for the UGW were also analysed to evaluate suitability and performance as a TS-mode transducer.
Both the simulated EMI and the vibration response were validated through experiments. The model
development and the experimental setups were described in this section. The methodology followed
in this study is highlighted in Figure 3, which shows how the results will be used for a complete
transducer design.
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Figure 3. Flow chart showing the methodology followed in this study for transducer design, modelling
and validation. Experiments are shown as processes linked to the validation of models.

3.1. GaPOy Piezoelectric Wafer Transducer

GaPOy resonator plates were obtained by Piezocryst Advanced Sensorics GmBH in a Y-cut (YXI)0°
configuration to achieve the desired thickness shear response. The dimensions of the resonator plates
were y = 0.5 mm, x = 13 mm and z = 3 mm. These dimensions were chosen to achieve a clean TS mode
of vibration for accurate k measurements, as plates with an L/t ratio of <10 lead to a coupling of the TS
mode with additional miscellaneous modes [30]. Platinum (Pt) was chosen as the electrode material,
as it has excellent conductive properties, resists oxidation and has demonstrated HT performance
with no degradation at temperatures up to 650 °C [31,32]. No electrode-matching layer was applied
between the two materials, as the CTE of Pt (9 x 107/°C) matches well with the CTE of GaPO, (12.78
x 1076/°C). Pt electrodes with a thickness of 100 nm were applied using the magnetron sputtering
physical vapour deposition (PVD) technique in a wrap-around configuration. The electrode for the
ground connection was applied on one of the two large faces, its adjacent end face and part of the
second large face, as shown in Figure 4. The electrode for the input voltage was applied on the
second large face with a 1 mm gap from the ground electrode, which was achieved by applying a
micro-masking tape before sputtering.

@ (b)
Figure 4. Y-cut GaPO,; model geometries and wrap-around electrodes used for 3D (a) and 2D
(b) simulations.

3.2. Modelling of the GaPOy Transducer

A finite element model of the GaPO4 PWAS was developed using the COMSOL Multiphysics
(version 5.3a) software package to simulate its piezoelectric behaviour. The piezoelectric device module
of COMSOL related the strain and the electric field using Equations (1) and (2). The objectives of
this model were to study the impedance resonance spectrum and the modes of vibration within the
frequency range of interest for the guided-wave ultrasonic application.

Due to the anisotropic nature of GaPOy (trigonal symmetry), it is necessary to have a full 3D
model for accurate estimations, as resonance frequency is highly dependent on crystal orientation (cut
angle). However, for a 0°-rotation, Y-cut PWAS, a simpler 2D geometry could be used. Plane strain 2D

10
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approximation was used in the model. The results from both the 2D and 3D models were compared,
and the TS-mode results were the same. The model geometries and a comparison of the simulated
TS-mode shapes are shown in Figure 4. In both cases, the thickness of the PWAS was aligned along the
y-axis to represent the Y-cut. All the FEA studies in this paper were performed in two dimensions
to reduce computation requirements. The dimension, width, was also included as an out-of-plane
thickness in the model.

Representative electrical boundary conditions were applied to the PWAS. The 2D geometry in
Figure 4 highlights the edges, where the electrical boundary conditions for the ground (blue) and
AC terminal (red) voltages were applied. The zero charge condition was applied to all the other
edges. Previous studies on the mass loading effect of Pt electrodes have shown that electrodes do
not have a significant effect on transducers, where the wavelength is much greater than the electrode
thickness [33]. Therefore, in this model, the electrodes were assumed equipotential, i.e., ideal conductor
with no atomic mass.

The effects of temperature and material degradation were investigated by introducing
temperature-dependent material properties of GaPOy. The elasticity, piezoelectric and dielectric
permittivity matrices and their temperature coefficients were acquired from the material datasheets and
the literature [34]. The density at different temperatures was calculated using the following relation:

m m Po

Y () (e () (= (e

wo

p:

where py is the density at room temperature, Al/ly, Aw /wy, and At/ty were calculated based on the
CTEs provided in the datasheet using the following relation. The CTEs @jj of GaPQy is a second-rank
tensor with only two independent coefficients a1; and az3. The temperature coefficients for CTEs and
elastic properties were used to compute their respective HT values for the model using Equation (8).
The HT material properties are presented in Figure 5.
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Figure 5. Temperature response of (a) coefficients of thermal expansion (CTEs) and (b) elastic coefficients,
calculated using temperature coefficients from the literature.

A fine mapped mesh was utilised in order to achieve a uniform mesh shape throughout the
geometry. Previous modelling studies have shown that, for the TS mode, the number of mesh elements
along the thickness can have a significant effect on the simulated resonance frequency [35]. A mesh
analysis was performed by analysing the characteristic frequencies from the second resonance with an
increasing number of mesh elements. Frequencies from the second resonance were chosen, as they are
more significantly affected by the thickness compared to the fundamental resonance. From the results
in Figure 6, it can be seen that frequency convergence was achieved with 12 mesh elements along the
thickness. This related to 14 elements per wavelength at the highest frequency of interest. A mapped
mesh with a size of 0.04 mm X 0.04 mm (length x width) was used in all models, which resulted in
3900 mesh elements, covering an area of 6.5 mm?.

11



Sensors 2019, 19, 5443

7.85] L L
mm
w 7.8 0.57
T i -
= 0.4
2775 - .
g 0.3
= 7.7 0.27]
0‘_) - -
765 0.1
o7 mm
76 T T
5 10 15 20 0 0.5
Thickness mesh elements [#]
(a) (b)

Figure 6. Mesh analysis results showing the change in frequency with an increasing number of mesh
elements along the thickness (a) and the chosen mesh in the model (b).

The model with the optimised mesh was then used to perform two different frequency-domain
studies. The first study was conducted within a frequency range of 40 to 12 MHz, to simulate EMI
spectra and analyse TS-mode resonance frequencies. The EMI spectrum was extracted using the global
evaluation function on the inverse of the admittance parameter (es.Y11) in COMSOL. The second study
was performed to evaluate the electrical displacement patterns for the transducer vibrational analysis
within a frequency range of 10 to 150 kHz.

3.3. Electromechanical Impedance Characterisation

EMI measurements were performed on the GaPO, plates described in Section 3.1.
The measurements were performed using a purpose-built test rig [36], which includes a Carbolite
LHT6-30 Furnace, and the sample was connected to an Agilent 4294a Impedance/Gain-Phase Analyser
through an Agilent 16048A fixture. This test rig was used to evaluate different HT piezoelectric materials,
and a comparison of their HT TS-mode properties was reported [37]. The exact dimensions of the
samples were measured at an accuracy of 0.01 mm using a digital calliper. Impedance measurements
were carried out initially at room temperature and subsequently at temperatures increased with 50 °C
intervals up to 600 °C. Before each measurement, the jig was recalibrated by performing a short/open
circuit compensation to suppress any parasitic impedance. The impedance spectra were recorded over
a frequency range of 40 to 12 MHz with an increment of 15 kHz.

The TS-mode properties were calculated using Equations (3)—(6), where the measured dimensions,
the densities of the samples and the frequencies F, and F, were used. For HT values, the properties
were calculated using HT dimensions and density. The HT dimensions were calculated by applying
Equation (8), and the density at each temperature was calculated using Equations (10). Each of these
properties was calculated at several temperatures, and their temperature coefficients were found using
curve fitting and the relation defined in Equation (8). The properties and their temperature coefficients
were averaged for five samples.

3.4. Vibrational Response Measurement

The ultrasonic vibrational response of the GaPO, PWAS was measured using laser Doppler
vibrometry (LDV); the experimental setup is shown in Figure 7. The PWAS were connected to a
pulser-receiver unit by soldering thin wires on the Pt-coated surface of the GaPOy plates. A Teletest
Focus+ [38] pulser-receiver was used to provide a chirp excitation signal with a frequency range
of 10-150 kHz, and a Polytec PSV-400-3D-M scanning laser vibrometer was used to obtain 3D LDV
measurements of the GaPO4, PWAS surface. The laser beams of the 3D scanner were focused on the
surface of the element. 2D and 3D calibration procedures were performed, before the scan points
were set to cover the entire surface area of the samples. The collected 3D displacement measurements
from all the scan points were averaged and transformed into the frequency domain to evaluate the
displacement spectrum.

12
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(b)
Figure 7. 3D laser Doppler vibrometry experimental setup for measuring the vibrational response of
the GaPOy piezoelectric wafer active sensor (PWAS) specimen (a) showing the scan points used for 3D
measurements (b).

4. Results

4.1. Electromechanical Impedance Response

A comparison of the EMI measurements and the modelled responses of the Y-cut GaPOy plate
is shown in Figure 8. Two TS-mode resonances around 2.5 and 7.6 MHz can be observed and were
consistent with the frequencies calculated based on Equation (4). A comparison of the calculated,
measured and modelled resonances is provided in Table 1. The modelled phase of the impedance
was always +7/2 as in the model, and the resonator was assumed lossless. The coupling to high
overtone contours and undesired modes can be seen in the antiresonance frequency of the fundamental
resonance, which was also simulated by the model. These unwanted modes usually had lower
frequencies, and their influence became smaller for the overtones, as seen in the second overtone.

10'°

Modelled
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Figure 8. Comparison of the EMI measurements and the modelled responses highlighting impedance
amplitude (a) and phase (b) of the fundamental TS-mode resonance and impedance amplitude (c) and
phase (d) of the overtone.
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A slight frequency shift in the measured EMI that affected both resonance and antiresonance
frequencies was observed. This was the result of the mass loading effect from the deposited resonator
electrode and the connecting wires, which were not included in the model. This is confirmed by
the higher disparity in the second resonance, as mass loading is more significant for high overtone
resonances, as shown in previous studies [33].

Table 1. Comparison of theoretical thickness-shear (TS)-mode frequencies between measurements
and simulation.

TS Mode Frequency (MHz) Relative Error (%)
Calculated Measured Simulated
Fundamental (n = 1) 2.53 2.52 2.51 04
Overtone (n = 3) 7.59 7.61 7.62 0.13

The measured and simulated EMI responses at increasing temperatures, along with its effects on
resonance frequency and capacitance, are shown in Figure 9. The measured impedance amplitude
at HT was reduced by a factor of 10 compared to that of the response at ambient temperature, and
also no mode coupling was observed around the antiresonance frequency. This resulted from the HT
conductive adhesive used to attach electrical connection to the PWAS. For the HT models, mechanical
damping with an isotropic structural loss factor of 0.01 was added to obtain a comparable frequency
bandwidth with the measured response.
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Figure 9. Comparison of EMI response at high temperature: (a) measured EMI amplitude; (b) modelled
EMI amplitude; (c) relative change of frequency at temperatures up to 600 °C; and (d) relative change
in capacitance at temperatures up to 600 °C.

With an increase in temperature, a decrease in impedance amplitude and number of antiresonance
peaks can be seen. This related to the increase in permittivity and capacitance of the material [39].
Both the measured and simulated EMI responses at HT are in good correlation, which can be seen by a
relative shift in resonance and antiresonance frequencies with increasing temperature. The difference
in impedance amplitude was associated with the electrical connections within the measurement setup
and their parasitic impedance. The temperature coefficient of the resonance frequency predicted by
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the model was 27.89 x 106/°C, which matched well with the value of 27.3 x 107¢/°C calculated from
the measured response with an error of less than 2.2%.

The capacitance data from the model was extracted by computing an integral of the total electric
energy on the electrode edge. The increase in capacitance at higher temperatures was observed in
both the measured and simulated response. The change in measured capacitance was around 100
times more than that in simulated capacitance. This is due to the combined effect of dielectric losses in
GaPOy and parasitic capacitance from the electrical connections and the measurement setup.

4.2. TS-Mode Coefficients of GaPOy

The TS-mode coefficients were derived from the EMI measurements using Equations (6)—(8). The
calculated coefficients were compared with those reported in the literature, and the relative errors
are listed in Table 2. The measured elastic coefficients are in good agreement with those reported
previously [40]. There was a considerably larger difference in the measured kog. This is because of the
difference in PWAS geometry, as the previous study used a circular plate with gold electrodes [40].
The deviation was attributed to the electric field concentration at electrode corners in a rectangular
design, which was reduced in circular designs.

Table 2. GaPO, TS-mode properties at room temperature.

. Relative
Property Units Ref [41] Measured Modelled Error (%)
C% GPa 22.38 21.76 - 2.85
C26 GPa 23.28 22.36 - 3.95
S 10712 m2N-! 4551 45.33 - 04
ke - 0.183-0.1921 0.164 0.169 7.65

! The reported value is for a different geometry and a different electrode configuration.

The variation between the measured and modelled electromechanical coupling factors kos was
less than 3%. This showed that the model can be accurately used to predict the electromechanical
resonances and the associated constitutive piezoelectric properties that indicate its performance as an
ultrasonic transducer.

The material properties calculated from the HT EMI measurements in Figure 10 were compared
with those calculated using the first-, second- and third-order temperature coefficients provided
in the datasheet. The temperature dependence of elastic constants exhibited a stable state at
temperatures up to 600 °C with a variation of less than 3%. The measured kys was extremely
consistent, showing a less than 1% variation at temperatures up to 600 °C. This demonstrated excellent
temperature-independent behaviour.
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Figure 10. Assessment of the measured elastic constants (a) S and (b) CF with those calculated using
the temperature coefficients provided in the literature and the datasheets.
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The first-order temperature coefficients were derived from the measured HT properties using
Equation (8). The derived coefficients were compared with those available in the literature and are
presented in Table 3. A relative error of approximately 3% was observed for the three key FOMs for

the TS-mode transducer.

Table 3. Temperature coefficients of the TS-mode GaPOj elastic and piezoelectric properties.

Tpj 107° K™

Property Relative Error (%)
References [40,41] Measured
CE 449 464 3.23
S§6 -26.9 -27.8 3.34
fr 19.9-35.71 27.3 1.82
ke 452 469 3.62

1 Reported values are with and without correction from stray capacitance [41]. 2 Error calculated based on the

average of the two reported values.

The variation in the properties for the estimation of the transducer FOMs was recorded at 600 °C
for a period of 1000 hours. The results in Figure 11 show a consistent response from the beginning,

with variations of less than 1% in kg and 1.5% in its sgﬁ and c£

oo’ which demonstrated an excellent

thermal aging behaviour of TS-mode properties, proving its suitability for SHM applications.
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Figure 11. Thermal aging response of the TS-mode elastic coefficients (a) CE, (b) SE; (o) capacitance;
and (d) piezoelectric coefficient ks measured at 600 °C for over 1000 h.

4.3. Vibration Analysis

A comparison of the vibration response measured using LDV was performed with the simulation
of the electric displacement field. The LDV measurements were performed on the length-width
plane. The amplitude of the simulated displacement fields in the Y and X directions were extracted
from the model using the line average function in COMSOL on the longer edge representing the
length-width face of the PWAS. A good correlation between the modelled and measured spectra of
the electromechanical displacement field is shown in Figure 12. Three different modes of vibration
can be seen with distinct resonance frequencies around 10, 34 and 65 kHz in both the measured and
modelled responses. The amplitude of the measured displacement fields was lower than that of the
simulated response by a factor of 100. This was associated with friction, dielectric dissipation and
losses, which were not considered in the model. A shift in the simulated frequency response was
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depicted, which increased almost linearly with the increase in frequency. This is possible because of
the added mass from electrodes and electrical connections, which were not included in the model.
Two other weaker modes were observed at 20 and 70 kHz in the measured response. These were

associated to the vibration along the width and were not predicted by the model because of the plain
strain 2D approximation.
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Figure 12. Comparison of the simulated displacement field with LDV measurements in a frequency
range of 10-100 kHz showing displacement amplitudes in the (a) X and (b) Y directions.

Simulated velocity amplitudes from the length-thickness face were derived from the model and
compared with LDV measurements. The modelled and measured vibration modes at 34, 65 and
100 kHz were compared and are shown in Figure 13. The modelled and measured results appeared to
be in good agreement. The first two vibration modes at 34 and 65 kHz were longitudinal modes. The
TS mode can be seen at 100 kHz, as the in-plane displacement was much larger than the out-of-plane
displacement. In both the simulated and measured TS modes, a coupling of longitudinal mode
can be observed. This is due to the boundary effects of the wrap-around electrode configuration.
Acknowledging the knowledge of mode coupling and undesired miscellaneous modes, the model
can be used to further study efficient backing materials or alternative electrode configurations to
suppress them.

(@)

(b)

(©

Figure 13. Vibration patterns of the Y-cut GaPO, PWAS simulated (left) and measured (right) for 34
kHz (a), 65 kHz (b) and 100 kHz (c). Colors indicate velocity amplitudes.

5. Discussions

This research focused on the examination of GaPOy for HT applications of UGWs by developing
a TS-mode PWAS. An FEA model was developed and used to predict EMI and vibrational response
accurately. The thermal response of the simulated EMI was validated with HT experiments and
showed good agreement in terms of change in frequency and electromechanical coupling factor, which
is a key FOM for ultrasonic applications. The model requires HT coefficients of material properties to
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simulate piezoelectric losses. If they are not available in the literature, a method for computing these
coefficients for the TS mode was presented, which showed a good correlation with properties reported
in the literature. To further improve the accuracy of the model, losses such as friction, damping and
dielectric dissipation can be extracted from EMI response [42] and added to the model. The 2D model
described here can be used to evaluate crystal cuts with no rotation. For single or multiple rotated
crystal cuts, either 3D models with rotated coordinate systems or transformation of material properties
will be required.

In UGW testing, signal interpretation can be very challenging because of the large number of
wave modes that exist in a waveguide. Knowledge of vibration patterns of a transducer and how they
are influenced by increasing temperature is crucial for transducer design. The model presented here
predicted mode coupling and unwanted contour modes. This demonstrated the suitability of such a
technique for optimising transducer design by suppressing unwanted modes.

The model can be further evaluated with time-domain analysis to analyse guided wave excitation
on pipelines at HT. This study will require temperature-dependent properties of adhesives used for
bonding. This will be useful for analysing excitation of any unwanted mode or transducer failure due
to thermal stresses arising in a transducer as a result of differential thermal expansion.

6. Conclusions

In this study, GaPOy has been evaluated at temperatures up to 600 °C for UGW applications
to superheated steam lines. GaPO, was fabricated into PWAS with dimensions, cut and electrode
configuration to obtain the desired TS mode of vibration. The dielectric, elastic and piezoelectric
properties corresponding to the TS mode were measured as a function of temperature to derive their
temperature coefficients. An FEA model was developed to simulate the vibrational response and the
temperature behaviour of the PWAS. These simulation results were validated experimentally with
LDV and EMI measurements, respectively, where good agreement with the measured TS-mode shapes
and the thermal response was observed. Finally, thermal aging experiments were conducted on the
PWAS for over 1000 hours, and a stable TS-mode response was achieved, demonstrating its potential
for SHM applications on steam lines. These results are of theoretical importance for the design of HT
transducers for UGW applications.
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Abstract: The viability for dry coupling of piezoelectric ultrasonic transducer components was
investigated, using a thin foil of annealed silver as a filler material/coupling agent at each component
interface. Criteria used for room temperature evaluation were centered on signal-to-noise ratio
(SNR) and echo bandwidth, for a Li-Nb based transducer operating in pulse-echo mode. A normal
clamping stress of only 25 MPa, applied repeatedly over three loading cycles on a precisely-aligned
transducer stack, was sufficient to yield backwall echoes with a SNR greater than 25 dB, and a 3 dB
bandwidth of approximately 65%. This compares to a SNR of 32 dB and a 3 dB bandwidth of 65%,
achievable when all transducer interfaces were coupled with ultrasonic gel. The respective roles of a
soft filler material, alignment of transducer components, cyclic clamping, component roughness, and
component flatness were evaluated in achieving this high efficiency dry coupling, with transducer
clamping forces far lower than previously reported. Preliminary high temperature tests indicate that
this coupling method is suitable for high temperature and achieves signal quality comparable to that
at room temperature with ultrasonic gel.

Keywords: ultrasonic transducer; elevated temperature; dry coupling; harsh environment;
lithium niobate

1. Introduction

Ultrasonic transducers are used to inspect engineering components for flaws so that remedial
action can be taken to avoid component failure. In some cases, it is desirable that the transducers
be permanently mounted at critical piping/pressure vessel sites for continuous on-line monitoring
of pipe integrity or characteristics of fluids inside the pipe. The pipe or pressure vessel may be very
hot, such that the transducer must withstand high temperatures (and perhaps thermal cycling) for
extended periods. Potential industrial applications include electrical power plants and petrochemical
processing installations. Such a monitoring system reduces the need for plant shutdown to inspect the
integrity of components and gives early warning of anomalous condition of the fluids inside the pipe
or pressure vessel.

High-temperature ultrasonic inspection techniques in current use include the use of delay lines in
front of the transducer to isolate the transducer from the high temperature [1,2]. Water cooling of the
delay line or the transducer can also be used to increase the service temperature of traditional ultrasonic
transducers by keeping the temperature of the ultrasonic transducer well below the temperature of
the component being tested [2]. Electromagnetic acoustic transducers (EMAT) have been used up to
900 °C with active cooling, or 450 °C without active cooling, for continuous inspection [3,4]. EMATs;
however, do suffer from high power needs, have poor signal-to-noise ratio, and are very sensitive to
perturbations in sensor lift-off [5].
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The overall long-term objective of this research project is to develop a direct-contact
high-temperature ultrasonic transducer (continuous operation at up to 800 °C, with occasional
thermal cycling) for non-destructive testing and process monitoring in the petrochemical industry.
Currently, direct-contact non-destructive testing with ultrasonic transducers can only be done up
to 550 °C without the use of cooling systems and delay lines [2,6]. Such commercially available
high-temperature ultrasonic transducers for continuous use can cost several thousand dollars and are
prone to failure after less than two years of use [5]. These transducers may fail due to a mixture of
the following:

e  Thermal stresses, causing cracking of components and breakdown of acoustic coupling between
transducer components;

e  Failure of individual components due to phase transitions or melting;

e Depoling of the piezoelectric element in the transducer by exceeding its Curie temperature.

Our previous studies focused on the selection and manufacturing of the backing, piezoelectric
element, and matching layer for a cylindrically-shaped high-temperature ultrasonic transducer [5,7].
The suitable transducer components identified for high-temperature application were a rhombohedral
36° Y-cutlithium niobate piezoelectric crystal, a porous zirconia mechanical backing, and a stainless-steel
321 protective layer [5,7]. Methods for acoustically coupling the backing to the piezoelectric element
were investigated in those earlier studies; a brazing system based on a silver-copper 72-28 braze
(AgCu) was developed, but led to high reject rates of transducers due to cracking of the piezoelectric
element [7,8].

The current study focuses on acoustically coupling the three principal transducer components
together via dry coupling at each interface. Each pair of contacting materials must have similar acoustic
impedance values for effective energy transmission. Air has an acoustic impedance value that is
significantly lower than that of solid materials, such that any interfacial air gaps will block virtually all
transmission of ultrasound from one transducer component to the next. Figure 1 shows the different
components of the transducer stack and labels the three interfaces that were to be coupled. Interface
(1)—backing-piezoelectric; interface (2)—piezoelectric-matching layer; and interface (3)—matching
layer-test piece.

Backing —————

1
Piezoelectric ———

2
Matching Layer ——— Il

3

Figure 1. Transducer stack and interfaces.

For dry ultrasonic coupling of any two components, high clamping pressure is applied to the two
contacting surfaces; the goal is to cause one or both components to slightly deform at the interface, in
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order to mate with the other component and expel any air trapped between them. It is critical that
these high clamping loads be distributed uniformly over the entire interface, to avoid the prospect of
good ultrasonically coupling over only a limited portion of the nominal interfacial area. Nonuniformly
distributed loads also create bending moments in the contacting parts, which may lead to failure in
brittle components such as the piezoelectric element.

For the cylindrical components in our transducer, the following distinct factors are important to
achieve uniform load distribution across the interfaces linking ultrasonic transducer components [9]:

e  Specimen ends must be flat, parallel, and perpendicular to the lateral surfaces.
e  Diameters of the individual components should be constant throughout the component.
e  Components should be concentrically aligned.

Once uniform load distribution is obtained, the magnitude of dry coupling pressure across
an interface required for efficient ultrasonic coupling is dependent primarily on (1) surface finish
(roughness), (2) plastic deformation of asperities on each surface, and (3) material hardness [10,11].

Surface finish: Rough surfaces with small narrow bumps will require sufficient clamping forces
to flatten out the peaks and valleys at the interface in order to expel any air gaps (i.e., there must be
localized yielding and small-scale plastic flow of the protruding material). The required clamping
force to achieve good coupling is; therefore, expected to be higher if one or both contacting surfaces
are very rough. Although the average dry coupling pressure is the clamping force applied to the
transducer components divided by the cross-sectional area of the components, the pressure at individual
protruding locations can be much higher. Therefore, the pressure on the protrusions can surpass the
material yield stress, even at relatively low transducer clamping loads.

Plastic deformation of asperities: During the compression loading of an interface, plastic deformation
of the asperities takes places at loads that correspond to nominal pressures significantly below the yield
strength of the material [10]. When the load is subsequently reduced, the plastic deformation remains
such that the two surfaces are now better “matched” to each other. If the interface is then loaded again
to the same level as before, primarily elastic deformation of the asperities takes place [10,12]. Lower
loads are; therefore, required during the second or third loading cycle for the same degree of acoustic
transmission through an interface.

Material Hardness: An interface between relatively soft materials require a lower clamping pressure
for dry coupling pressure, as the softer materials deform more easily. For an interface between hard
materials, a soft “filler” material, such as a gold or silver foil, can be placed between the contacting
surfaces to bridge any gap caused by the roughness or waviness of either surface [13]. The clamping
pressure required for dry coupling is, thereby, reduced.

Several researchers suggest that the dry coupling pressure required for acoustic coupling of two
metallic surfaces is in the order of a few hundred megapascals [10,12,14-16]. Such high stresses can
damage the piezoelectric element as well as permanently deform the test piece, if the stress linking
transducer components is also placed on the pipe or pressure vessel under inspection; at this point
ultrasound inspection is no longer non-destructive.

For these reasons, techniques to minimize the required pressure for dry coupling were investigated.
The objective of this study was to determine the dry coupling pressures required for each interface of
the transducer stack. The dry coupling pressure was to be reduced from expected values in literature
using proper alignment, cyclic loading, and soft filler materials, so as to make it a feasible coupling
method in high temperature transducers. For this initial investigation, tests and analysis are conducted
at room and elevated temperature, such that dry coupling performance can be compared to that
achievable with ultrasonic gel couplant.

2. Materials and Methods

The components of the high-temperature ultrasonic transducer design were:
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e Rhombohedral 36° Y-cut lithium niobate piezoelectric crystal: The discs were designed to resonate
at 3 MHz and were obtained from Boston Piezo Optics Inc. in Bellingham, MA, USA. The surface
of the LINbO3 was fine-lapped and bare of any electrode material. The crystal had a diameter of
1 cm and a thickness of 1 mm.

e Porous zirconia mechanical backing: A novel process to create porous ceramic backings was
reported in previous work, in which polyethylene beads of diameter 75-90 microns were mixed
into yttria stabilized powder [5,7,17]. The powder was then mixed and pressed in a die to form
a “green” body. During the subsequent sintering process, the beads vaporized and left behind
spherical cavities (pores). The backing was 1 cm thick with a diameter of 15 mm.

e  Stainless-steel 321 protective layer: Square matching layers (1.5 X 1.5 cm) were cut from shim
stock of thickness 0.41 mm [7].

A block of low carbon steel was used as the test piece.

2.1. Alignment

In order to determine the dry coupling pressure required for each interface of the ultrasonic
transducer, the entire stack (backing, piezoelectric element, protective layer) was subjected to
compression loading in a load frame at room temperature. ASTM E9: Standard Test Methods
of Compression Testing of Metallic Materials at Room Temperature states the following requirements
for samples undergoing compression tests [9]:

1. If possible, cylindrical test specimens should be used.

2. Specimen surfaces should have a surface roughness of 1.6 pm (63 pin) R, or better.

3. Specimen ends must be flat and parallel 0.0005 mm/mm (in./in.) and perpendicular to the lateral
surfaces to within 3’ of arc.

4. Diameter of the specimen should not vary more than 1% of the specimen length or 0.05 mm
(0.002 in).

5. The centerlines of all lateral surfaces of the specimens shall be coaxial within 0.25 mm (0.01 in).

Although this standard is meant for metals and is not directly applicable to our ultrasonic
transducer, it does indicate the key parameters for compression tests. The transducer components for
our study had a deviation from parallelism of less than 0.002 mm/mm.

To qualitatively assess whether the pressure distribution on the lithium niobate crystal was
uniform, the transducer stack (consisting of backing, crystal, matching layer) was placed on top of the
low carbon steel test piece in an Instron 3367 load frame with a 30 kN load cell. A piece of Fuji Prescale®
Medium Film (obtained from Fujifilm Canada) was placed between the crystal surface matching layer.
This film turns various shades of pink when pressures between 9.8 to 49.0 MPa (1400-7100 psi) are
applied to it, according to charts provided by the manufacturer. The transducer stack was compressed,
and a circle with a single shade of pink was formed on the film (Figure 2). Thus, a uniform load
distribution was obtained, to within the manufacturer-specified uncertainty of +10% [18].

Figure 2. Uniform shade of pink on pressure film.
2.2. Setup of Dry Coupling Tests

Further load frame tests were conducted to determine the dry coupling pressure required at
each transducer interface if a filler material is used to achieve good signal transmission (Figure 3).
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Ultrasonic gel was inserted at two of the interfaces, while a filler material foil was placed in between
the two components whose dry coupling pressure was to be determined. Surface characteristics of the
transducer components are listed in Table 1, where R, is the average roughness and W, is the average
waviness (W,) of the surface.

Foam
(Soft Filler Material)

Alignment )
Piece Test Piece
Teflon block
Electrical Wire
Ultrasonic
Transducer
Components
Figure 3. Load frame setup.
Table 1. Surface properties.
Component Roughness (R,) nm Waviness (W,) nm
Lithium Niobate 174 7
Matching Layer 198 1356
Test Piece (100 grit sandpaper) 798 1255

An Olympus 5077PR Square Wave Pulser/Receiver was used to excite the piezoelectric crystal
with rectangular pulses of 300 V and a width of 17 ps. The pulses were sent into the test piece and an
Agilent InfiniiVision DSO-X 2022A oscilloscope was then used to capture the backwall echo at each
load increment of the load frame, for three loading cycles. A sampling frequency of 100 MHz was used,
averaging 64 acquisitions per capture. MATLAB was then used to generate a normalized frequency
spectrum using a Hann window with a length of 2 to 4 ps. It is important to note that the test piece
was acoustically homogenous and thus no extra signal reconstruction was needed, as would be in the
case of an acoustically heterogeneous material with attenuation distributions [19,20].

As shown in [10,12], repeated loading of the dry coupled ultrasonic transducer reduces the load
required to obtain a specified level of acoustic transmission. As there was only a small change in
acoustic transmission after the second loading cycle, it was decided that our ultrasonic transducer
would be subjected to three loading cycles to reach the limiting case of plastic deformation of filler
material and signal transmission across interfaces.

A filler material to be placed between the two components at each interface of the transducer was
selected to meet the following criteria:

e Must be softer than components being coupled together;
e  Chemically and physically stable in the presence of the transducer components;
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e Must be an electrical conductor to act as electrodes for the lithium niobate crystal.

Transducers were mounted onto the test piece using ultrasonic gel; an investigation of transducer
mounting techniques for various industrial applications is beyond the scope of this investigation.

Leading candidates for the filler material were gold and silver foil. Gold foil was more expensive
and has an acoustic impedance of 62.6 MRayl, which was significantly higher than the transducer
components (backing—20.7 MRayl [7], crystal—34.1 MRayl [21], matching layer—39.3 [22]) [23]. It was
not expected that the filler material’s bulk properties (such as attenuation) would have a significant
impact on the transmission of ultrasound through the filler, as the thickness of the material (50 um)
was significantly less than that of the ultrasonic wavelength.

Silver, which has an acoustic impedance of 37.8 MRayl, was chosen as the filler material [23].
Silver foil 50 pm thick was obtained and tested in both annealed and as-rolled form. Both types of
silver foil had a purity greater than 99.95% [24,25]. As-rolled silver is roughly four times harder than
annealed silver (Vickers Hardness) [26].

3. Results

3.1. Maximum Performance Test

As a reference point, “optimal coupling” was defined as the transducer performance when
ultrasonic gel was placed between each interface of the stack; the backwall echo from the test piece was
recorded for that reference configuration. The stack was loaded up to 24 kN, equivalent to a pressure
of 305.7 MPa on the crystal. The echo SNR and bandwidth of the echo were largely independent of
interfacial loading when gel coupling was used to link the transducer components:

e SNR~32dB
e  Echo signal bandwidth ~65%

This optimal bandwidth figure was consistent with previous studies where a lithium niobate
crystal was brazed onto the porous zirconia backing with AgCu braze foil [7,8].

3.2. As-Rolled Silver Foil Test

For interfacial pressure tests with as-rolled silver foil, transducer stacks were loaded in increments
of 2 kN to a maximum load of 24 kN; the backwall echo signal was recorded at each load increment.

The best performance achievable using as-rolled silver foil as an interfacial couplant/filler material
was an echo SNR of 25 dB and 60% bandwidth. The pressure needed on the entire stack was ~18 kN
(equivalent to 229.3 MPa on the crystal). Table 2 shows the individual dry coupling loads required at
each interface to achieve this target.

Table 2. Dry coupling loads (as-rolled silver).

Interface Load (kN) Pressure on Crystal (MPa)
(1) Backing—Crystal 18 229.3
(2) Crystal-Matching Layer 6 76.4

It is noted that all the crystals loaded up to 24 kN developed cracks that originated at the crystal
periphery. Although these transducers were still functional, the cracks have negative implications for
long term transducer performance, and no further tests were conducted with the as-rolled solver foil as
a coupling agent. An alternative dry coupling system was required that involves a lower coupling load.

3.3. Annealed Silver Foil Test

Transducer loading trials were conducted using the experimental configuration described in
Section 3.2, but using annealed silver as opposed to as-rolled silver foil at each transducer interface.
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The amplitude of the ultrasonic echo was continuously monitored as the axial load was increased. A
cycling loading sequence was used: Once the echo amplitude had stabilized with increasing pressure
on the transducer stack, the load was reduced to 0.5 kN, and the stack was then reloaded multiple
times. The backwall ultrasonic echo was recorded at every kilonewton of load.

No cracks in the crystals were formed during these compression tests using annealed silver foil,
as the dry coupling loads and associate pressure required to reach a stable echo amplitude were much
lower than those required in the previous section using as-rolled silver foil. Table 3 shows the load
required at each interface to achieve stable ultrasonic coupling, in the first and third loading cycles.

Table 3. Dry coupling loads (annealed silver).

Interface Load (kN) During Pressure on Load (kN) During Pressure on
1st Loading Cycle Crystal (MPa) 3rd Loading Cycle Crystal (MPa)
(1) Backing—Crystal 6 76.4 1 12.7
(2) Crystal-Matching Layer 3 38.2 1 12.7

In comparison to the dry coupling loads required when as-rolled silver was used as the filler
material, the loads required with annealed silver are ~2 to 3 times lower (see Table 2).

An instability was noted in the frequency spectra of the echoes for very low loading levels with
the use of annealed foil. However, the echo shape and frequency spectrum stabilized once loaded to
the point where good interfacial contact was achieved.

Annealed Silver Foil Test Piece

An investigation of transducer mounting techniques for various industrial applications is beyond
the scope of this investigation, but could be an indicator for an area needing further investigation.

In the following experiments, annealed silver was placed inside all three interfaces of the transducer
stack and the test piece. The low carbon steel test piece was hand polished with 100 grit sandpaper—the
same surface preparation technique used by the project’s industrial sponsor to prepare the pipe surfaces
on which ultrasonic transducers are mounted. The axial compressive force exerted by the load frame
was increased in increments; the SNR and peak-to-peak voltage of the backwall echo signal were
recorded at each load increment. The test was stopped when the peak-to-peak voltage stabilized. The
load was then reduced to 0.5 kN and reapplied.

Figures 4 and 5 show the SNR vs force graphs for two different sets of transducer components Sets
1 and 2. By the third loading cycle, a load of only 2 kN (25.5 MPa) was enough to produce an echo that
had stabilized with a maximum SNR near 65% in both samples, with a spectrum centered at 3 MHz.

It is noted that the load required to achieve stable coupling during the first loading cycle was
different for Set 1 and Set 2. Additionally, the SNR achieved in Set 2 was larger than that obtained in
Set 1. This may be due to the roughness of test piece 1 being pressed down and flattened after loading
with the first transducer—a phenomenon reported in literature [10,12]. This effect is prominent for test
pieces with larger air gaps in the roughness of the surface.
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SNR vs Force (Set 1)
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Figure 4. Axial loading for Set 1.

SNR vs Force (Set 2)
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Figure 5. Axial loading for Set 2.

In summary, a rough, carbon steel surface typical of that found in an industrial plant can be
acoustically coupled to our transducer prototype after cyclic loading three times with a load of 2 kN.
When practical, pre-pressing of the surface can “flatten” surface roughness to a certain degree, making
efficient dry coupling with annealed silver foil achievable at even lower loads.

3.4. High Temperature Coupling Test

A high temperature test was carried out to determine the suitability of this dry coupling method.
Figure 6 shows a transducer assembly—a backing, piezoelectric crystal, and matching layer—coupled
to a ground low carbon steel test piece. Annealed silver foil was placed in between the three interfaces
(see Figure 1). The fixture was placed in the load frame and loaded up to 12 kN (152.9 MPa), unloaded,
and then loaded to 8 kN (101.9 MPa). It was then unloaded and four screws with disc springs were
tightened to a load of 3 kN (38.2 MPa). The disc springs were used to compensate for thermal expansion
during the high temperature test. Spacers were machined to an exact height, so that when the screws
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were tightened, the washer on each bolt would touch the spacer when the springs provided a combined
force of 3 kN on the transducer stack.

Washer _I_.

Spacer —§

. Piezoelectric Crystal
Backing U

Figure 6. High temperature test fixture.

The fixture was placed in a furnace and heated up to 800 °C at 4 °C/min. The echo from the test
piece was recorded at room temperature and every 100 °C. The SNR and bandwidth of the echo at
each temperature increment are plotted in Figures 7 and 8.

SNR vs Temperature
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Figure 7. SNR vs temperature.

The SNR of the echo started at 32 dB and increased until 700 °C, after which there was a large drop.
The bandwidth of the echo remained between 60% to 70% until 700 °C, after which there was a large
drop. When the fixture was cooled and removed from the furnace it was noted that the screws were
loose. The disc springs may have deteriorated at higher temperatures (their service temperature was
600 °C) and this could have led to a loss in dry coupling pressure resulting in the drop in signal quality
at 800 °C. It is important to note that after the high temperature test was conducted the annealed silver
foil was inspected and no signs of deterioration were observed.
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Bandwidth vs Temperature
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Figure 8. Bandwidth vs temperature.

To summarize the preliminary high temperature test suggests that this dry coupling method
is suitable for high temperature applications, as the signal quality is comparable to that at room
temperature with ultrasonic gel.

4. Discussion

The objective of this study was to determine the dry coupling pressures required for each interface
of the transducer stack. Important criteria for proper transducer alignment were identified and a
uniform load distribution was obtained when axially loading the transducer.

Two potential filler materials were identified to be placed between the component surfaces of the
transducer stack as-rolled silver foil, and annealed silver foil.

With as-rolled silver foil, the dry coupling pressure required to produce an echo with an SNR of
25 dB and 60% bandwidth was 18 kN (229.3 MPa). Cracks were formed in the crystal during loading
to 24 kN and thus further testing with cyclic loading was not carried out. Although these transducers
were still functional, the cracks have negative implications for long term transducer performance and
the dry coupling pressure was to be lowered.

The use of annealed silver foil reduced the dry coupling pressure required to couple the transducer
layers together. The dry coupling pressure required between the backing and the crystal interface
dropped by a factor of three and the dry coupling pressure required between the crystal and matching
layer dropped by a factor of two. This is consistent with literature where drying coupling pressures
depends on material hardness [11,13].

Cyclic loading of the transducer stack three times after initial assembly, with annealed foil as
the filler material, reduced further the load required to 1 kN (12.7 MPa) in both interfaces. Cyclic
loading caused the of surface deviations of the interfaces to be pressed down and flattened to a certain
degree. Cyclic loading also caused the two surfaces to be better “matched” to each other, as shown in
literature [10,12].

The few hundred megapascals dry coupling pressure suggested for acoustic coupling of two
metallic interfaces can be greatly reduced through the use of precision aligned transducers, soft filler
materials, and cyclic loading. Preliminary high temperature tests suggest that this method is suitable
for high temperatures. Signals at high temperatures were comparable to that at room temperature.
This may make dry coupling a feasible coupling method in high temperature transducers and may be
an answer to a major problem in high temperature transducer manufacture.

For this initial investigation, tests and analysis are conducted at room and elevated temperatures,
such that dry coupling performance can be compared to that achievable with ultrasonic gel couplant.
Future work may be focused on the dry coupling of the transducer components with annealed silver

30



Sensors 2019, 19, 5383

or other filler materials with suitable properties at high temperatures. Future high temperature tests
may include thermal cycling and filler material durability testing. Devising a scheme to keep constant
pressure up to 800 °C will also be a target for future work.
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Abstract: This article describes the development of a French CEA in-house phased array Electro
Magnetic Acoustic Transducer (EMAT) adapted to hot and opaque sodium environment for in-service
inspection of Sodium Fast Reactors. The work presented herein aimed at improving in-service
inspection techniques for the ASTRID reactor project. The design process of the phased array EMAT
is explained and followed by a review of laboratory experimental test results.
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1. Introduction

In-service inspection of Sodium Fast Reactors (SFR) requires the development of non-destructive
techniques adapted to the hot (about 200°C) and opaque sodium environment. Piezoelectric probes
are usually used for in-service inspection; however, in liquid sodium, this kind of probes encounters
wetting problems. The liquid sodium does not adhere to the surface of the probe, leading to the
presence of gas at the probe’s surface that impedes an effective transmission of the ultrasounds
in the liquid sodium. To deal with this issue, piezoelectric probes have to be immerged several
hours in liquid sodium at very high temperature, which leads to damaging risks for these probes.
Electro Magnetic Acoustic Transducers (EMAT) have shown promise for overcoming these wetting
problems, as their technology enables the generation of pressure waves directly inside the liquid
sodium, and therefore, using EMATs simplifies and accelerates the implementation of inspections in
such environment. The R&D work concerning non-destructive inspection techniques for the ASTRID
reactor (see [1] for an overview of the current status of the associated R&D program) has therefore
aimed at exploring the potential of the EMAT technique, especially concerning under-sodium viewing
and in situ distance measurements in the reactor pressure vessel. In that context, other ultrasonic
transducers, based on piezoelectric concept, are being developed for Non-Destructive Examination
(TUCSS of FRAMATOME [2]) and for Under Sodium Vision (IMARSOD of CEA [3]).

Previous work performed at the CEA-LIST Non-Destructive Testing Department has led to proofs
of concept and liquid sodium feasibility tests using single element EMATSs, as well as phased array
EMATSs [4-6]. These probes happened not to be sensitive enough, and the recent work has been focused
on the ways to overcome this lack of sensitivity. This eventually led to a 12-element phased array
EMAT sensitive enough to consider trials in liquid sodium.

In this paper, the development process of a 12-element optimized phased array EMAT will be first
described, then, testing results obtained in the laboratory on aluminum blocks with this probe will
be presented.
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2. Context

Since France in 2008 considered the SFR concept to be the most mature for Generation IV nuclear
reactors, an extensive R&D program was launched. In-Service Inspection was identified as a difficult
task to perform (as sodium coolant is opaque, hot, and highly chemically reactive, as well as being
difficult to drain). Ultrasonic techniques have been extensively studied, as they are well adapted to
Non-Destructive Examination and telemetry measurement in this harsh environment.

Thus, development of ultrasonic transducers to be immersed in sodium at about 200 °C in the
reactor block (inspection is performed at shutdown conditions) led to a first phase of specification
consolidation, followed by a pre-qualification process involving increasingly more realistic experiments
using acoustic techniques and simulations performed with the patented CIVA code [7].

Associated applications for inspection deal with telemetry, vision and volumetric control for SFR
reactor block systems, structures and components, and also for the power conversion system. EMAT
concept appears as an efficient candidate for alternative technology of piezoelectric ultrasonic sensors.

Previous work has led to an 8-element phased array EMAT, tested under liquid sodium
environment at 180 °C for at least 24 h [6]. The EMAT was located 160 mm from the target,
as shown in Figure 1. The target presents two parts: the first one is composed of a flat plate, and the
second of a 6-mm-diameter rod. The flat plate is used as a reference, as all the energy sent to this part
comes back to the sensor if its surface is parallel to the plate. Thus, this reference is used to adjust
the orientation of the probe relative to the target. Then, the second part of the target is used to verify
the angular beam deflection of the EMAT and its resolution on a rod. An angular scan with several
positions was performed. The obtained image is shown in Figure 1. An echo is observed after the plate
echo; this comes from the container wall behind the target.

Target b)

a)

Target holder

Target echo at 162 mm

Backwall echo

Experiment /IZ

® 6 mm rod

Plate part

Figure 1. (a): Picture of the target used for liquid sodium test with the previous EMAT. (b): Ultrasonic
scanning images during liquid sodium testing.

The obtained image suffers from a high noise level, which does not allow discrimination of the
finer details of the advanced target (the 6 mm tube, for instance). The aim of the work described in
this paper is to improve the sensitivity of the EMAT in order to be able to detect this kind of detail.
However, these results with low sensitivity still demonstrate the proper functioning, over several
hours, of the EMAT in a harsh environment (liquid sodium at 180 °C).

3. Development of the Optimized 12-Element Phased Array EMAT

The principle of EMAT force generation in the context of under sodium viewing is explained in
Figure 2. A static magnetic field is induced in the region of the liquid sodium by permanent magnets.
In liquid, only Longitudinal-waves (L-waves) can be generated, in which case the orientation of the
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static magnetic field delivered by permanent magnets is suitable for generating such ultrasonic waves.
In addition to this field, eddy currents are generated directly inside the liquid sodium thanks to the coil,
which is located between the two magnets, powered by an alternative current. The penetration depth
of the eddy currents depends on the material conductivity and permeability and the pulse frequency
of the coil alimentation. This is called skin depth. In liquid sodium, for a pulse frequency of 1 MHz,
the skin depth is approximatively 110 um. The cross product between the eddy current distribution
and the static magnetic field results in a pulsed volume Lorentz force, which is located in the skin
depth, and acts as a source for pressure waves. This force can be expressed by the following equation:

F Lor = q?ﬁ (Figure 2). These ultrasonic pressure waves can then be used for inspection purposes in
the liquid sodium. Potential applications include object detection, distance measurements, surface
metrology, imaging for exploratory purposes and non-destructing testing of components. The design
shown in Figure 2 supports the generation of ultrasonic vertical L-waves.

Magnet Magnet
—
—
< 7 Coil
qv
¢ FLO?” SODIUM

Figure 2. Physical principles of pressure wave generation in liquid sodium. 7 is the electric current
— -

density, B the magnetic field, Fy o, the Lorentz force.

Based on this principle, a phased array EMAT was developed. The aim is to find the most suitable
arrangement for the magnets and the coils for generating L-waves that are able to focus or deflect the
L-beam and reach a sufficient sensitivity. This last point requires precisely considering the electronic
aspect, which is essential for this kind of probe, the low transduction efficiency of which is well known.

3.1. Magnet and Coil Design

The phased array EMAT is made up of several coils. Each coil represents an element to which a
delay can be applied in order to focalize or deflect the L ultrasonic beam by applying the appropriate
delay laws to all the elements.

The challenge for this EMAT is to combine the need for a small pitch (the pitch is the distance
between the centers of two adjacent elements (coils)) to ensure constructive interferences of the
ultrasonic waves, and the need for large magnets and coils to ensure a sufficient sensitivity. Indeed, in
order to be able to deflect the ultrasonic beam without increasing the grating lobes, it is recommended
to fix the pitch “p” so that p/A is lower than 1/2. With “A” being the wavelength of the L-waves in liquid
sodium that satisfies the formula A = ¢/f, where “c” is the celerity of the L-waves in liquid sodium, and
“f” is the center frequency of the EMAT excitation signal. For the targeted frequencies (1 to 2 MHz),
this constraint imposes a pitch lower than 1.23 to 0.6 mm.

Two designs were considered for the phased array EMAT probe; they are represented in Figure 3.
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Figure 3. Diagram of two possible designs of the EMAT probe.

In diagram a), two strong magnets surround all of the elements (coils). This is the design of
the first EMAT built for this project. Its main advantages are a small pitch and a strong magnetic
field, which is achieved thanks to the large magnets. The main disadvantages are due to the large
distance between the two magnets. This leads to an inhomogeneous magnetic field over the elements:
the amplitude of the Lorentz forces generated by each coil decreases rapidly with distance from the
magnet, preventing a good mastery of the beam. It also limits the number of elements. Because of
these limitations, the other arrangement (b)) for the EMAT was chosen.

In diagram b), each element (coil) is surrounded by two magnets, allowing the same magnetic field
over each element. Moreover, there is no more issue concerning the increase of the number of elements.
However, the size of the magnets (width, “W” in Figure 3, is limited here, because the larger their size,
the larger the pitch, and the greater the amplitude of the grating lobes. Furthermore, small magnets
lead to weak magnetic fields, and therefore to weak probe sensitivity. Therefore, a compromise should
be found between the pitch value and the magnets size. Please note that the same considerations
remain valid for the coil width, as it impacts the pitch. Moreover, another consideration has to be taken
into account regarding the coil width. Indeed, the EMAT is planned to operate in both emission and
reception. In emission, a large coil width is needed to allow the coil to be crossed by high currents that
will generate intensive ultrasonic waves, but in reception, a narrow coil width is needed to increase the
sensitivity. These two antagonistic requirements impose a trade-off with respect to the coil width.

It can be noticed that two coils next to each other are supplied by current in opposite directions.
This is due to the fact that the direction of the static magnetic field above one coil is in a direction
opposite to that above the other. Then, in order to obtain constructive Lorentz forces, the current
flowing through two adjacent coils needs to be in opposite directions.

Some simulations were performed with CIVA software in order to define the coil and magnet sizes
for a 1 MHz excitation signal in liquid sodium. The results led to the following values: the magnets
were 3 mm wide, 25 mm in height and 23 mm in length, and the coils width was 1.05 mm. The resulting
pitch was 4.05 mm.

This value of the pitch, 4.05 mm, is significantly superior to the recommended value.
The consequence is the presence of important grating lobes as displayed later.

3.2. Increase of the Magnetic Field
Once the dimensions of the coils and the magnets were chosen, the increase of the magnetic field
—
was studied. Magnets magnetized along the X axis were interleaved between the magnets magnetized

along the Z axis (Figure 4) in order to increase the magnetic field along the X axis at the surface of the
sodium. This kind of design is called a “Halbach array” [8], and is depicted in Figure 4.

36



Sensors 2019, 19, 4460

2D VIEW

X

Figure 4. Magnetic assembly design of the EMAT probe with the “Klaus Halbach” design.

In Figure 5, diagrams of the EMAT are exposed. The twelve rectangular coils are etched on a
flexible PCB and made of 8 turns. Each coil represents one element.

3D VIEW & Magnets N b)
. TOPVIEW
AL

\

j Coils \‘ \

UG

a)

Figure 5. (a): 3D view of the EMAT. (b): top view of the EMAT.

This new magnet arrangement increases the magnetic field close to the surface (0.1 mm) by about
a factor of 2 and by a factor of 1.5 at higher distances (1 mm).

The cartography of the amplitude of the vertical component of the Lorentz force generated below
the 12-element EMAT was computed with CIVA in liquid sodium (Figure 6). As can be seen, the
amplitude of the vertical components of the Lorentz force distribution are the same for each element,
as required.

Computation
area below coils
and magnets

Cartography of the
normalized amplitude of
the Z component of the

Lorentz forces

Figure 6. Simulation result. Normalized Z component of the Lorentz forces of the 12-element EMAT in
liquid sodium. (a): Computation area below the sensor. (b): Cartography of normalized amplitude of
the Z component of the Lorentz forces.
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The magnets used in this study (laboratory experiments) were Neodymium-Iron-Boron magnets,
because they are well known for delivering a strong magnetic field at room temperature. However,
their magnetizing force decreases with temperature increase until they lose their magnetism at around
590 °C. Magnets with a higher Curie point should be used for measurements in liquid sodium at 180 °C.
For the sodium trials, we used Samarium-Cobalt magnets with a Curie point at around 1000 °C.

3.3. Resonance Phenomena

After the choice of the geometric parameters of the EMAT, the electronic aspect was studied. The
equivalent electronic model proposed by Jian et al. [9] for one coil is shown in Figure 7.

Figure 7. Equivalent electronic model proposed by Jian et al. [9] for one element of the EMAT.

This electronic circuit presents a resonance frequency described by Thomson formula, where Leq
is the equivalent inductance of the coil and Ceq is the equivalent capacity of the coil.

1

V21LegCey

To improve the amplitude of the emitted and received signals of the EMAT, the resonance
frequency formula must be verified for each coil at the center frequency “f” of the EMAT excitation
signal. To adjust the parameters of the coil (Leq and Ceq) to the work frequency (f) the value of the
capacitor can be modified by adding a parallel capacitor, named Cies, as represented in Figure 8. The
determination of the value of Cyes is made theoretically for each coil by resolving the Thomson formula
(knowing f and Leq). The theoretical value is then adjusted experimentally by a current measurement
in each coil.

f=

Coil

Figure 8. Equivalent model of a coil with the addition of a capacitor in order to operate at the
resonance frequency.

In this second section, the geometry of the phase array EMAT and the method for optimizing the
sensitivity of the probe (magnet arrangement and use of the resonance phenomena) have been described.

4. Characteristics of The Ultrasonic Beam in Liquid Sodium with Civa Simulation Software

In this third part, the acoustic beam characteristics of the EMAT were checked thanks to the CIVA
software. The beam radiated by the 12-element phased array EMAT in liquid sodium at 180 °C was
computed with CIVA. Different delay laws were applied to the EMAT in order to check its capacity to
focus and deflect the beam.
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4.1. Focusing without Angular Deflection

A first set of delay laws was applied in order to focus the L-waves of the ultrasonic beam at
depths of 80, 100 and 150 mm without angular deflection (delay law called “L0°”). The results of the
simulated beams are shown in Figure 9. The cartographies displayed on this figure show the maximum
amplitude of the temporal acoustic signal radiated at each point of the cartography. The color blue
corresponds to the maximum amplitude and the color green to the smallest amplitude.

Computation Law LO” + focusing Law LO° + focusing | Law LO”® + focusing

area point 80 mm point 100 mm i point 150 mm

S

I

I

S

!

|

Figure 9. Simulation results. Longitudinal ultrasonic field radiated in liquid sodium by the 12-element
EMAT. Delay laws applied to focus at 80 mm, 100 mm and 150 mm without beam deflection (law L0°).
Computation of the field in two 2D areas located in the focal plane (figures a)) and in the orthogonal
plane (figures b)). Excitation signal at 1 MHz composed of 3 bursts (signal close to the experimental
one used in Section 4).

Yzone 3 Yzone Yzone

a)
b)

In the focal plane (images a) in Figure 9), the focal length varied from 45 mm to 93 mm when the
focusing depth increased. The focal distances required in the 3 cases were reached. In the case of a
focusing point at 150 mm, the presence of grating lobes very close to the main beam can be noticed.
As it is not recommended to work with such an ultrasonic beam, a shorter focusing distance will
be chosen.

In the orthogonal plane (images b) in Figure 9), the focal width varied from 10.3 to 12 mm when
the focusing depth increased.

For each of those three simulations, the amplitude of the ultrasonic beam displayed is normalized.
Nevertheless, a comparison of the three maximum radiated amplitudes was carried out. The simulation
results show that the maximal amplitude of the beam decreased with the increase of the focal depth
point. There was a loss of 3 dB between 80 mm and 150 mm focusing depths.

Considering the ultrasonic beam profile and amplitude, a focusing point at 100 mm was chosen
for the next simulation step.
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4.2. Focusing with Angular Deflection

A second set of delay laws was applied in order to focus and deflect the L-wave beam. The focal
distance chosen was 100 mm and the deflection angles were 0°, 10° and 20°. The simulated beams are
shown in Figure 10.

Law LO® + focusing point 100 mm Law L10° + focusing point 100 mm Law L20° + focusing point 100 mm

2D areas in the plane of focalisation

Xzgne

a)

Echodynamic curves extracted at the depth of the maximum amplitude

Xz0ne Xzone

b)
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Figure 10. Simulation results. Longitudinal ultrasonic field radiated in 180 °C liquid sodium by the
12-element EMAT. Focusing law at 100 mm without deflection (left figure), with 10° deflection (middle
figures) and with 20° deflection (right figure). Computation of the field in a 2D area located in the focal
plane (figures a)) and amplitude of the field along a horizontal profile extracted from the 2D field ate
the depth of the maximal amplitude (figures b)). Excitation signal at 1 MHz composed of 3 bursts
(signal close to the experimental one used in Section 4).

These maps show that the beam was well deflected. However, as expected, because of the large
value of the pitch with respect to the operating frequency, the amplitude of the grating lobes was
significant and increased with the required deflection angle. Thus, it will be important to ensure that
they do not lead to erroneous interpretation of the echoes, and simulations will be helpful for that.

The simulation results shown in Sections 2 and 3 validate the parameters chosen for the EMAT.
However, CIVA does not predict EMAT sensitivity. The EMAT sensitivity was then evaluated on the
basis of experimental trials performed on aluminum blocks.

5. Validation of Probe Performances Under Laboratory Conditions

In this section, the experimental results obtained with the EMAT on aluminum blocks are reported.
The frequency used for these experimental measurements was 2 MHz, in order to obtain about the
same wavelength in aluminum at this frequency (3.2 mm) as in liquid sodium at 1 MHz (2.5 mm).

5.1. Transmission Measurement on Aluminum Block

A first objective was to characterize the radiated beams obtained with different delay laws.
Therefore, an 80-mm-thick aluminum block was used in a transmission configuration, with the EMAT
and a fixed emitter located on one side of the block, and a piezoelectric probe and receiver scanning
the surface on the other side of the block. This configuration is shown in Figure 11.
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Figure 11. Experimental setup for transmission measurement—emission by the EMAT and reception
by the piezoelectric probe.

Five delay laws were applied for focusing the longitudinal wave beam radiated at the backwall
of the block (80 mm) with different angles of deflection (-20°, ~10°, 0°, 10° and 20°). An alternative
voltage of 250 V at 2 MHz composed of 3 bursts supplied the coils of the EMAT. The signals measured
by the piezoelectric transducer placed close to the backwall of the aluminum block are presented in
Figure 12. The C-scans displayed represent the maximum amplitude of the signal recorded with the
piezoelectric probe at each position of the scan.

BE o080 mm, 1200 SR o go mm, L-10° S BEE £oc go mm, L0* S BEE o go mm, L10° S R o0 5o, 1200 S

a)

C-scans
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Figure 12. Experimental results obtained for five delay laws applied to focus the L beam at 80 mm
depth with angular deflections of L-20°, L-10°, L0°, L10° and L20° (from left to right). (a): C-scans;
(b): Echodynamic curves; and (c): A-scans extracted at the position of the maximum amplitude of
the C-scans.

It can be noticed that the ultrasonic beams were deflected as expected, with a good spatial
resolution. The focal width at —3 dB does not increase much with the deflection, as can be seen on the
echodynamic curves (6.6 mm for L0° and 8.7 mm for L20°). The maximal amplitude radiated at 80 mm
decreases with deflection: there is a loss of 4.6 dB between the L0° and the L.20° deflections.

In addition, the amplitude of the grating lobes observed around the main beam are approximatively
12 dB weaker than the maximal amplitude at the focal point.

5.2. Pulse Echo Measurement on Aluminum Block

In this section, the results obtained with the EMAT probe in pulse echo mode are exposed.
The aluminum block used is the same as the one described in Section 4.1. The alimentation of the coils
also remained identical. This configuration is shown in Figure 13.
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Figure 13. Experimental setup for pulse echo measurement—emission and reception by the EMAT.

The L-wave backwall echo of the block described in Section 4.1 and received when no delay
law was applied in either emission or reception was measured. The A-scan obtained is presented in

Figure 14.
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Figure 14. Experimental measurements: A-scan obtained with the EMAT probe in pulse echo mode.
No focusing, aluminum block of 80 mm.

Considering the velocity of the longitudinal ultrasonic waves in aluminum, approximatively
6300 m/s, and the block thickness, 80 mm, the echo observed at 27 us is the first backwall echo.
The second backwall echo is observed at 52.9 us. Several echoes of weaker amplitude that appear
between the multiple backwall echoes can be noticed.

Then, the echoes of five Side-Drilled Holes (SDH) 6 mm in diameter located at 180 mm depth in a
250-mm-thick aluminum block were measured. The characteristics of this block and the experimental
setup are shown in Figure 15.

"
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Figure 15. Experimental setup and geometric characteristics of the aluminum block used for the echo
measurements on side-drilled holes.

Fifty delay laws were applied in order to realize an angular deflection of the L-wave beam
(sectorial scanning) between —20° and +20° with a focusing at 180 mm. This distance corresponds to
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the depth of the SDH. It is greater than the near-field distance of the EMAT, but this block was the only
aluminum block with SDH available for this study. This sectorial scanning configuration is presented
in Figure 16.

2,

Figure 16. Representation of the sectorial scanning configuration for the inspection of the
side-drilled holes.

In Figure 17, the measured S-scan (Sectorial scan) is represented: in the figure a), the S-scan is
reconstructed in the block using the L-waves time of flight and on the figure b) the S-scan is displayed

without reconstruction with the fifty laws applied on the x-axis and the time on the y-axis.

a)

|‘7 EMAT probe

SDH echo

SDH1  SDH2 spH3
Bottom echo

Figure 17. Experimental results. S-scans obtained on the aluminum block (250 mm thickness) with 3
SDHs (6 mm diameter) at 180 mm depth.

The A-scans extracted from the S-scan at the maximum amplitude of each SDH’s echo are
presented in Figure 18.

It may be observed that the dead zone spreads at over 40 us. Beyond this zone, the 3 SDH
responses were detected, as well as the response of the backwall of the block. In each A-san, both
echoes are marked with a vertical cursor.

As expected, the echo of the SDH 2 (identification on Figures 17 and 18) is detected with the best
SNR (Signal to Noise Ratio), as it is obtained using the non-deflected beam, whereas the SDH 1 and
SDH 3 are detected, with deflections of 11.5° and 15.2°, respectively.
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Figure 18. Experimental results. B-scans and A-scans of the 3 SDHs

eliminate low-frequency noise.

Between the SDHs and the backwall echoes, other echoes were observed that are not reproduced
in the simulation of this experimental test (Figure 19, note that CIVA does not simulate the echoes
observed in the dead zone). They were not related to transversal waves that might appear in the
aluminum blocks as, if so, these echoes would be present in the simulated images when CIVA computes

the T-wave contributions.
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Figure 19. Simulation results with CIVA software. B-scans and A-scans of the 3 SDHs in the 250 mm

aluminum block described in.

The experimental measurements and simulation results correspond: the SDH echoes and the
backwall echoes are detected during the same range of time. However, it can be noticed that the dead

zone is not taken into account in the CIVA simulation.
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Under laboratory conditions, the results obtained on aluminum blocks with this new EMAT were
improved compared to the results obtained with the previous EMAT (higher SNR and better deflection
of the ultrasonic beam).

6. Conclusions

Phased array EMAT sensors offer a significant potential for use in liquid sodium, as illustrated
with simulated and experimental results obtained with an EMAT prototype manufactured at the French
CEA Non-Destructive Testing Department. The prototype’s ability to steer and focus the ultrasonic
beam to the desired focal spots using electronic delay laws was demonstrated. The low sensitivity of
the EMAT described in this paper is still a drawback and a limitation to its application scope, despite
the method proposed to improve it. However, laboratory tests showed a sensitivity high enough
to image SDHs in aluminum blocks. Moreover, a comparison between the results obtained under
laboratory conditions with the previous EMAT version (which provides some results in liquid sodium)
and the new one shows the sensitivity improvement of the latter. Thus, good results in liquid sodium
environments can be expected. The next step of this study is to perform tests under a liquid sodium
environment at the Cadarache center of CEA by the end of 2019.
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Abstract: Ultrasonic techniques are developed at CEA (French Alternative Energies and Nuclear
Energy Commission) for in-service inspection of sodium-cooled reactors (SFRs). Among them,
an ultrasound imaging system made up of two orthogonal antennas and originally based on an
underwater imaging system is studied for long-distance vision in the liquid sodium of the reactor’s
primary circuit. After a description of the imaging principle of this system, some results of a simulation
study performed with the software CIVA in order to optimize the antenna parameters are presented.
Then, experimental measurements carried out in a water tank illustrate the system capabilities. Finally,
the limitations of the imaging performances and the ongoing search of solutions to address them
are discussed.

Keywords: SFR; in-service inspection; imaging; ultrasonic transducer; NDT (Non Destructive Testing);
NDE (Non Destructive Evaluation)

1. Introduction

Since France considered in 2008 that the sodium-cooled reactor (SFR) concept was the most
mature for Generation IV nuclear reactors, an extensive R&D programme was launched. In-service
inspection was identified as a difficult task to be performed (as the sodium coolant is opaque, hot,
highly chemically reactive, and difficult to drain). Ultrasonic techniques have been extensively studied
as they are well adapted to Non Destructive Evaluation (NDE) and telemetry measurement in this
harsh environment.

Thus, development of ultrasonic transducers to be immersed in sodium at about 200 °C in the
reactor block (inspection is performed at shutdown conditions) led to a first phase of specification
consolidation; then, a prequalification process involving increasingly more realistic experiments using
acoustic techniques and simulations was performed with the patented CIVA code [1].

Associated applications for inspection deal with telemetry, vision, and volumetric control for SFR
reactor block systems, structures, and components and for the power-conversion system.

Some techniques deal with short-distance imaging such as the EMAT (Electromagnetic-Acoustic
Transducer) of CEA [2] and TUCSS (Ultrasonic transducer for Non Destructive Testing—NDT—of
structures immersed in liquid sodium at 200 °C) of FRAMATOME [3] that are being developed for NDE,
whereas other, such as the orthogonal imaging concept based on an underwater imaging system [4]
and developed in the 2000s [5], deals with long-distance vision and the exploration of a large area
without moving the probe. The orthogonal imaging system allows for scanning a much larger area

Sensors 2019, 19, 4334; doi:10.3390/s19194334 47 www.mdpi.com/journal/sensors
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than that scanned with the same number of elements arranged in a matrix pattern, and thanks to the
large antenna’s aperture in the focusing plane, remote targets are likely to be imaged. This concept has
been taken up recently in order to reexplore its capabilities using actual simulation tools and imaging
methods. The first simulated results and experimental measurements performed in water highlight the
potential of the system in which manufacturing for sodium trials is ongoing at Toshiba Corporation
while imaging algorithms are specifically adapted or developed for its applications.

2. Imaging Principle of the 2-Antenna System

2.1. Description of the 2-Antenna System

The 2-antenna system is made up of two identical linear-phased arrays disposed in a “T”
arrangement (Figure 1a) which allows three-dimensional imaging. One antenna operates in emission
(E; the red one) and the other in reception (R; the blue one). The surface of each element of the arrays is
planar in the focusing plane and convex with a radius of curvature R in the orthogonal plane of the
antenna (Figure 1a,b). The values of the antenna parameters are provided later.

Antenna Zoom in on one element Q\a‘?@

emission
Antenna

reception

Central axis

Delay law
axis

a) R - element radius of curvature b) Focusing points

Figure 1. Diagram of the antennas’ arrangement and definition of the main terms used in the article:
(a) Diagram of the two antennas’ arrangement and of the orthogonal section of an element and
(b) definition of the key terms for one antenna. The central axis is perpendicular to the probe surface at
its centre. The delay law axis represents the direction of the deflected beam when delay law is applied.
When a delay law is applied, the beam is focused at the focusing point placed at a distance d as defined
in the figure and or deflected by an angle 8 in the focusing plane of the antenna. The orthogonal plane
is perpendicular to the focusing plane.

2.2. Imaging Using Electronic Scanning

A delay law is applied to each antenna in order to focus its beam at a chosen focusing point in its
focusing plane (Figure 2a,b) and, thus, to obtain a very narrow beam in this plane, whereas, due to the
convex surface of the elements, the beam is very divergent in its orthogonal plane. Due to its shape,
the beam of each antenna is called a “fan-beam” [5].

The intersection of the two fan-beams creates the useful part of the beam in the imaging process,
named “cigar-beam” because of its shape, and is oriented along an axis located between the E delay
law axis and the R delay law axis (Figure 2c). Thus, by applying successive delay laws in order to
move the “cigar-beam”, it is possible to scan and image a 3D zone (Figure 2d).

48



Sensors 2019, 19, 4334

Cigar-beam,

@ Fan-beagg, emission @ Fan-beam, recpetion @emissionl reception

1000-mm

Sevaral cigar-beam,
(12 delay laws)

Figure 2. Simulated beam results: Illustration of the electronic scanning principle by visualization
of the antenna beams computed with CIVA in a 3D zone of which the dimensions are given on the
figure. (a) Fan-beam radiated by the emission antenna. (b) Fan-beam radiated by the reception antenna.
(c) Emission/reception (E/R) cigar-beam. (d) Illustration of the twelve cigar-beams obtained for twelve
delay laws (the beams are displayed together in the same image, but in reality, the twelve delay laws

are applied successively to scan the space).

2.3. Imaging Using a Full Matrix Capture (FMC) and the Total Focusing Method (TFM)

To image the 3D area in front of the antennas, it is also possible to use the total focusing method after
an FMC acquisition [6]. In this case, the FMC is performed by firing each element of the transmitting
probe (E) and by receiving on every element of the receiving one (R). This imaging method is available
in CIVA, and a simulated example of TEM applied for spherical targets is displayed Figure 3.
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Figure 3. Simulated Full Matrix Capture (FMC)/Total Focusing Method (TFM) results: (a) Position of
the spherical targets in front of the two antennas. The four spheres are in the R focusing plane (left);
three of them are at a 1005-mm depth and one is at a 1030-mm depth (right). (b) Three-dimensional
and 2D TEM images of the spherical four targets computed in a 3D zone placed around the targets as
shown in Figure 3a.
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2.4. Main Advantages and Drawbacks of the Imaging System

As said in the introduction, the main advantage of the 2-antenna system is the large aperture
of each antenna, much larger than that obtained with the same number of elements arranged in a
matrix pattern, allowing the improvement of the spatial resolution (see, for example, numerical values
of the spatial resolution in Section 3.2). The main drawback comes from the way the cigar-beam is
formed from the two fan-beams. Indeed, as the combination of the two fan-beams leads to a deflected
cigar-beam of which the orientation depends on the position of the focusing point in the field of
vision, the system is suitable only for targets generating specular echoes that come back to the receiver
regardless of their orientation and position in the field of vision (as spherical targets or targets with
rounded parts) and for targets, as the large, rough, curved surfaces of a reactor vessel, that diffract
the field in all directions (that is the main application presented in Reference [5]). A distortion could
be observed for targets generating specular echoes that do not come back to the receiver, but some
targets could also be not detected at all if the specular echoes completely miss the receiver. For targets
for which low diffraction echoes are involved in the imaging process, a small signal-to-noise ratio
(SNR) is obtained. These considerations on the orientation of the cigar-beam used for the scanning
imaging are also valid for the elementary beams impacting the target in the FMC/TFM imaging. Thus,
the elementary echoes of the FMC might be invisible and lost in the noise, with the total target echo
emerging from the noise only after the TFM computation.

3. Simulation Study for Antenna Parameter Optimization

Whatever the imaging method applied (scanning or TFM), the same requirements must be
fulfilled regarding the radiated beam of the system to ensure an effective imaging in the case of the
targeted applications (mainly far-field imaging of lost objects and detection of structure displacement).
These requirements lead to the same optimized values of the antenna system parameters for both
imaging methods.

3.1. Required Beam Features and Associated Influencing Parameters

The first requirements deal with the dimensions of the field of vision. In the orthogonal plane of
each antenna, an almost constant beam’s amplitude is required at each depth. In the direction of the
focusing plane of each antenna, the potential grating lobes should be avoided. For depth, the amplitude
should not decrease too quickly as long-distance imaging is contemplated. Other requirements concern
the focal spot of the cigar-beam (axial and longitudinal resolutions).

The antenna parameters impacting these beam features are the classical phased array parameters
such as the element size in the focusing plane, the gap between two adjacent elements, and the number
of elements (these three parameters define the probe total aperture in the focusing plane) and also the
antenna element’s curvature and aperture in the orthogonal plane.

The effects of all these parameters in various combinations were evaluated and optimized with the
CIVA software in relation to both the signal centre frequency fixed between 1 MHz and 2 MHz according
to previous propagation studies in liquid sodium and to the bandwidth imposed by manufacturing
constraints (about 30%). Some results of the CIVA study are presented in the next paragraph.

3.2. Example of the Effects of Some Influencing Parameters on the 2 Antenna Beams

The element’s surface curvature and length in the orthogonal plane affect the beam divergence.
For example, we present the study on the effect of the surface curvature. The simulated beams of one
antenna (Figure 4) show that, when the element surface becomes more and more curved, from a flat
surface to a curved surface with R = 30 mm, the beam divergence increases in the orthogonal plane,
leading to a decrease in the radiated amplitude at a given depth. Thus, the chosen curvature was a
trade-off between the divergence—required to ensure at each depth a constant amplitude in a large
angular aperture—and the sensitivity.
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Figure 4. Simulated beam results: Effect of the variation of the radius of curvature of the elements
in the orthogonal plane on the radiated beam at two depths. (a) Position of the profiles (dash lines)
where the beam was computed. (b) Simulated amplitude of the beams along the 2 profiles obtained for
different radii of curvature of the elements. The fixed parameters used for the computation were 128
elements for each antenna, with element’s lengths of 1.8 mm in the focusing plane and of 35 mm in the
orthogonal plane, a gap of 0.2 mm between adjacent elements, a centre frequency of 1.6 MHz, and a
bandwidth of 30%.

The antenna aperture affects the spatial resolution as illustrated in Figure 5. As expected, the larger
the aperture, the better the spatial resolution. To increase the antenna aperture, we can increase the
element length, the pitch, or the number of elements. The element’s length and the gap (i.e., the pitch)
are imposed at the operating centre frequency as their increase leads to the presence of grating lobes.
Then, we choose to increase the number of elements knowing that it will be limited by the maximum
number of elements that can be operated and by manufacturing constraints. We hoped to build 128
elements antennas, but we know now that the number of elements will be comprised between 64
and 75.
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Figure 5. Simulated beam results: Effect of the variation of the antenna’s aperture in the focusing plane
on the cigar-beam spatial resolution at a given depth. (a) Position of the 2D beam computation area.
(b) Simulated maximum amplitude of the beams obtained in this area for antennas with 64 elements
(i.e., for an aperture of 127.8 mm) and with 128 elements (i.e., for an aperture of 255.8 mm). The fixed
parameters used for the computation were element’s lengths of 1.8 mm in the focusing plane and
of 35 mm in the orthogonal plane, a gap of 0.2 mm between adjacent elements, a surface radius of
curvature of 30 mm, a centre frequency of 1.6 MHz, and a bandwidth of 30%.
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For example, with 128 elements (i.e., with an aperture of about 256 mm), when a delay law is
applied to focus the emitted beam of one antenna at a point placed at a 1000-mm depth on its central
axis, the focal spot dimension in its focusing plane is 5.5 mm. While, with 64 elements (i.e., with an
aperture of about 128 mm) and the same point of focalization, the focal spot dimension increases to
9.5 mm (see Figure 5, bottom right).

Eventually, taking into account the simulation study performed with CIVA to optimize the antenna
parameters for 3D imaging in liquid sodium at 200 °C leads to the following set of values for the
antenna parameters. The number of elements is 128, the element length in the focusing plane is 1.8 mm,
the gap between two adjacent elements is 0.2 mm, the element dimension in the orthogonal plane is
20 mm, the radius of the convex surface in the orthogonal plane is 30 mm, the centre frequency is
2 MHz, and the bandwidth of the excitation signal is about 30% with respect to the centre frequency.

4. Experimental FMC/TFM Images Performed in Water and Associated Simulations with CIVA

A two-antenna prototype was designed in 1999 by CEA and manufactured by IMASONIC French
company to perform tests in a water tank using large curves and rough surfaces [5]. The number of
elements of each antenna is 128, the element length in the focusing plane is 1.8 mm, the gap between
two adjacent elements is 0.2 mm, the element dimension in the orthogonal plane is 20 mm, the radius of
the convex surface in the orthogonal plane is 35 mm, the centre frequency is 1 MHz, and the bandwidth
of the excitation signal is 50%. The relative positions of the two antennas are given in Figure 6.
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Figure 6. Diagram of the experimental trial configuration: (a) 3D diagram of the two-antenna system
and successive positions of the spherical targets at a 850-mm depth (red points): the spherical target’s
FMC were measured one after the other for each of the twelve positions of the sphere. (b) Top view of
the same configuration. The sphere located at X = 0° and Y = 0° (surrounded by a green circle) is used
as a reference for the amplitudes (see in the text).

Various experimental FMC and TFM images of spherical and planar targets were performed in
order to assess the antennas’ capabilities in terms of sensitivity and spatial resolution. The associated
FMC and TEM were also computed with CIVA (the model used for the echoes computation of the
spherical targets presented below was the SOV (Separation of Variable) model). For example, some
FMC acquisitions of the echoes of a spherical target (diameter & = 6 mm) located at a 850-mm depth
were carried out for 12 different positions of the target in the antennas field of vision (Figure 6).
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The TFM measured images obtained for four positions of the sphere are presented Figures 7 and 8.
They show the good capability of system imaging as, even for the target far from the R antenna axis,
the TFM image’s quality is good in terms of SNR and resolution in the three cases of Figure 7a,b and
Figure 8a. It is only when the sphere is far from both the E and R antenna axes (Figure 8b, where
the sphere is distant 235 mm from the E antenna and 227 mm from the R antenna) that the SNR
becomes too low to allow a good experimental image of the sphere. The SNR values measured on
the experimental TFM are 9.5 dB for Figure 7a, 8 dB for Figure 7b, 8 dB for Figure 8a, and 2 dB for
Figure 8b. It should be noted that, to calculate these SNRs, both attenuation and grating lobes were
included in the noise measurement.

The four results also show a good qualitative agreement between CIVA and the measures regarding
the evolution of the target image with the position of the sphere in the field of vision. A good quantitative
agreement was also obtained for the maximum amplitude of the TFM images: the discrepancy between
CIVA and the twelve measures was less than 3 dB (the reference for the amplitude is the TFM amplitude
obtained for the sphere located at X = 0° and Y = 0°, which is surrounded by a green circle in Figure 6).
However, the model used for the FMC simulation in CIVA does not predict the noise observed on the
experimental image as it is not taken into account for the computation.
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Figure 7. Measured and simulated FMC/TFM results: (a) The spherical target is at the position
surrounded with a blue circle in the 2D diagram of the experimental trial configuration (top of the
figure). (b) The spherical target (J: 6 mm) is at the position surrounded with a blue circle in the 2D
diagram. For each position of the target, the measured and CIVA simulated 3D and 2D TEM images
are displayed. The 3D TFM image was computed in a 3D zone centered on the spherical target and
represented on the figure. The 2D TFM image is in the XY plane and was extracted from the 3D image
at the position of the maximum amplitude.
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Figure 8. Measured and simulated FMC/TFM results for targets placed far from the antenna: (a) The
spherical target is at the position surrounded with a blue circle in the 2D diagram of the experimental
trial configuration (top of the figure). (b) The spherical target (&: 6 mm) is at the position surrounded
with a blue circle in the 2D diagram. For each position of the target, the measured and CIVA simulated
3D and 2D TFM images are displayed. The 3D TFM image was computed in a 3D zone centered on the
spherical target and represented on the figure. The 2D TFM image is in the XY plane and was extracted
from the 3D image at the position of the maximum amplitude.

5. Discussion for Future Work: Improvement of the Images’ Signal-to-Noise Ratio and their
Computation Time

It has been experimentally shown that the TEM applied to an FMC acquisition performed with
the two-antenna system allows to image spherical targets at large distances in water. However, two
main drawbacks have been identified. The first one is the low Signal-to-Noise Ratio (SNR), especially
for far-reaching targets. The second one is the high computation time required to obtain the images,
which is due to the large size of the field of vision (several hundred centimetres) and the large number
of elements of the antennas. In order to optimize the SNR and the computation time, several leads are
being investigated.

5.1. Signal-to-Noise Ratio Improvement

During full matrix capture, each probe’s element of the antenna operating in emission is fired
individually and emits a spherical wave that propagates in the medium and gives rise to an elementary
echo when meeting a target. This emission process, while it allows to insonify a large volume, transmits
a limited acoustic power as only one element is used. In order to increase the acoustic power sent into
the medium, the Plane Wave Imaging (PWI) method [7] can be used. The principle of this method
is to emit plane wave fronts generated by all the elements of the probe at different angles instead of
the spherical elementary wave front emitted by one element. As all the probe’s elements are excited
together, the acoustic power sent in the medium is much higher. Then, for the FMC, the backscattered
signals are recorded on every element of the probe and the signals are coherently summed up to
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obtain an image similar to the one obtained by TEM. The sole difference when applying the TFM is the
computation of the incident wave’s time of flight (spherical for the FMC and plane for PWI). In order
to take into account cylindrical wave fronts emitted by the element curved surface in the orthogonal
plane, some modifications were added to the “classical” PWI method that deals with emitted planar
wave fronts. Another possibility to improve the SNR is to use encoded transmissions like Hadamard
spatial codes [8]. With this method, all the probe’s elements are excited simultaneously, but for every
transmission, N electric signals applied to the N elements are multiplied by a combination of a +1/-1
coefficient. A coded matrix is thus formed. The equivalent impulse response matrix (i.e., FMC) can be
obtained with a decoding operation. The Hadamard coded excitation increases the SNR by an VN
factor compared to a conventional FMC.

The improvements resulting from the application of these two methods (PWI and Hadamard)
are not illustrated for our configuration of interest because it requires new experimental trials, where
the FMC will be replaced by a PWI or Hadamard acquisitions. These acquisitions are not completed
at the moment. Thus, instead of illustrating for telemetry applications (long-distance case), we
illustrate the methods for a highly attenuating medium (short-distance case). In each case, a high-level
noise is induced by attenuation (by the propagation distance or the high attenuation coefficient)
and the same methods can be applied to reduce it. Figure 9 shows the images obtained with three
methods (TFM, Hadamard, and PWI) for a side-drilled hole (diameter of 2 mm) at a 25-mm depth in a
strongly attenuating High-Density Polyethylene (HDPE) component with a 5-MHz, 64-element probe.
The noticeable increase in SNR with the Hadamard coding and PWI demonstrates the benefit that can
be expected from these methods.

20

Z (mm)

X (mm) X (mm) - X (mm)
(a) (b) (©

Figure 9. Comparison between (a) TFM, (b) Hadamard coding, and (c) Plane Wave Imaging (PWI)
images obtained in a High-Density Polyethylene (HDPE) component for a 64-element, 5-MHz probe.
The case is of a side-drilled hole (diameter of 2 mm) at a 25-mm depth. The amplification gain and
voltage excitation are the same for the three acquisitions process. Attenuation of HDPE in the bandwidth
is comprised between 0.4 and 1.4 dB/mm. Signal-to-Noise Ratios (SNR) are respectively 9 dB, 15 dB,
and 18 dB [8].

5.2. Computation Time Improvement

The other axis for improvement is the computation time of the images. Three options are currently
under investigation.

The first option is to use massive GPU (Graphic Processing Unit) parallelization. As the TEM,
Hadamard, or PWI algorithms consist in a large number of operations (summations of amplitudes at a
given time of flights for shot and receiving elements), they can be quite parallelized on a CPU (Central
Processing Unit) or a GPU. In order to avoid poor scaling effects due to concurrent memory accesses,
parallelization has been done on pixels and very good improvements in computation time have been
obtained on both CPU and GPU architectures [9].
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The second option, which can be used with any method and with parallelization, is to develop an
“adaptive” grid in the imaged area. Here, the principle is to start the imaging process with a loose grid,
then to detect the high-amplitude regions, and to iteratively refine the grid around those regions [10].
In our configuration that is purely three-dimensional, a 3D grid is needed. Work is ongoing to develop
it, and at the moment, we can illustrate it only with a 2D configuration. Figure 10 shows 2D TFM
images obtained on a set of simulated data for two side-drilled holes in a steel specimen imaged with
64 elements and a 2-MHz probe. It can be noted that, in this case, the same image quality is achieved by
the adaptive grid with only 16% of the number of pixels used in the original case (area of 45 X 40 mm
with a regular step of 0.4 mm).

() (d)

Figure 10. Adaptive grid: (a) TFM image obtained using (b) a regular and very fine grid and (c) TEM
image obtained using (d) an adaptive grid. The number of pixels in Figure 10d represents 16% of the
total number of points in Figure 10b.

The last option is to use frequency domain (f-k) methods. These methods are well known to
greatly reduce computation times. In particular, the methods developed by Stolt and Lu has been
adapted to NDE cases and to plane wave imaging [11]. It has been shown that f-k methods greatly
reduce the algorithm complexity (number of operations) compared to the classical PWI (cf. Figure 11)
and, thus, the computation time. The result presented Figure 11 was obtained in pulse-echo mode, and
the work to extend it to our antenna system, with separate transmission and reception, is ongoing.
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Figure 11. Algorithmic complexities: comparison between frequency domain (f-k) methods (Stolt and
Lu) and PWI [11].

Furthermore, it is important to note that our configuration presents two advantages regarding
the computation time of the images that strongly depends on the time required to compute time of
flight between the elements and the points of the imaged area. The first one is the absence of interface
between the elements of the antennas and the inspected area, and the second one is that the propagation
occurs in a fluid medium (case of the sodium at inspection temperature), where only longitudinal
waves exist. Indeed, the time-of-flight computation requires knowledge of the wave path between
the transmitting element and the focusing point. This path is much easier and thus faster to compute
when there is no interface as there is no refraction of the waves. Imaging the large area of the antenna
field of vision is made possible thanks to these advantages combined with the implementation of the
methods to decrease the image’s computation time.

6. Imaging Acoustic Sensor for Sodium Conditions

This 2-antenna acoustic system is devoted to sodium viewing with the following applications:
global imaging of the large primary circuit (some meters dimension), hypothetical large disorder
detection (structure buckling), and potential lost-parts identification. The present paper exhibits the
capabilities of such an enhanced imaging sensor which has been optimized with the CIVA software:
experimental measurements were carried out in a water tank, and results show a good qualitative
agreement between CIVA simulated results and the measures regarding spherical and planar target
images. Having in hand this original concept of a 2-antenna acoustic system and the simulation
CIVA code validated on commissioning water test results, it has been possible to design a first
sodium prototype. Made of 64 curved elements for each antenna, it is being manufactured by Toshiba
Corporation, which found and implemented specific technological solutions for bonding of the piezo
material and backing material, front plate material, and array processing of the probe.

Commissioning tests of this prototype will be first performed in water in Japan by the end of
2019; then sodium tests are scheduled in France in 2020. Dealing with abovementioned applications
for in-sodium vision, different targets will be used with different shapes: spheres for global viewing
capacities of the antenna, flat surface with small basins to evaluate the antenna’s performances for
surface metrology application, and nuts for the lost-parts detection performances.
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7. Conclusions

We presented a technique for long-distance vision in liquid sodium that enables imaging of large
areas using a system of two orthogonal linear phased arrays (antennas) and the total focusing method.
The use of CIVA to compute the antenna-radiated beams allows to easily understand and illustrate the
effect of all the antenna parameters (frequency, aperture, pitch, etc.). CIVA also enables to study many
combinations of parameters that was not possible in the first studies of this system and to propose an
optimized set of values regarding the targeted application of long-distance viewing. We presented some
examples of this simulated parametric study. The comparison of CIVA simulations with experimental
results shows a good agreement aside from the noise that is not taken into consideration because CIVA
does not compute it. The FMC/TFM imaging method was used to image the antennas’ field of vision
when, in the first study, the image was performed thanks to successive focalization at the different
points of the field. This imaging method is very efficient as illustrated by the experimental results
obtained in water, but as we deal with long-distance imaging and large imaging areas, small SNR and
computation time appeared as limitations for this method. We proposed several leads to improve both
of them that will be soon experimentally evaluated in water.
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Abstract: TUCSS transducer (French acronym standing for Transducteur Ultrasonore pour CND
Sous Sodium) is designed for performing NDT (Non-Destructive Testing) under liquid sodium.
Under sodium, the tests results obtained show that these transducers have sufficiently good acoustic
properties to perform basic NDT of a structure immersed under liquid sodium at about 200 °C using
conventional immersion ultrasonic technics. Artificial defects were made next to an X-shaped weld
and could clearly be detected.

Keywords: ultrasonic transducer; NDT; NDE; sodium; reactor; ultrasound; TUCSS; ISI&R; SFR; FBR

1. Introduction

Today, nuclear power provides about 10% of the world’s electricity [1], principally generated
from thermal-neutron reactors such as Pressurized Water Reactors (PWR) or Boiling Water Reactors
(BWR). Parallel to the development of these thermal reactors, several countries have undertaken
programs on Sodium Fast Reactor (SFR) development. To date, 12 experimental prototypes and six
commercial-size reactors of SFRs have been designed, constructed, and operated [2]. SFRs offer great
potential for a sustainable nuclear energy for many reasons, such as increased uranium utilization,
fast nuclear power growth from the available resources through the breeding of fissile material,
reduction of radioactive waste, utilization of fission products and other radioactive isotopes, higher
thermodynamic efficiency.

Regardless of these advantages, SFRs pose specific problems related to the use of chemically
reactive sodium. For instance, looking at the available feedback experience of SFRs operation, In-Service
Inspection and Repair (ISI and R) is a significant issue to deal with and plays an important role in the
safety approach of the plant for complying with new safety standards [3]. Non-destructive Testing
(NDT) of the components immersed in liquid sodium is particularly challenging because of the
harshness of the environment: high temperature, chemical aggression, and irradiation. The opacity
of the medium is also a specificity, which makes ultrasonic testing a well-adapted candidate for
performing NDT inside the primary circuit of these reactors.

This article reports on the feasibility of an ultrasonic transducer designed for performing NDT on
a welded structure immersed in liquid sodium at approximately 200 °C. The design and fabrication
of the ultrasonic transducer is first described, as well as the whole methodology for carrying out
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this specific ultrasonic inspection experiment. Finally, experimental results show that the developed
transducer has sufficient acoustic properties to be considered for performing NDT during the outages
of an SFR.

2. Ultrasonic Transducer for Non-Destructive Testing (NDT) under Liquid Sodium

Ultrasonic transducers for NDT under liquid sodium have to respond to very particular
specifications. Technical difficulties to be overcome are first described before presenting the design of
the Transducteur Ultrasonore pour CND Sous Sodium (TUCSS) transducer.

2.1. Technical Difficulties to be Overcome

2.1.1. Temperature Resistance

ISI'and R of the reactor will be performed during outages, as sodium temperature is maintained
at about 200 °C. This temperature is not conventional for ultrasonic transducers, and, moreover,
the transducer has to withstand this temperature from several hours to several days, continuously.
The transducer has to be functional at this temperature without external cooling, as it can be immersed
under 10 m, or more, of sodium, which makes cooling of the transducer inefficient with such a depth.

Several technologies can be considered for generating ultrasound. The choice here was made to
use piezoelectric transduction for converting electrical energy into ultrasonic pressure waves, and vice
versa. If the piezoelectric crystal used is ferroelectric, it is important to pay attention to its Curie
temperature so that it preserves its piezoelectric properties at the temperature of interest.

Passive materials conventionally used in NDT transducers fabrication cannot be used at 200 °C,
as their physical integrity could be damaged. Moreover, thermal expansion coefficients of the materials
of the different components (backing, matching layers, piezoelectric material, etc.) lead to different
strains at interfaces, generating stresses which may cause bond failure and therefore malfunction of
the transducer.

Electrical connections are also affected by the temperature level. So, cabling and soldering have to
be chosen carefully.

2.1.2. Chemical Compatibility

It was mentioned in the introduction that sodium was chemically reactive (like other members of
the alkaline elements family, it is a powerful reducing agent). It is reactive to air and water but it can
also be aggressive to different materials, so much care has to be taken at the external conditioning of
the probe. For instance, epoxy resins are not all compatible with sodium. Obviously, all materials used
for the external packaging of the probe must be compatible with sodium.

2.1.3. Irradiation Resistance

Transducers will be exposed to high levels of gamma irradiation (there is no neutron irradiation,
as inspections occur during reactor outage). Indeed, the potentially inspected structures can be quite
close to the reactor core, and thus activated by the neutron flux during power generation cycles.
Our objective is to design a transducer capable of withstanding a cumulated dose up to 216 kGy,
corresponding approximately to a one-month inspection campaign underneath the SER core.

2.1.4. Acoustic Performances Compatible with Non-Destructive Testing (NDT) Requirements

Short ultrasonic pulses are necessary in order to have sufficient resolution for efficient NDT
inspection. Controlling the pulse shape is necessary and our objective is to have a ringdown of
a maximum of 4 cycles at —20 dB at operating resonant frequency. Also, the dynamics of the transducer
have to be fairly high in order to be able to sense echoes from potential flaws inside the matter.
In a first approach, we aim to have signal to noise ratio (SNR) > 50 dB on the entrance echo of a flat
stainless-steel block.
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The acoustic properties of sodium are relatively similar to that of water, even considering that
sodium is a metal in its pure state. At 200 °C, its properties are [4]:

e Density = 903.5 kg/m®
e  Sound velocity = 2471.8 m/s
e Acoustic impedance = 2.23 MRayl

As a consequence, the same design rules can be applied as those for underwater immersion
NDT transducer design. The problem mainly consists in finding suitable backing and matching layer
materials for operating at a continuous temperature of 200 °C.

The most critical acoustic issue to be addressed is the acoustic transmission at the interface
between sodium and the transducer’s emissive face. Indeed, liquid sodium does not wet all material
surfaces. By comparison, it has a similar behavior to a drop of mercury which remains more or less
spherical when put in contact with a regular table, rather than spreading flat like a drop of water
would do. When a liquid does not wet a surface, it means that there remains a thin film of gas in
between. Transmission of acoustic energy between solid/gas or between liquid/gas is very inefficient in
the MHz range; the acoustic transmission coefficient is in the order of 0.001%, compared to optimal
state. This means the transducer’s emissive face should be made from a material that can be wetted
by sodium at 200 °C. Again, temperature can be a parameter of influence in the wetting of materials.
For example, sodium does not wet stainless steel at 200 °C; however, it wets well at a temperature
above 400 °C, as surface oxides react with sodium [5]. Note that when stainless steel wetting by sodium
is achieved, it remains wetted even if temperature decreases.

2.2. Transducer Design and Fabrication

Several transducer technologies have been developed for under sodium viewing. Most of them
are listed in the review paper [6-12]. EMAT (Electromagnetic acoustic transducer) technology also
seems to be interesting, due to the fact that wetting is not necessary to generate or receive ultrasonic
waves [13]. Nevertheless, NDT is very demanding in terms of acoustic performances because of the
need to satisfy to both constraints of short pulse lengths and high signal dynamics. To date, and to the
authors’ knowledge, no transducer technology has proven capable of performing conventional NDT in
immersion under liquid sodium at 200 °C.

TUCSS transducer (French acronym standing for Transducteur Ultrasonore pour CND Sous
Sodium) has been designed and fabricated at INTERCONTROLE/Framatome. Its main objective is to
demonstrate the feasibility of performing conventional NDT under the technical constraints listed in
Section 2.1. A photograph of a TUCSS transducer is shown in Figure 1.

Figure 1. Photograph of a “Transducteur Ultrasonore pour CND Sous Sodium” (TUCSS) transducer.

63



Sensors 2019, 19, 4156

TUCSS is based on piezoelectric transduction technology for generating and sensing ultrasonic
waves. A schematic representation of the transducer is shown in Figure 2. Its characteristics are
as follows:

Cable exhaust tube J—

Rear lid —_—

Thermocouple

Main body ~ ———]

Coaxial cable

Backing

Front ring
Piezoelectric disc

\

Matching layer Wetting layer

Figure 2. Schematic representation of the structure of a Transducteur Ultrasonore pour CND Sous
Sodium (TUCSS) transducer.

The piezoelectric disc is made from a PZT (Lead Zirconate Titanate) ceramic NAVY type II that has
a Curie point of 350 °C. Its free resonant frequency is 2.2 MHz and has an active diameter of 20 mm.

The backing material is made from a mixture of attenuative high temperature elastomers and
large size particles. Its roles are to damp the vibration of the piezoelectric disc and to attenuate the
acoustic energy travelling backwards (so that there are no spurious echoes originating from inside the
transducer). Its thickness is approximately 20 mm.

The matching layer is made from low attenuation high temperature thermosetting resin. Its role is
to optimize the transfer of acoustic energy travelling forward. Its thickness is 250 pm and its acoustic
impedance at 200 °C is 2.53 MRayl.

The front layer used for wetting in sodium is made of elastomer. Its thickness is 70 um and its
acoustic impedance at 200 °C is 0.59 MRayl. Its properties were measured using the technique in
Reference [14].

The cable is custom PFA (Perfluoroalkoxy) coaxial cable.

A type K thermocouple is integrated to monitor the temperature inside the transducer during
testing and during pre-heating of the transducer before immersion (to avoid thermal shocking).

All the mechanical parts (main body, front ring, and rear lid) are made from 316 L stainless steel.
The length from the inside face of the shoulder to front face of the transducer is 50 mm. The diameter
of the body is 36 mm.

3. Materials and Methods

Prior work using TUCSS transducers [15] reported on experiments related to the “contact” NDT
technique. The transducer was brought into contact with the testing block, as the whole setup was
immersed in liquid sodium. The initial result was positive, as a @ 3 mm side drilled hole (SDH) could
be detected in the matter. However, it was found that the friction between the two contact surfaces
was causing the loss of wetting on both surfaces (transducer and inspected block).

Further work using TUCSS transducers reported on “immersion NDT technique” [16], where the
transducer was shifted away from the surface of the inspected part (i.e., not in contact). The results
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were satisfactory and it was decided to pursue this direction for the NDT of welded assemblies of SFR
structures. Immersion NDT techniques are very common in the industry [17], and especially in the
nuclear industry [18].

The present NDT experiment was conducted on a 316L stainless steel block. Here we considered
a structure representing two 40 mm thick plates welded together by X-shape Manual Shielded Metal
Arc Welding (Manual SMAW).

Austenitic welds add a great complexity to the NDT inspection of a structure. The different passes
(see Figure 3) and the resulting recrystallized microstructures cause local heterogeneities in the stiffness
matrix, which disturb and scatter the ultrasonic wave. The aim of the present study is to determine if it
is possible to detect a flaw placed beyond the weld, in immersion under liquid sodium at 200 °C.

Figure 3. Multiple passes of the X-shape Shielded Metal Arc Welding (SMAW) weld.

The test block considered in this experiment is represented in Figure 4. It consisted of a 190 x 40 mm
block of 316 L stainless steel, with a height of 100 mm. It can be seen that it included the X-shape weld
and a 20 x 0.3 mm notch (with a notch height of 40 mm). This notch is made by spark machining from
the back surface and is placed at mid-height of the block. Two other indications were added to the
block in order to have reference points: a & 4 mm side hole (drilled all the way through the height of
the block) and a 45° chamfer.

\ |

Vertical rotation axis of the transducer carrier

Horizontal translation axis of the transducer carrier

@4mm hole X weld Notch 20x0.3x40mm

AN
\ 20
40 AN
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70 | Back surface 60
> L—)
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Figure 4. Schematic representation of the test block (horizontal cross section).

Under-sodium tests were conducted in a thermally regulated cylindrical vessel (& 320 x 200 mm)
containing 10 L of liquid sodium (pure sodium fusion temperature is 98 °C). A characterization device,
called DEFO (Dispositif d’Essais Faisceau Oblique), was specifically designed and fabricated in order
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to accurately move the TUCSS in front of the test block inside this sodium filled vessel. Photographs of
DEFO placed in the sodium vessel can be seen in Figure 5.

DEFO mechanisms for controlling vertical
motion (plunging the transducer in sodium),
horizontal motion (scanning), and rotation
(control incidence angle) /

Top surface of test TUCSS Sodium
block  emerging vessel

from sodium
Liquid sodium

surface (mirror-like)

Figure 5. Photographs of experiment (a) before immersion of the transducer and (b) when the transducer
is immersed.

Its mechanisms are made for translating and rotating the transducer and are kept as simple as
possible. They allow the transducer to move according to the 3 following motions:

Vertical translation for plunging of the transducer into liquid sodium.

Horizontal motion along the translation axis (see Figure 4) for performing the ultrasonic scan.

Rotation around the vertical axis (see Figure 4) to control the incidence angle with respect to the
front surface of the test block. This rotation applies to the transducer carrier and its axis is placed
20 mm away from the front surface. The carrier can keep its orientation when it is moved along the
horizontal translation axis. The transducer’s front face is placed 25 mm away from the rotation axis.

All the motions are manually controlled. Motors were excluded because of increased complexity
brought by inert argon atmosphere (electrical arcing), presence of sodium aerosols, high temperatures,
and instrumentation of the existing glove box. This experiment was conducted in a glove box of
CEA-DEN (Cadarache, France) sodium facilities.

Acquisitions are made with a TabletUT ultrasonic electronic system (Mistras Eurosonic,
Vitrolles, France). The electronic system was connected to a POSIWIRE WS42-1000-6-1E24LI-2-LF
(ASM, Moosinning, Germany) wire coder for correlating ultrasonic data with positions along the
horizontal scan.

Preparation of the experiment began by cleaning all the parts of the test device with alcohol,
followed by complete drying at 120 °C for 24 h. The device was then entered into the glove box and
placed into the sodium vessel. The volume of sodium was adjusted to reach the top surface of the test
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block. At this stage, the TUCSS transducer was not mounted on the DEFO device. The temperature
of sodium then rose to 400 °C for 6 h. This temperature step is compulsory for the sodium to
wet the stainless-steel test block and, consequently, for ultrasonic waves to be able to penetrate it
(and to be representative of reactor conditions where all internal structures have been wetted by sodium
during the initial high temperature cycle). Once the sodium cooled down to 200 °C, the TUCSS was
mounted on the transducer carrier, still above the sodium surface, which was then translated down
until it touched the surface of sodium (Figure 5a). This allows for a slow pre-heating of the transducer,
thus avoiding thermal shocking. The transducer was plunged under the free surface of liquid sodium
(Figure 5b) once its thermocouple read a stable temperature (approximately 170 °C). Echoes from the
block were visible straight away, indicating that wetting was immediate. The system was then ready
for performing ultrasonic scans.

4. Results

Several scans have been performed for different incidence angles. Each incidence angle allows the
indications inside the test block to be seen with a different detection mode. We first present the normal
incidence condition, which makes it easier to familiarize oneself with the reading of the data, and then
we present the two incidence angle conditions for which best detection results are obtained.

4.1. Normal Incidence Condition

Figure 6 shows a scan done in normal incidence (i.e., TUCSS axis perpendicular to the surface of
the test block).

Scan position = 0mm Scan position = 130mm
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Figure 6. Normal incidence scan.
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This scan can be interpreted as follows:

The trace from 0 to 12 us is the saturated dead zone of the transducer.

The linear trace at 40 us is the echo coming from the front surface of the block. It is present at all
scan positions from 0 mm to 130 mm.

The spot trace at [60 mm, 50 us] is the echo coming back from the & 4 mm hole.

The linear traces at 55 s are echoes coming from the back surface of the block. This backwall
echo is not visible at all scan positions:

e Itis shadowed by the hole at position 60 mm,

e Between 95 mm and 110 mm, the ultrasonic beam is disrupted/attenuated by the weld, preventing
echoes from coming back,

e  Between 115-120 mm, the local disruption in the backwall echo is caused by the presence of
the notch.

The settings for this scan were as follows:

e  Sodium temperature = 200 °C.

e 2MHz-100 V single square wave excitation.

e 30 dB gain in reception, in order to have the backwall echo without saturation (it was 12 dB for
having the front face echo not saturated).

This scan shows that the weld has an important impact on the propagation of ultrasound, as the
detection of the backwall echo is really disturbed. Also, even though a 0° incidence should not be used
for detecting a notch made perpendicular to the back surface, this scan shows that the shadowing of
the backwall echo gives us an indication of its presence.

4.2. Oblique Incidence Condition—Use of Shear 45° Waves

The first critical angle is reached at an incidence angle of 25.53°. Beyond this angle, the entire
incident wave in sodium is converted into shear wave in the test block. The notch can be detected
using pure shear wave mode. It was found that the best amplitude is obtained at an incidence angle of
35°, producing 45° shear waves (SW45°) in the test block. Figure 7 shows the resulting scan at 35°
incidence angle.

The settings for this scan were as follows:

e  Sodium temperature = 200 °C.
e 2 MHz-100V single square wave excitation.
e 45 dB gain in reception.

This scan can be interpreted as follows:

The traces from 0 to 20 us are the saturated dead zone of the transducer. It is longer than the dead
zone seen for the scan at normal incidence because the reception gain is 15 dB higher.

The traces at 45 us all across the scan are echoes coming from the front surface of the block.

The trace at [5 mm, 70 ps] is the echo coming back from the ¢ 4 mm hole.

The 45° chamfer is represented by the linear trace going from [95 mm, 80 us] to [115 mm, 70 ps].

Traces at [45 mm, 75 us] to [48 mm, 85 us] are echoes originating from the notch.
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Figure 7. Scan at an incidence of 35°, generating 45° shear waves in the block.
4.3. Oblique Incidence Condition—Use of LLS Detection Mode

When the incidence angle is lower than the first critical angle (25.53° in the present case),
the incident wave is converted into two waves with different polarizations: a longitudinal wave (LW)
and a shear wave (SW). These two waves have different propagation velocities and their refraction
angles are therefore different (see Section 5 for wave velocities measurements). In this study, it was found
that an incidence angle of 23° gave the best result for detecting the notch. At this angle, the two waves
generated are LW65° and SW29°. Figure 8 shows the resulting scan at 23° incidence angle.

The settings for this scan were as follows:

e  Sodium temperature = 200 °C.
e 2MHz-100 V single square wave excitation.
e 45 dB gain in reception.

This scan can be interpreted as follows:

The traces from 0 to 20 ps are the saturated dead zone of the transducer. It is again longer than
the dead zone seen for the scan at normal incidence because the reception gain is again 15 dB higher.
The traces at 40 ps all across the scan are echoes coming from the front surface of the block.

The trace at [20 mm, 65 ps] is the echo coming back from the @ 4 mm hole, detected in direct SW29°.

The notch is represented by the linear trace going from [25 mm, 80 ps] to [45 mm, 75 ps].
It is detected in LLS reflections mode. The first refracted LW65° is reflected off the notch in LW65°,
which is then reflected off the backwall in SW29°. The resulting wave comes out in in sodium at the
same position and angle (LW23°) as the incident wave.
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The 45° chamfer cannot clearly be detected at this incidence angle. It produces some noise visible
in 90 pus-115 pus range.
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Figure 8. Scan at an incidence of 23°, generating LW65° and SW29° in the block.

5. Discussion

5.1. Acoustic Performances

The results shown in Section 4 clearly indicate that it is possible to detect a notch placed beyond
the weld using a 2 MHz TUCSS transducer. Immersion testing was performed at different incidence
angles, which allowed the notch to be detected with different modes. The best results were obtained
using direct SW45° mode and LLS mode using an initial LW65°. In both modes, echoes from the notch
were detected with a 45-dB gain for a 100 V excitation at 2 MHz. This is 33 dB higher than the gain
required to detect the front surface echo without saturation.

The resolution of the transducer was also found to be sufficient. Echoes typically had
an approximately 2-us length, corresponding to a pulse ringdown of approximately 4 wavelengths at
2 MHz. Figure 9 shows a typical A-scan made with 0° incidence angle. The main echo at 40 us is the
echo from the front surface of the test block and the weaker echoes are echoes from the backwall.

These acoustic properties distinguish themselves from those of the other transducer by the
resulting combination of high sensitivity and high damping. We attribute this to the fact that most of
the transducers fabricated up to date for under sodium operation include a metallic front face. Stainless
steel has an acoustic impedance of approx. 47 MRayl, while sodium has an acoustic impedance of
2.23 MRayl at 200 °C. Metallic front face is an acoustic barrier to the transfer of acoustic energy in
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liquid sodium. Here, we show that a solution based on elastomeric materials is physically feasible and
acoustically relevant.
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Figure 9. A-scan at incidence = 0°, scanning position = 30 mm, sodium temperature = 200 °C.
5.2. Measurement of Velocities

In our test conditions, sound velocity in sodium at 200 °C was measured at 2407 m/s (2.6% lower
than theoretical value of 2471 m/s).
Sound velocities in 316 L stainless steel at 200°C were determined at:

®  Viin200°css = 5584 m/s
e Vsingoecss = 3004 m/s

5.3. Further Work

5.3.1. Time-Dependent Performances

The results shown in this article were reached during the first day of immersion of the transducer.
It was noticed that performance slowly degraded day by day due to a loss of wetting of the front face.
Nevertheless, the transducer can be repaired after reconditioning the elastomeric front face. Work is
ongoing to understand the origin of this loss of wetting condition and to limit its effects.

5.3.2. Under-Sodium Tests with Mockups Including Narrow Gap TIG Weld

Further work should be pursued in a similar study using a mockup, including a weld made by
automated narrow gap TIG (Tungsten Inert Gas) welding. Indeed, such a weld will present a different
geometrical and microstructural environment for the propagation of ultrasonic waves and thus disrupt
the detection of artificial defects in a different way than the present X-shape SMAW weld.

5.3.3. Irradiation

All the components and several material assemblies of the TUCSS transducers have been tested
under irradiation up to 135 kGy without degradation. We can confidently assume that the whole
transducer should be able to withstand 216 kGy (see specifications in Section 2), although a proper test
under 200°C conditions is necessary to validate this point.

6. Conclusions

The experimental results obtained show that the new concept of TUCSS transducers exhibits
sufficiently good acoustic properties to perform basic NDT of a structure immersed under liquid
sodium at 200 °C, using conventional immersion ultrasonic technics.
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The results obtained during this study demonstrate that conventional immersion ultrasonic NDT
technics can be considered in this chemically aggressive environment during SFR outages. This work
is an important step towards improved In-Service Inspection (ISI) of sodium-cooled nuclear reactors or
other sodium related facilities.
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Abstract: In field applications currently used for health monitoring and nondestructive testing,
ultrasonic transducers primarily employ PZT5-H as the piezoelectric element for ultrasound
transmission and detection. This material has a Curie-Weiss temperature that limits its use to
about 210 °C. Some industrial applications require much higher temperatures, i.e., 1000-1200 °C and
possible nuclear radiation up to 10° n/cm? when performance is required in a reactor environment.
The goal of this paper is the survey and review of piezoelectric elements for use in harsh environments
for the ultimate purpose for structural health monitoring (SHM), non-destructive evaluation
(NDE) and material characterization (NDMC). The survey comprises the following categories:
1. High-temperature applications with single crystals, thick-film ceramics, and composite ceramics,
2. Radiation-tolerant materials, and 3. Spray-on transducers for harsh-environment applications.
In each category the known characteristics are listed, and examples are given of performance in harsh
environments. Highlighting some examples, the performance of single-crystal lithium niobate wafers
is demonstrated up to 1100 °C. The wafers with the C-direction normal to the wafer plane were
mounted on steel cylinders with high-temperature Sauereisen and silver paste wire mountings and
tested in air. In another example, the practical use in harsh radiation environments aluminum nitride
(AIN) was found to be a good candidate operating well in two different nuclear reactors. The radiation
hardness of AIN was evident from the unaltered piezoelectric coefficient after a fast and thermal
neutron exposure in a nuclear reactor core (thermal flux = 2.12 X 103 nem=2; fast flux 2 (>1.0 MeV) =
4.05 x 10! ncm™2; gamma dose rate: 1 x 10° 1/h; temperature: 400-500 °C). Additionally, some of
the high-temperature transducers are shown to be capable of mounting without requiring coupling
material. Pulse-echo signal amplitudes (peak-to-peak) for the first two reflections as a function of the
temperature for lithium niobate thick-film, spray-on transducers were observed to temperatures of
about 900 °C. Guided-wave send-and-receive operation in the 2-4 MHz range was demonstrated on
2-3 mm thick Aluminum (6061) structures for possible field deployable applications where standard
ultrasonic coupling media do not survive because of the harsh environment. This approach would
benefit steam generators and steam pipes where temperatures are above 210 °C. In summary, there are
several promising approaches to ultrasonic transducers for harsh environments and this paper
presents a survey based on literature searches and in-house laboratory observations.

Keywords: piezoelectric; high-temperature ultrasonic testing; radiation resistance; field-deployable
sensor; guided-wave send-receive; spray-on transducers; piezocomposites
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1. Introduction

Currently, ultrasonic non-destructive evaluation (NDE) is employed periodically on passive high
temperature components, but continuous online monitoring has not been widely implemented.
The need for continuous online monitoring is becoming more important with the need for
high-temperature infrastructure license extension. Additionally, ultrasound is a highly attractive NDE
methodology given that it allows for inspection in optically opaque materials, such as liquid-metal
coolants, steam generator piping, and heat exchanger pipes. Further applications may be found in
materials research reactors where ultrasonic NDE can be used for in situ analysis of radiation effects on
novel radiation-hard materials currently being developed.

During the past decades there has been significant interest and therefore research into the problem
of ultrasonic transducers for harsh environments [1-82]. The aim of this paper is to give an overview,
review, and survey of piezoelectric materials for possible harsh-environment applications. The survey is
conveniently divided into several categories: single crystals, piezoelectric ceramics, composite ceramics,
and radiation-resistant materials and the new category of brush-on transducers. The survey starts
with several relatively well-known high-temperature piezoelectric materials summarized in Table 1 for
comparison. Listed also are the Curie-Weiss temperatures, which are useful in that they provide a
limit to the temperature to which a material can exhibit piezoelectricity. Furthermore, the conventional
PZT 5H is also listed, which is the commonly used piezoelectric in commercial applications.

Table 1. Some well-known piezoelectrics [1-9].

Piezoelectric Material Curie-Weiss Temperature (°C)
PZT-5H 210
Keramos lead metaniobate 400
Bismuth titanate 685
Lithium niobate 1000

2. Transducers for High Temperature Applications

2.1. Single-Crystal Wafers

In the category of the single crystals, both maximum temperature and long-term in situ operation
were investigated in a comparison study. These is the well-known lithium niobate (LiNbO3), and then
two relatively recently developed materials [3]: aluminum nitride (AIN) and YCOB [YCasO(BO3)3].
As shown in Figure 1, the pulse-echo amplitude of LiNbOs is stable until about 1000 °C [1]. Figure 2
shows the pulse-echo amplitude response for a single-crystal wafer of aluminum nitride at two
temperatures, 25 and 750 °C, showing only somewhat lower amplitudes at the higher temperature [2].
Figure 3 shows the ultrasonic high-temperature performance of single-crystal AIN wafer coupled to a
steel cylinder with acceptable performance to about 950 °C [2].
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Figure 1. Temperature profiles for pulse-echo amplitude of lithium niobate (LiNbOj3) single crystal
bonded to steel. B1, B2, and B3 describe three successive runs [1].
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Figure 2. Pulse-echo amplitude response for a single-crystal wafer of aluminum nitride at two
temperatures, 25 and 750 °C, showing only somewhat lower amplitudes at the higher temperature [2].
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Figure 3. Ultrasonic high-temperature performance of single-crystal AIN wafer on steel cylinder
showing acceptable performance to about 950 °C [2].
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Shown in Figure 4 are three consecutive runs over a measurement time of 14 h [3]. As can be seen,
all three materials exhibited stability in ultrasonic performance through heat treatment of 950 °C for
24 h and 1000 °C for 48 h. This “cook-and-look” testing revealed significant changes in the dielectric
properties and only small changes in the ultrasonic performance of lithium niobate. Dielectric changes
of the observed magnitude would be expected to have a noticeable effect on the ultrasonic performance.
However, the heat treatments were not equivalent during the dielectric and ultrasonic testing. It is
quite likely that the longer heat treatment caused a more pronounced change in the dielectric properties
of the lithium niobate [3].
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Figure 4. Comparison of heat treatment results for lithium niobate (LiNbO3), aluminum nitride (AIN),
and YCOB [YCa;O(BO3)3] [3].

The YCOB on the other hand exhibited a much less pronounced change in dielectric properties
after heat treatment. It is expected that YCOB is more stable at high temperatures than LiNbO3; which
is known to deplete its oxygen particularly at low oxygen partial pressure [3].

Material selection is based primarily on combining Curie temperatures (T;) and coupling
coefficients (e.g., dz3) of the constituents to achieve the desired overall piezoceramic properties.
To maintain an in-field transducer at high signal-to-noise (SNR), the piezoelectric transducer
material should have both a large coupling coefficient and a T, exceeding the transducer’s operating
temperature [4-10]. Micromechanical modeling enables prediction of overall properties based on the
properties of the constituents. Figure 5 presents a graph showing the electromechanical coefficient, ds3,
as a function of the T, for a selection of piezoelectric materials, consisting of single crystals, polycrystals,
textured crystals, and films [10].
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Figure 5. Electromechanical coefficient versus Curie temperature T [10].
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2.2. Thick-Film Ceramics

In the category of thick-film ceramic sample preparation, poling, acoustic data, high-temperature
tests, and the effect of protective aluminum oxide layer on both poling and temperature performance
were studied. Bismuth titanate thick-film transducers performed well up to 600 °C. Currently, tests are
ongoing with thick-film transducers deposited on pipes and simulated casings for NDE with guided
waves generated by both flat and curved arrays. Recently developed piezoelectric materials with high
Curie temperatures are listed in Table 2.

Table 2. High-temperature piezoelectric ceramics.

Piezoelectric Material Curie Temperature (°C)
Praseodymium titanate >1550 [11,12]
Lanthanum titanate 1461 [13,16]
Neodymium titanate 1482 [13,17]
Strontium niobate 1327 [14]
Calcium niobate >1525 [15]

Conventional piston-type transducers that send and receive ultrasonic waves typically use lead
zirconate titanate for the active element and have backing and matching layers. In addition, they
are usually coupled to the substrate through gel or adhesive. Harsh environments limit the types of
couplants that can be used, and curved surfaces present additional challenges. In contrast, spray-on
transducers are bonded directly to the substrate, precluding the need for couplants. Spraying
transducers onto curved surfaces is not substantially different from doing so on flat surfaces.
No matching or backing layers are used in this work, but they could be used if deemed necessary.
One advantage that spray-on transducers provide is the ability to design the transducer material for a
specific operating temperature by mixing powders into a sol gel to create a composite (or alloy).

2.3. Composite Ceramics

The biggest difference between piezoelectric materials used in conventional transducers and
spray-on piezoelectric transducers is density/porosity. Pressure is an integral part of forming fully
dense piezoceramics, and it is not part of spray-on processing. Thus, spray-on transducers have
porosity that affects their properties. On the positive side, it also provides strain tolerance to the
piezoceramic, which is bonded to a metal substrate that is subject to temperature changes. The pioneers
of spray-on piezoelectric transducer technology are Barrow and Kobayashi. Barrow et al. [18,19] added
powder to sol gel to form piezoelectric films thicker than 1-2 um using a spin coating methodology.
Kobayashi et al. [20-24] then adapted the powder/sol-gel technique using a spray gun to deposit
films on metal substrates. Searfass et al. [25-28] have provided technological advancements on the
sol-gel composition, fabrication, characterization, and high-temperature ultrasonic testing for such
spray-on transducers. As examples, Figures 6 and 7 show that PZT/BiyTi3O1, and BiyTizO;2/LiNbO3
composite transducers mounted on steel cylinders functioned well in pulse-echo mode until 675 and
1000 °C, respectively.
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Figure 6. Temperature dependence of pulse-echo amplitude for PZT/Bi; Ti3O;, piezocomposite spray-on
transducers deposited on steel cylinders [29].
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Figure 7. Temperature dependence of pulse-echo amplitude for BiyTizO;,/LiNbO3 piezocomposite
spray-on transducer [29].

The PZT/BisTizO1; transducer’s efficiency decreased when operating in pulse-echo mode, but a
discernable signal was still observed as low as 500 kHz. The thickness of this transducer was still
relatively thin, especially for low-frequency operation. The broadband nature of this transducer was
very evident in its testing in that it had a center frequency around 2.75 MHz but could still operate
effectively well below 1 MHz.

The BiyTiz3O4,/LiNbO; transducer was also tested for low-frequency operation, but it was
considerably less efficient. The signal effectively disappeared at frequencies much below 1 MHz.
This again shows the great advantage of the use of the PZT/Bi4 Ti3O1, composite. The PZT/BisTi3O1; has
a much greater signal amplitude and is more broadband allowing it to operate at low frequencies and
produce viable waveforms. Thicker PZT/BisTi3O1, transducers may further enhance their operation at
low frequencies. Both the signal amplitude and signal-to-noise ratio can be increased along with better
operation in the pulse-echo mode [25-28].

3. Piezoelectric Materials for Radiation Environment

Ultrasonic measurements have a long and successful history of use for material characterization,
including detection and characterization of degradation and damage, measurement of various physical
parameters used for process control, such as temperature and fluid flow rate, and in nondestructive
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evaluation (NDE) [31]. However, application of ultrasonic sensors in nuclear reactors has been limited
to low neutron flux environments. The development of ultrasonic tools to perform different in-pile
measurements requires a fundamental understanding of the behavior of ultrasonic-transducer materials
in these high neutron flux environments. Irradiation studies of ultrasonic transducers have been
described in the literature but are generally at lower flux/fluences than what might be seen in U.S.
nuclear reactors. The Pennsylvania State University (PSU) lead an effort that was selected by the
Advanced Test Reactor National Scientific User Facility (ATR-NSUF) for an irradiation of ultrasonic
transducers in the Massachusetts Institute of Technology Nuclear Research Reactor (MITR) [32,33].
This test was an instrumented-lead test, allowing real-time signals to be received from five ultrasonic
transducers including three piezoelectric transducers two of which were single-crystal wafers of
aluminum nitride. The irradiation began on February 20th, 2014 and was scheduled to run for a period
of 18 months or until all the sensors have ceased to operate. Recent results are presented and discussed
in detail in References [32,33]. In searching for candidate materials for use in harsh environments,
the most straightforward down selection parameter seems to be the transition temperature, which
provides an upper limit on the operating range of the piezoelectric material. In fact, a higher Curie
temperature has been found to correlate with increased radiation tolerance and the primary effect of
radiation damage in piezoelectric materials appears to be depolarization [21]. A table of candidate
materials for longitudinal wave generation is provided below in Table 3; however, this is only the first
step. The final column in Table 3 is of substantial importance as it has been found that crystal structure
plays a significant role in radiation tolerance of ceramics [33-74].

Table 3. Piezoelectric materials [33].

Material Transition Temperature °C Transition Type Structure
AIN 2826 Melt Waurtzite [6]
BizTiNbOg 909 Curie Perovskite layered [32]
LiNbO; ~1200 Curie Perovskite [21]
SryNbyOy3 1342 Curie Perovskite layered [32]
La,Ti,O7 1500 Curie Perovskite layered [32]
GaPOy 970 o3 SiO, homeotype [32]
ReCay(BO3)3, Re as Rare Earth element >1500 Melt Oxyborate homeotype [32]
ZnO 1975 Melt Wurtzite [33]

For the radiation effects, the discussion focuses on the case of AIN, which is not a ferroelectric and
has a transition temperature of 2865 °C (melting temperature). We also consider the case in which the
bulk of the crystal is kept below any transition temperature. In this scenario, during irradiation four
primary forms of damage are anticipated in a piezoelectric material:

(1) depoling via thermal spike processes,

(2) morphization/metamictization due to displacement spikes or high concentration of point defects,
(3) increase in point defect concentration, and

(4) development of defect aggregates.

Here, only the two most likely damage mechanisms are summarized, namely thermal spikes and
displacement spikes [33]. Additionally, transmutation products are considered, as these in fact induce
both thermal spikes and displacement spikes in some cases. To summarize, the considerations lead to
the conclusion that AIN is resistant to amorphization. Moreover, the very high transition temperature
renders the material immune to thermal spike damage. It is also clear that the transmutation reaction,
14N(n,p)'*C, generates only a fraction of a dpa at 10?! n/cm? and insignificant doping.

A single-crystal AIN element (4.8 mm in diameter and 0.45 mm thick) resonant at 13.4 MHz, was
coupled to an aluminum cylinder via mechanical pressure. Aluminum foil was used as an acoustic
coupler between the aluminum cylinder and the AIN element, allowing for strong, clear A-scan data to
be obtained. The AIN element was loaded, on the side opposite the aluminum cylinder, with a sintered
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carbon/carbon composite to reduce ringing and improve the signal clarity. The test fixture is illustrated
in Figure 8.

Aluminum

Alumina

Alumina

Aluminum
Cc-C
AIN

Aluminum

Figure 8. Photos of the fixture inserted into the Massachusetts Institute of Technology (MIT) reactor [31].

The aluminum cylinder acted as the lower electrical contact and the plunger provided the upper
electrical contact. The setup was connected to a radiation-hard 50 ohm coaxial cable. This radiation-hard
cable consisted of an aluminum conduit sleeve over fused quartz dielectric tubing with an aluminum
inner conductor. The cylinder/piezo setup was placed in the core of the Penn State TRIGA reactor and
irradiated to a fast and thermal neutron fluence of 1.85 x 108 n/cm? and 5.8 x 108 n/cm?, respectively,
and a gamma dose of 26.8 MGy. Throughout the irradiation the A-scan data were recorded with
impedance measurements interspersed.

A similar fixture was built and inserted into the reactor at the Massachusetts Institute of Technology
(MITR) for the ATR-NSUF tests. Table 4 gives the MIT Research Reactor Environment. Figure 8 shows
a photo of the fixture before being inserted into the MITR.
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Table 4. MIT research reactor environment.

The Massachusetts Institute of Technology Reactor is characterized by the following features:

Total flux = 1.89 x 10'* n/cm?

Thermal flux (<0.4 eV) = 2.12 x 10'3 nfem?
Epi-thermal flux (0.4 eV-0.1 MeV) = 8.03 x 10'® n/cm?
Fast flux 1 (>0.1 MeV) = 8.78 x 10'® n/cm?

Fast flux 2 (>1.0 MeV) = 4.05 x 103 n/cm?

Gamma dose rate: 1 x 10° r/h

Temperature: 400-500 °C

3.1. Temperature Tolerance

Prior high-temperature experiments with AIN [2,3] may lead one to suspect that crystalline
defects can degrade the high-temperature transduction of AIN. Considering that radiation causes
displacement damage and transmutation doping, one may wonder how the irradiated AIN would fare
at high temperatures. To answer this call the irradiated crystal, having negligible activity after cooling
for a few weeks, was tested up to 500 °C. Figure 9 shows the relative pulse-echo amplitude measured
as a function of temperature. Some of the waveforms are provided in Figure 10. Additionally, d33 was
measured prior to and after irradiation and found to be 5.5 pC/N, which is unchanged from the pristine
value. Further, subjecting the irradiated AIN crystal to temperatures of 950 °C for 72 h caused no
change in the performance of the AIN crystal [32-34].
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Figure 9. Relative pulse-echo amplitude measured as function of temperature for AIN sample. Note
the increase as temperature is raised above 400 °C [31].
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Figure 10. A-Scans obtained from AIN TRIGA reactor core, ® is the fast neutron fluence [31].

3.2. Radiation Tolerance

The A-scan data, illustrated in Figure 10, were recorded and analyzed in terms of the echo
amplitude, which are presented in Figure 11. The amplitude over the course of irradiation remains
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nearly constant and indicates the radiation hardness of the AIN and the test fixture. In Figure 11 the
black dots represent the data from the tests in the Penn State TRIGA reactor, whereas the red points
represent the data from the tests in the MITR.
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Figure 11. Normalized amplitude of pulse-echo signal showing the results of both the Pennsylvania
State University (PSU) TRIGA reactor and the MITR (Massachusetts Institute of Technology Nuclear
Research Reactor) measurements. Note that the excursions to low amplitudes are the results of reactor
scrams [31].

For practical use in harsh radiation environments, the selection criteria for piezoelectric materials
for NDE and material characterization were summarized. Using these criteria piezoelectric aluminum
nitride was shown to be a viable candidate. The results of tests on an aluminum-nitride-based transducer
operating in two nuclear reactors were presented. The tolerance of single-crystal piezoelectric aluminum
nitride after fluences of up to 10%° n/cm? is examined. The radiation hardness of AIN is most evident
from the unaltered piezoelectric coefficient dz3, which measured 5.5 pC/N after a fast and thermal
neutron exposure in a nuclear reactor core for over 120 MWh in agreement with the published literature
value. The results offer potential for improving reactor safety and furthering the understanding of
radiation effects on materials by enabling structural health monitoring and NDE in spite of the high
levels of radiation and high temperatures known to destroy typical commercial ultrasonic transducers.

4. Spray-On Transducers for Harsh Environment Applications

Damage detection in the power industry is always vying for optimized and cheaper techniques.
Most components in the energy sector utilize metallic structure, whether it is for power generation,
storage, transportation, or waste management. Many components operate at a high temperature
adding further challenges for their health monitoring. Given that commercial transducers rated
for elevated temperatures are limited and expensive, the use of spray-on film transducers for such
purposes has been researched while keeping the fabrication simple enough for anyone to create them.

Bismuth titanate (BisTizO;7) is an excellent piezoelectric which has a T of 670 °C and a safe
operating level until about 500 °C, considerably higher than PZT. Unlike the preceding sol-gel
method [18-26], this fabrication process involves a lithium-silicate-based inorganic binder and water
to mix with the Bi;TizO;, powder. The following steps are optimized for best results.

1. Select the powder (BIT or lithium niobate/barium titanate) and mix with Ceramabind 830 to
achieve a 1:0.2:0.8 ratio (powder-binder-water by weight ratio); A plastic stirrer was used to
rigorously mix the powder and binder, but it could be mixed with a ultrasonic horn.

2. Create the solution by combining the mixed powder/binder with distilled water at the specified
concentration in a 15 mL glass vial.

3. Prepare the substrate by roughening the surface with a fine-grit sandpaper, and then clean it with
isopropyl alcohol.
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4. Spray the slurry onto the substrate with an air gun (Goplus Electric Paint Sprayer, 450W High
Power HVLP Paint Spray Gun with 3 Spray Patterns, 3 Nozzle Sizes, Adjustable Valve Knob and
900ml Large Detachable Container); The air gun pressure should be 20-22 psi and the nozzle
should be approximately 20 cm from the surface. Alternatively, apply slurry with a brush.

5. Dry each layer of the sprayed film in the relatively low-humidity environment (15-20%) of a
glove box for at least 15 min to avoid cracking.

6. Repeat steps 4 and 5 to achieve the desired film thickness (preferably thicker than 120 um).
The average thickness of a single spray is 18 pum.

7. Use a thickness gage to measure the average thickness of the film.

8. After the film layers have cured, brush apply a conductive silver paint (SPI Chemicals, Inc., Atlanta,
GA, USA) on the portion of the film to become the transducer to a thickness of approximately
30 pm. Each layer takes approximately 15 min to cure in the low-humidity setting, so if there are
eight spray repetitions, it will take about 2 h. For films thicker than eight layers, the cure time for
a layer may be longer.

9. Once the electrode is applied, heat the sample to 60 °C for a few minutes with a heat gun to allow
the electrode to dry. This step is optional as the electrode can air dry in a longer time.

10.  Attach a bare nickel chrome wire (supplied by Consolidated) with silver paint to serve as the lead
wire as shown in Figure 12.

11.  Pole sample at a desired electric field for at least 20 min at ambient temperature.

Figure 12. Bismuth titanate, lithium niobate, and organic bismuth titanate film transducers (left to
right). Good adhesion was observed for extended periods of time. One film transducer is still working
normally after several years of use [7].

With the initial bulk-wave characterization of the film, it was noted that despite the lower
piezoelectric coefficient compared to PZT, the film transducers were able to function at higher
temperatures. Another major advantage is the straightforward fabrication procedure and the ability
for these films to cure at room temperature. An alternative method to produce these films consisted of
using organic compounds instead of the high-temperature inorganic binder. The organic films were also
excellent in heat resistance despite having a slightly complicated fabrication procedure compared to the
inorganic films. Figure 12 shows samples of BisTi3O1, (left), LINbOj3 (center), and organic BigTi3O1p
(right) spray-on films were fabricated using the beforementioned procedure and the inorganic method.

Figure 13 shows A-scan pulse-echo measurements of BisTi3O; (left), LINbOj (center), and organic
Biy TizO1 (right) thick-film transducers deposited on a steel cylinder (7 mm) at 40 dB gain, film thickness
~200 micron, and frequency ~1.5 MHz [7].

The bismuth titanate powder used was 99.99% pure BisTizO;, 200 mesh (75 pm particle size)
supplied by Lorad Chemical Corporation. Lithium niobate powder was a 99.99% pure LiNbO3
325 mesh (45 pm particle size) supplied by LTS Research Laboratories, Inc. (Orangeburg, NY 10962,
USA). The barium titanate used was 99% pure BaTiO3 325 mesh (45 um particle size) supplied by
Acros organics (Thermo Fisher Scientific, Branchburg, NJ, USA).
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Figure 13. A-scan pulse-echo measurements of Bi;Ti3O;; (left), LiNbOj (center), and organic BigTizO1p
(right) thick-film transducers deposited on steel cylinder (7 mm) at 40 dB gain, film thickness ~200 micron,
and frequency ~1.5 MHz [7].

The Curie-Weiss temperatures of BiyTi3O;; and LiNbO3 make them ideal candidates for
high-temperature testing. These films were inserted in the tube furnace and peak-to-peak voltage
measurements for the first and second reflection from an edge were recorded. The furnace was set
to increase the temperature of the films at a rate of about 6 °C/min. The BiyTi3O;; films were tested
up to a temperature of 650 °C, whereas the LiNbOj5 films were tested to a temperature of 900 °C.
The first and second echoes were recorded in terms of the signal amplitude and plotted in relation
with the temperature ramp seen here in Figure 14 for the BiyTizO;; film. Figure 15 shows the results
for LiNbO3 sample.
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Figure 14. Signal amplitude (peak-to-peak) for the first two reflections as a function of temperature for
bismuth titanate thick-film, spray-on transducer [7].

To demonstrate their ability to perform as a guided-wave sensor, the primary Lamb wave modes
(A0, SO, A1, S1) were generated using a comb transducer arrangement. Furthermore, 6061 aluminum
plates of several different thicknesses ranging from 2 to 4 mm were chosen as the waveguides. Sets of
comb transducers were then applied onto the plate a certain distance apart in a through-transmission
setup as shown in Figure 16a,b.
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Figure 15. Signal amplitude (peak-to-peak) for the first two reflection as a function of the temperature
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Figure 16. (a) S is the element width, W is the element gap, W + S is the wavelength of the traveling
wave [7]; (b) Schematic of the experiment setup for generation of Lamb waves in a 3.2 mm thick 6061
aluminum plate [7].
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The number of actuating and receiving elements were altered to give rise to various configurations
for better transducer characterization. Calculations solving the thin-plate Lamb wave transcendental
equations were performed for the comb elements to be spaced by the same length as the wavelength of
the preferential excited mode [79]. See Figure 17 for graphs of the corresponding dispersion curves.
A tone-burst of 15 cycles was introduced in the actuator set of the transducers and the A-scan was
plotted. According to the excitation parameters and the comb spacing, the S1 mode should be the first
to be received as shown in Figure 18. The readings were then recorded through various receiving
elements and calculation were performed to compare the experimental group velocity for S1 mode
with its theoretical value at that specific frequency.
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Figure 17. Dispersion curves for a 3.2 mm thick aluminum 6061 plate showing the activation line on
the phase velocity and corresponding group velocities at that frequency [82].
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Figure 18. A-scan for one of the tested plates showing the superimposed guided-wave modes from
three different elements [7].

Figure 19 presents the frequency spectrum for one of the received waveforms showing both the
second and third harmonics. The third harmonic appears relatively strong and useful for further
studies. The other A-scan waveforms display similar frequency spectra.

Signal-to-noise ratio (SNR)was calculated by taking the ratio of the root-mean-square (rms) value
of the amplitude (peak-to-peak) within the mode window to the rms value of the noise window in
decibel units given by this formula.

Vpk—to—pk )
Vinoise

SNR = 20 * loglo(
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Figure 19. Frequency spectrum for one of the guided modes. The presence of harmonics is also
indicated [7].

The rms value is calculated by multiplying 1/(242) to the peak-to-peak voltage.
The signal-to-noise ratio along with the signal strength for the three films is shown in Table 5.

Table 5. Signal-to-noise calculations for the inorganic and organic films.

Film Bi4Ti3012 LiNbO3 Organic Bi4Ti3012
Signal window (us) 5.071-5.739 5.071-5.554 5.030-5.635
Noise window (us) 5.756-7.510 5.615-7.490 5.675-7.450
Signal strength pk-pk (V) 2.895 0.868 2.815
Noise strength pk-pk (V) 0.267 0.156 0.284
Signal rms (V) 1.024 0.307 0.996
Noise rms (V) 0.094 0.055 0.100
Signal strength (dB) 9.321 -1.232 8.990
Noise strength (dB) —11.484 -16.157 -10.939
Signal-to-noise ratio (dB) 20.716 14.926 19.929

The inorganic films are easy to produce and extremely inexpensive, as the films use very small
quantities. A batch of 5 g powder with another 5 g of the solvents is enough to coat at least two
of the stainless cubes used for the pulse-echo measurements. For spraying films on bigger areas,
the slurry quantity would also have to be increased, but compared to the cost of commercial sensors
these transducers are affordable. The respective SNR of 20.72, 14.93, and 19.93 dB for the BisTi3O1,
LiNbOj3, and organic BigTi3O;; films is comparable to commercial transducers. According to the
study done by Kobayashi, the films on the planar surfaces yielded an SNR of 16 dB and a center
frequency of 3.6 MHz, where the BiyTi3O;, was doped with PZT. Here, without a strong piezoelectric
material such as PZT, the signal strength is quite strong. The center frequencies for the BisTi3O1,
LiNbO3, and organic BiyTi3O; films were 1.4, 1.22, and 1.42 MHz, respectively. With the premise of
a working transducer, the films were then subjected to temperature testing. From the capacitance,
other parameters to characterize the films could be calculated such as the dielectric constant, dielectric
loss, amount of charge in the film, and even piezoelectric constant after some analysis. The higher
the dielectric constant, more charge could be held by it and used as electric potential. Poling these
films requires patience. Through some further study, it was found that an aluminum oxide protective
layer on the top of the piezo film was useful for serving as an electrical blanket, which prevented the
charges from jumping and short circuiting the film. With the alumina layer, the films could be poled at
voltages only a few hundred volts below the coercive field.
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5. Conclusions

This Invited Special Issue contribution addresses the current state-of-the-art and offers a practical
guide to ultrasonic transducers for harsh environments including temperatures above 2120 °F (1000 °C)
and neutron flux above 10'% n/cm?2.

In field applications currently used for health monitoring and nondestructive testing, ultrasonic
transducers primarily employ PZT5-H as the piezoelectric element for ultrasound transmission
and detection. This material has a Curie-Weiss temperature which limits its use to about 210 °C.
Some industrial applications require much higher temperatures, i.e., 1000-1200 °C and possible nuclear
radiation up to 10%° n/cm? when performance is required in a reactor environment.

The goal of this paper is the survey and review of piezoelectric elements for use in harsh
environments for the ultimate purpose for Structural Health Monitoring (SHM), Non-destructive
Evaluation (NDE) and material characterization (NDMC). The survey comprised the following
categories: 1. High temperature applications with single crystals, thick film ceramics, and composite
ceramics, 2. Radiation tolerant materials, and 3. Spray-on transducers for harsh environment
applications. In each category the known characteristics are listed, and examples are given of
performance in harsh environments.

In summary we have presented a survey of piezoelectric materials capable of operation at
higher temperatures and possible nuclear radiation. This survey tries to both gather information and
summarize it. The findings indicate that PZT/BisTi3O1, and BisTi3O1,/LiNbO3 composite transducers
functioned in pulse-echo mode until 675 and 1000 °C, respectively. Recent interest in the radiation
endurance of piezoelectric ultrasonic transducers has stimulated a search for appropriate materials.
Some applications may be found in materials research reactors where ultrasonic NDE can be used
for in situ analysis of radiation effects on novel radiation-hard materials currently being developed.
This paper presents a survey of piezoelectric materials for possible harsh-environment applications.
Moreover, our experiments in a nuclear reactor for one of the materials, AIN, demonstrated an example
of possible resistance to radiation. Unfortunately, AIN is not a very efficient producer of ultrasonic
waves. Therefore, one of the future goals is to come up with transducers with higher efficiency that are
tolerant of radiation. We also showed that some of the high-temperature transducers could be mounted
on a target without requiring coupling material. Guided-wave send-and-receive was demonstrated on
planar and pipe structures for possible field deployable applications. Interesting and possibly relevant
research applications with brush-on transducers are going on at the University of Montpellier for
fission gas characterization [83,84].
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Abstract: In this study, a high-sensitivity Pb(Mg; ,;Nb;,3)O3-PbTiO3 (PMN-PT)-based ultrasonic
transducer was developed for detecting defective pressurized water reactor (PWR) fuel rods. To apply
the PMN-PT substance to nuclear power plant facilities, given the need to guarantee their robustness
against radioactive materials, the effects of neutron irradiation on PMN-PT were investigated.
As a result, the major piezo-electric constants of PMN-PT, such as the electrical impedance, dielectric
constant, and piezo-electric charge constant, were found to vary within acceptable ranges. This means
that the PMN-PT could be used as the piezo-electric material in the ultrasonic transducer for nuclear
power plants. The newly developed ultrasonic transducer was simulated using a modified KLM
model for the through-transmission method and fabricated under the same conditions as in the
simulation. The through-transmitted waveforms of normal and defective PWR fuel rods were obtained
and compared with simulated results in the time and frequency domains. The response waveforms
of the newly developed ultrasonic transducer for pressurized water reactor (PWR) fuel rods showed
good agreement with the simulation outcome and could clearly detect defective specimens with
high sensitivity.

Keywords: nuclear power plants; pressurized water reactor fuel rods; ultrasonic transducer; PMN-PT;
neutron irradiation; non-destructive evaluation

1. Introduction

A pressurized water reactor (PWR) fuel rod typically consists of sintered uranium dioxide pellets
stacked into thin zircaloy tubes (~ 4-5 m), which are sealed by welding at both ends. The zircaloy tubes
are the first protection against leakage of the dangerously radioactive fission products. If deterioration
of a PWR fuel rod occurs in coolant, its fission products are leaked and the defective PWR fuel rod
is filled with cooling water. Therefore, detecting the presence of infiltrated water in the PWR fuel
rods, which indicates cladding failure and lack of mechanical integrity, is very important for the safety
of PWRs. Ultrasonic transducers based on lead zirconate titanate (PZT) ceramics have been widely
used in the non-destructive evaluation (NDE) of nuclear power plant (NPP) components as well as in
various other industrial fields due to their high performance and ease of manufacture [1-4].
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However, the PZT-based ultrasonic transducers have some limitations for application to the
high-attenuation materials used in NPPs because of its low piezo-electric constant [5,6]. In contrast, Pb
(Mg ,3Nby/3)03-PbTiO3 (PMN-PT) single crystal is currently considered one of the most important
among the emerging piezo-electric materials for high-sensitivity ultrasonic transducers. This is
because of its superior piezo-electric constants, including exceptional piezo-electric charge constant
(d33 = 1500 pC/N), high electro-mechanical coupling factor (k33 ~ 0.9), and superior dielectric constant
(er ~ 5000) [5-10]. In addition, these piezo-electric constants can provide good sensitivity and
bandwidth for ultrasonic imaging techniques [10-12]. In spite of these advantages, PMN-PT is not
widely used for NDE of NPP applications because there has been little conformance verification
on its radiation and high-temperature resistance. Much research about the effects of various kinds
of irradiation on ferro-, pyro-, and piezo-electric elements have been reported [13-15]. However,
to the best of our knowledge, only a few studies on the effects of radiation on PMN-PT have
been conducted [7,16]. In our previous study, we investigated the effects of neutron irradiation on
PMN-28%PT for NPP applications [16]. Increasing the neutron radiation dose to 160 Nm/g (Mrad)
changes the major piezo-electric constants, which can affect the overall performance of ultrasonic
transducers. For this reason, a number of qualities such as the dielectric constant ¢,, piezo-electric
coefficient d33, electrical impedance |Z|, and electrical resistance (ohm, (2) were measured and analyzed.
In addition, X-ray diffraction (XRD) was used to analyze the changes of the piezo-electric constant values.
Angadi et al. reported the radiation response of PMN-PT to high-energy heavy ions (50 MeV Li%*,
fluence 1 x 10131 x 10 jons/cm?), in terms of its structural, dielectric, and piezo-electric constants at
high temperature (180 °C) [7]. The current NDT methods to evaluate the extent of failure of in-service
or post irradiated fuel rods are eddy current testing (ECT) and ultrasonic testing (UT) [17]. UT testing
for in-service NPPs is typically conducted by its maintenance periodic testing activities after reactor
shutting down and the temperature of coolant system is cooled down below 93 °C [1,18,19]. The two
experimental studies clearly demonstrated that the piezo-electric constant and crystallinity of the
material showed only slight changes (within acceptable ranges) under harsh environments and that
variation of the major piezo-electric constants hardly affected the overall piezo-electric performance
of PMN-PT.

Therefore, we developed a PMN-PT-based high-sensitivity 5 MHz ultrasonic transducer for
detecting defective PWR fuel rods of in-service PWRs. To accomplish this, we designed the ultrasonic
transducer and simulated its response waveforms. For the ultrasonic transducer design and simulation,
various models based on equivalent circuits have been developed such as the Mason, Redwood, and
KLM models [20-22]. Among these models, the KLM model was selected for this study due to its simple
acoustic transmission nodes and transfer functions that operate in a more physically intuitive manner
than in the others [23-26]. The KLM model can simulate the thickness-vibration mode of a piezo-electric
material, from which its ultrasonic pulse-echo response signals can be obtained. However, because the
technique for detection of the permeated water is the through-transmission method, in this study, we
used a modified KLM model developed in a previous study for the ultrasonic through-transmission
method [25]. Then, the through-transmitted waveforms of defective PWR fuel rods were simulated.
To verify the outcome, a prototype ultrasonic transducer was fabricated, and the experimental set up
duplicated the same conditions used in the simulation. Then, the through-transmitted waveforms of
normal and defective PWR fuel rods were obtained in time and frequency domains and compared
with the simulation results.

2. Neutron Irradiation Effects on PMN-28%PT

In our previous study, according to neutron irradiation dose on PMN-28%PT (Ibulephotonics
Co., Ltd., Republic of Korea), changes of its electrical impedance, |Z|, dielectric constant, ¢,, and
piezoelectric charge constant, d33 were measured by an impedance and gain-phase analyzer (HP 4194A,
Hewllet Packard Co., Ltd., Palo Alto, CA, USA), LCR meter (4263B LCR meter, Agilent Co., Ltd, Santa
Clara, CA, USA), and ds3-meter (Z]-6B PIEZO d33/d3; meter, Institute of Acoustics Chinese Academy
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of Sciences, Beijing, China), respectively, and its results were analyzed by X-ray diffractometry (D/Max
2200, Rigaku Co., Ltd., Tokyo, Japan). Also, obtained XRD pattern data were sorted by search-match
method [16]. The number of PMN-28%PT samples was three and those were irradiated by Cf-252
neutron source from 0 to 160 Nm/g (Mrad) at a neutron dose rate of 50 Nm/g/h (Mrad/h) at room
temperature. The center frequency and diameter of PMN-28%PT samples were 1 MHz and 1.8 mm.
Figure 1 shows the results of the neutron irradiation effects on three PMN-28%PT samples.
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Figure 1. Results of the neutron irradiation effects on three PMN-28%PT samples: (a) Electrical
impedance, |Z|; (b) dielectric constant, ¢;; (c) piezo-electric charge constant, dz3.

Piezoelectric constant, d,, (pC/N)

In Figure 1, the black lines are the average of three samples and red vertical lines represented
the 95% confidence intervals. In Figure 1a, the electrical impedance increased up to 40 Nm/g dose
and after 40 Nm/g, it maintained constant values. In Figure 1b, permittivity slightly increased and
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decreased rapidly up to 20 Nm/g. Then, it represented uniform values. In Figure 1c, d33 decreased up
to 40 Nm/g and maintained uniform values up to 160 Nm/g. To analyze the causes of those property
changes, its XRD pattern analysis was performed. The measurement conditions of the XRD experiment
is summarized in Table 1, and Figure 2 shows obtained XRD patterns of three PMN-28%PT samples.

Table 1. Measurement conditions of X-ray diffractometry.

Parameters Units Values
X-ray source : Copper (Cu)
Load kv 40
Sample mode . reflection
Scan mode . step scan
Scan range (20) Degree, ° 3600
Scan interval (26) Degree, ° 0.02
Monochromator . Curved graph
Detector : Scintillation Counter
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Figure 2. The intensity variation of three PMN-28%PT XRD patterns at (001) plane according to
irradiation does levels.
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In Figure 2, XRD pattern of (001) plane of PMN-28%PT and Au (111) peak appeared very
high. (111) peak is the electrode (Au) of PMN-28%PT. From the obtained XRD data for analyzing
the formation of the PMN-28%PT samples in single phase, the radioactive irradiation affected the
material structure of PMN-28%PT. The crystal structures of PMN-28%PT, which can be described
by [(1-x)Pb(Mg13Nb,/3)O3-xPbTiO3] are rhombohedral, monoclinic, tetragonal, and cubic phase at
room temperature in accordance with the amount of PbTiO3 content [16]. From Figure 2, the crystal
structure of PMN-28%PT samples showed tetragonal phase. The polarization of PMN-28%PT, which
has tetragonal phase, can be influenced by the degree of off-center of atoms occupied the (00]) reflection.
In addition, gradual increase of X-ray diffracted intensities for (002), (003), and (004) reflections means
the increase of reflection plane density due to atoms occupied the (00/) toward the center position.
Consequently, the degradation of d33 and dielectric constant was affected by this movement of atoms.
In the view point of qualitative analysis, its phase was not changed. However, the full width at half
maximum (FWHM), which represents its crystallinity, irregularly varied according to the irradiation
does as shown in Figure 3.
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Figure 3. Variation of full width at half maximum (FWHM) at (001) plane of PMN-28%PT in accordance
with the accumulated neutron irradiation does.

In Figure 3, the variation of the FWHM diffraction peak reflects the change of its crystallinity
with an increase in the radiation dose. Also, the irregularity of its crystallinity is one of the important
major causes that develop defect density such as sample dislocation. This phenomenon can cause the
permanent dipole moment decreases in the PMN-28%PT crystal structure. From the above analysis,
we concluded that the variation of major piezo-electric constants can be caused by neutron irradiation
dose [16]. Although there was slight decrease in the PMN-28%PT crystallinity according to increasing
neutron irradiation dose, the major piezo-electric constants, which can decide the ultrasonic transducer
performance, such as electrical impedance, dielectric constant, and piezoelectric charge constant, varied
within acceptable ranges as shown in Figure 1. Therefore, the PMN-28%PT single crystal could be a
promising piezo-electric material for NPPs application.

3. Ultrasonic Transducer Design

3.1. Structure of Ultrasonic System and Transducer

The ultrasonic testing system for detecting defective PWR fuel rods consisted of transmitting (Tx)
and receiving (Rx) ultrasonic transducers, a test specimen, an oscilloscope, a pulse generator, and a
receiver. Unlike a pulse-echo method, which uses one ultrasonic transducer, the through-transmission
method utilizes both Tx and Rx ultrasonic transducers. The conceptual diagram of a device inspecting
PWR fuel rods is shown in Figure 4.
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Figure 4. Conceptual diagram of sound and defective pressurized water reactor (PWR) fuel rods and
its ultrasonic inspection: (a) Sound PWR fuel rod; (b) defective PWR fuel rod with permeated water
from reactor coolant; (c) ultrasonic inspection of sound PWR fuel rod and its ultrasonic path, which is
trapped in PWR fuel rod; (d) ultrasonic inspection of defective PWR fuel rod and through-transmitted
ultrasonic path.

Figure 4a,b shows the sound and defective PWR fuel rods. Uranium powder baked into cylindrical
yellow pellets were stacked into a thin zircaloy tube. The outer diameter and thickness of PWR fuel rod
is 10 mm and 1 mm, respectively. There is a gap between the tube and the pellets, and the gap is filled
with helium gas to improve heat transport from the nuclear fuel to the reactor coolant [2-4]. However,
in the case of defective fuel rod, the cooling water can be permeated through the zircaloy tube and
the gap is filled with the water instead of the gas. When PWR fuel rods are inspected, the main way
to receive the elastic waves generated by the Tx ultrasonic transducer is via the tube, as described
in Figure 4c, and the distance between both ultrasonic transducers is about 12 mm. If defects occur,
cooling water fills the gas gap and the ultrasonic waves are directly transmitted to the Rx ultrasonic
transducer, as represented in part Figure 4d. Therefore, the NDE of the PWR fuel rods is conducted by
analyzing the through-transmitted ultrasonic signals propagated within the zircaloy tubes.

The structure of the ultrasonic transducer includes the piezo-electric element, front matching
layers, metal cases, and backing materials. The piezo-electric material transforms the acoustic energy
into electrical signals, and vice versa. The backing materials act like a mechanical damper that absorbs
the ultrasonic waves generated on the back side of the piezo-electric element. It also determines the
bandwidth of the response waveforms by controlling their acoustic impedance [25-28]. The front
matching layer is located between the piezo-electric element and a test specimen and serves as an
acoustic impedance matching filter to minimize loss of the acoustic energy and to control the phase of
the transmitted ultrasonic signals [5,6,25-28]. The structure of the PMN-28%PT ultrasonic transducer
developed for NDE of PWR fuel rods is shown in Figure 5.
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Figure 5. Structure of the PMN-28%PT ultrasonic transducer developed for non-destructive evaluation
(NDE) of PWR fuel rods.

To serve as the acoustic matching filter, the acoustic impedance of the front matching layer must
be derived, and its ideal acoustic impedance is defined in Equation (1) [27,28].

Zy = \Z1Z3, 1)

where Z; and Zj are the acoustic impedance of the piezo-electric material and medium (a test specimen),
respectively. Because the PWR fuel rods are in the coolant, the acoustic impedance of the medium
was assumed to be that of water (1.5 x 10° kg/m?s). The calculated acoustic impedance for the front
matching layer was 6.6 x 10° kg/m?s and poly methyl methacrylate (4 x 10° kg/m?s) was selected
because of its ease of mechanical working and low acoustic attenuation coefficient. In addition, the
appropriate thickness of the front matching layer is one quarter of its wavelength at the operating
frequency of the ultrasonic transducer, and the calculated thickness of the poly methyl methacrylate
was about 0.1 mm [27,28]. In addition, to determine the acoustic impedance of the backing material,
backing materials with various acoustic impedance were simulated using the KLM model. From this,
8 X 10° kg/m?s was selected as the acoustic impedance of the ultrasonic transducer, with about 60%
bandwidth as in our previous studies [5,6,25,26].

3.2. KLM Model Modified for the Through-Transmission Method

In our previous study, according to the neutron irradiation dose on PMN-28%PT, changes of its
electrical impedance, |Z|, the dielectric constant, ¢;, and the piezo-electric charge constant, d33 were
measured and analyzed because they are the crucial factors that affect the sensitivity and bandwidth
of ultrasonic transducers [16,27-29]. The KLM modeling codes for ultrasonic through-transmission
method are included in Supplementary file 1. To improve the electrical transmission loss and to
control the bandwidth, the electrical impedance of piezo-electric materials is used to design the electric
tuning circuit, which is located between the ultrasonic transducer and connected ultrasonic system.
In particular, the dielectric constant and piezo-electric charge constant can directly affect the sensitivity
of an ultrasonic transducer [20-22]. From XRD results, the major properties of PMN-28%PT are known
to change its crystallinity with increasing neutron dose (from 0 to 16 Mrad). The variation was within
an acceptable range (about +5%) [16]. Therefore, we concluded that PMN-28%PT could be applied
for NDE in NPPs. The material properties of the PMN-28%PT used in this study are summarized in
Table 1 and the same properties were also used for the simulation.

In Table 2, the size of the PMN-28%PT was 3 X 3 mm because it should be smaller than the diameter
of the PWR fuel rods (10 mm) to prevent the acoustic energy generated by the Tx ultrasonic transducer
from being directly transmitted to the Rx ultrasonic transducer. The dielectric constant and piezo-electric
constant were measured using an LCR meter (4263B LCR meter, Agilent Co., Ltd., Santa Clara, CA,
USA) and d3z-meter (Z]-6B PIEZO d33/d3; meter (Institute of Acoustics Chinese Academy of Sciences,
Beijing, China), respectively. The acoustic impedance of the PMN-28%PT, including its density and
sound speed, was determined using XRD diffraction analysis and the ultrasonic pulse-echo method.
The curie temperature of PMN-28%PT is 160 °C and the major piezo-electric constants such as dielectric
constant and d33, which decide the sensitivity of ultrasonic transducer showed acceptable ranges in
other studies [7,10]. To simulate the through-transmitted waveforms, we developed the modified KLM
model: A schematic including a test specimen and ultrasonic transducers (Tx and Rx) is shown in
Figure 6 [25].
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Table 2. Measured material properties of PMN-28%PT single crystal.

Parameters Units Values
Density Kg/m® 8000
Area of piezo-element mm? 9
Dielectric constant at 1 kHz &r 5400
Piezo-electric coefficient, ds3 pC/N 1515
Longitudinal velocity m/s 3600
Acoustic impedance kg/m?s 29 x 10°
Operating frequency MHz 5
Electro-mechanical coupling
coefficient ka3 09
Curie temperature °C 160
[e} O1— 0 O
Input ' N output
port N, e Nf NS Nf ¢ port
o— — Or— —o
| |
Np Np
Tx Rx

Figure 6. Schematic diagram of the modified KLM model for the through-transmission method.

In Figure 6, the components of the KLM model modified for the through-transmission method
consist of equivalent circuits of the electro-mechanical coupling circuit N,, backing material Nj, front
matching layer Ny, and the medium N (a test specimen). The Tx ultrasonic transducer is excited by
an excitation signal at the input port and the signal is converted to an ultrasonic wave described as
frequency-domain matrices by an electro-mechanical coupling circuit. Then, the ultrasonic signal is
tuned by the backing and the front matching layer and transmitted to the Rx ultrasonic transducer
through the medium. Each component of the modified KLM model is described as a series of transfer
matrices and the final through-transmitted outcome is obtained by a total transmission function
in frequency domain. Finally, the result is transformed in time domain using inverse fast Fourier
transform (IFFT) [22-25]. The excitation pulse had to be determined and a spike pulse was selected due
to its broadband characteristics. The broadband type ultrasonic transducers have been widely used
for various NDE applications because they can produce high-resolution characteristics for measuring
thickness, sizing of defects, ultrasonic imaging techniques, and so on [27,28]. Figure 7 represents the
excitation pulse used in this study.
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Figure 7. Simulated excitation pulse used in the KLM model modified for the

through-transmission method.

In Figure 7, the delay and rise time of the excitation pulse was 0.2 and 2 ns, respectively, and
the pulse voltage and relative bandwidth of the excitation pulse were —100 V and 150 MHz at —3 dB.
The modified KLM simulation conditions are summarized in Table 3. The raw data of excitation pulse
is included in Supplementary file 2.

Table 3. Simulation conditions of the KLM model.

Simulation Conditions Units Values
Area of PMN-PT mm? 9
Resonance frequency of PMN-PT MHz 5
Sound velocity of front matching layer m/s 2800
Thickness of the test material mm 14
Acoustic impedance of water 1.5
Acoustic impedance of front matching layer 3.5 x 100
Acoustic impedance of backing material kg/m?s 8 x 100
Acoustic impedance of bonding material 3% 100

In Table 3, the acoustic impedance of the front matching layer was derived using Equation (1)
and the acoustic impedance of the bonding material was the same as that of the epoxy resin. Based
on these design conditions, the through-transmitted waveforms were simulated and the prototype
ultrasonic transducer for NDE of PWR fuel rods was fabricated.

4. Results and Discussion

4.1. Prototype Ultrasonic Transducer for NDE of PWR Fuel Rods

The prototype ultrasonic transducer for NDE of PWR fuel rods was fabricated under the same
conditions used in the modified KLM simulation and is represented in Figure 8.
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Figure 8. Newly developed PMN-28%PT-based ultrasonic transducer for NDE of PWR fuel rods:
(a) Prototype ultrasonic transducer; (b) magnified image of ultrasonic transducer and its components;
(c) PWR fuel rod assembly samples.

In Figure 8a,b, it can be seen that the newly developed ultrasonic transducer is composed of
thin coaxial cable (<0.3 mm), poly methyl methacrylate (a front matching layer), backing material,
long coaxial cables (1 m, 50 (2), and the inner and outer cases (stainless steel). The outer shield and
center conductor of the coaxial cable was connected to both surfaces of the PMN-28%PT by a flat silver
wire (25 um, California Fine Wire Company, USA) with conductive metal epoxy (TC-2707, 3M, USA).
The inner case was also bonded to the front matching layer and to the backing material by epoxy resin
(Araldite GY509, Huntsman, USA) as shown in Figure 2. In this study, the radioactive resistance test
for the backing material was not performed. However, we applied the backing material in this study
because it has been used to our previous research works for the last 10-year period [5,25,26] and to the
best of our knowledge, it was not easy to find proper backing materials with radioactive resistance for
NPPs applications. Therefore, its radioactive resistance test will be also performed as a future work.
The outer case was connected to the inner case assembly. The ultrasonic transducer for NDE of PWR
fuel rods is typically designed to be inserted among the PWR fuel rods. These are arranged in a greedy
assembly to prevent nuclear fuel vibration and movement in all directions, as shown in Figure 8c.
In Figure 8a,c, the thickness and the center-to-center distance among the PWR fuel rods was 1 mm and
14 mm, respectively. Therefore, the distance between Tx and Rx transducers was 12 mm.

To fabricate the attenuating material for the backing, 25 pm tungsten powder (W006016, Good
Fellow, England) was mixed with epoxy resin. The attenuating material needs high density and
ultrasonic propagation speed, and strong scattering effect because its acoustic impedance is the function
of the density and sound speed [28]. Tungsten satisfies these material characteristics (19,300 kg/m? for
the density and 5180 m/s for the sound velocity). Moreover, its powder particles can effectively scatter
the ultrasonic waves as well as absorb the mechanical vibration generated from the backside of the
PMN-28%PT. In the middle of stirring the mixture, a lot of air bubbles can flow into the backing material.
These should be removed because they decrease the acoustic impedance and the scattering effects.
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Therefore, a vacuum desiccator (VDC-31, Jeio Tech Co., Ltd., Daejeon, Korea) was used to eliminate
the voids. Because the viscosity of the adhesive material should be low to mix with tungsten powder,
the araldite epoxy resin was selected (about 5 Pas). Finally, the through-transmitted waveforms of
normal and defective specimens were acquired using the newly developed ultrasonic transducer and
compared with the simulation outcome.

4.2. Through-Transmitted Waveforms and Comparison with the Simulation Resutls

The experimental set-up of the through-transmission method includes the newly developed
ultrasonic transducer for NDE of PWR fuel rods, an oscilloscope (Wave Runner 640ZI, Lecroy,
Chestnut Ridge, NY, USA), a pulse generator and receiver (HIS2, Krautkramer, Tokyo, Japan), and
the defective and normal specimens. The excitation signal of the pulse generator was a spike pulse,
and its amplitude and bandwidth were =100 V and 150 MHz at —3 dB and the same excitation pulse
was simulated in Figure 4. As mentioned above, the PWR fuel rods are filled with sintered uranium
dioxide pellets and they emit various radioactive fission products. Therefore, in this study, a PWR
fuel rod specimen with sintered uranium dioxide pellets was not used for safety reasons. To verify
the through-transmitted response waveforms of the designed ultrasonic transducer, we obtained the
through-transmitted response signals of an empty PWR fuel rod (a normal specimen) and a water-filled
PWR fuel rod (a defective specimen). Although the PWR fuel rod was not packed with the uranium
pellets, it was enough to compare the experimental outcome with the simulation results, because
the conditions of the experimental set-up and simulation were the same. Figure 9 represents the
through-transmitted waveforms of both specimens.
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Figure 9. Through-transmitted response waveforms of the normal and defective specimens.

In Figure 9, the black line and gray dashes are the through-transmitted response waveforms of the
normal specimen and the defective specimen, respectively. The peak-to-peak amplitudes of the normal
specimen and defective specimen were about 0.9 and 5.7 V. As noted above, theoretically, the main
path along which the ultrasonic energy is transmitted in the normal specimen is through a zircaloy
tube described in Figure 4a. However, most of the transmitted signals can be trapped, reflected, and
refracted in the tube due to its complex internal structure, cylindrical external shape, and relatively
larger size than the sensing parts of the ultrasonic transducers, as shown in Figure 8a,b. In addition,
because the acoustic impedance of each of the filling materials within the zircaloy tube is very different,
the total acoustic energy transmission efficiency is very low. Therefore, those effects cause a large
amount of acoustic energy loss during acoustic energy transfer. Although the normal PWR fuel rods are
filled with the sintered uranium dioxide pellets, similar results should be derived in this case because
the difference in the acoustic impedance of helium gas (0.00017 x 10° kg/mzs) and a zircaloy tube
(42.6 x 10° kg/m?s) is very large. Thus, the transmitted acoustic waves are trapped in the tube due to the
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difference of acoustic impedance between the two materials and are reflected in various directions on
the surface of the normal specimen. Therefore, the amplitude of the transmitted ultrasonic waveforms
of the normal PWR fuel rods was very low or could be almost zero. From the above experimental
results and analysis, simulation of the normal specimen was not conducted because its amplitude was
too low to measure. In addition, the simulated through-transmitted response time of the defective
PWR fuel rod was approximately 8.6 x 107°, which was considering the thickness of fuel rod (2 mm),
permeated water (10 mm), and the distance between Tx and Rx ultrasonic transducers. However,
we could not obtain the through-transmitted response time of the normal PWR fuel rod. In the case
of ultrasonic inspection for normal PWR fuel rods, shown in Figures 1 and 5, three-dimensional
cylindrical structures should be considered, and its acoustic energy would be trapped in round-shaped
ring due to the great acoustic difference between helium has gap and PWR fuel rod. However, the
KLM simulation cannot perform the three-dimensional acoustic wave propagation analysis and only
two-dimensional analysis can be only performed. Therefore, acoustic energy is reflected on the helium
gas layer and the simulated amplitude of normal PWR fuel rod was almost zero. To acquire more
accurate results for the normal PWR fuel rods, we concluded that the additional study based on infinite
element analysis is needed. Figure 10 shows the through-transmitted signals of the defective specimen
and its simulation outcome.
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Figure 10. Through-transmitted waveforms of the defective specimen and its simulation result.

In Figure 10, the black line is the experimental through-transmitted waveform of the defective
specimen and the red dashes describe its simulated waveform. The peak-to-peak amplitude of the
simulated waveform is approximately 7.6 V, which is about 0.4 dB higher than its experimental result.
In the simulation, the acoustic impedance of the defective specimen included only those of the tube
and water. However, in the real world, the response waveform is affected by the spherical geometry
of the zircaloy tube and it can cause acoustic energy loss and attenuation. Moreover, the electrical
tuning needed to match the electrical impedance of the ultrasonic transducer to the ultrasonic system,
including the oscilloscope and pulse generator, was not performed because the radioactive resistance
of the electrical circuit and related effects were not investigated in this study. In addition, all electrical
impedance in the simulation is ideally matched to 50 Q2. However, in our previous study, the electrical
impedance of PMN-28%PT was changed with increase in the neutron radiation dose [16]. Therefore,
it was not easy to design an optimal electrical tuning circuit due to its radioactivity dependence.
In spite of the difficulties, the simulation results showed good agreement with the experimental results,
only excepting the amplitude. Figure 11 represents the frequency spectrum (fast Fourier transform,
FFT) of the two through-transmitted waveforms.
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Figure 11. Frequency spectrum of through-transmitted waveforms of the defective specimen.

In Figure 11, the center frequency and bandwidth at —6 dB of two waveforms are almost same
(about 5.5 MHz for the center frequency and about 40% for the bandwidth). In our previous study,
backing material of about 8 X 10° kg/m?s was simulated and a PZT-based ultrasonic transducer
with approximately 60% bandwidth was developed [25]. However, in this study, the bandwidth
decreased to about 40% from 60% because of the high piezo-electric charge constant, dz3. PMN-PT
produced high-sensitivity response signals due to its exceptional piezo-electric coefficient. However,
its pulse duration was also increased because of its strong electro-mechanical conversion efficiency.
The measured piezo-electric charge of the PMN-28%PT used was approximately 1515 pC/N, and this
value is about three times higher than that of the normal PZTs widely used in the NDE field. From
this point of view, the bandwidth is in inverse proportion to the piezo-electric charge constant, and
the bandwidth of the newly developed ultrasonic transducer was also decreased. However, this is
not a serious problem for detecting the infiltrated water in PWR rods. As shown in Figure 9, the clear
difference between both through-transmitted waveforms of the normal and defective specimens was
the amplitude of the through-transmitted waveforms. The bandwidth was not an important factor
for inspecting the PWR fuel rods. Therefore, detecting the presence of infiltrated water should be
conducted by analyzing the variation in the transducer amplitude. This section may be divided by
subheadings. It should provide a concise and precise description of the experimental results, their
interpretation, as well as the experimental conclusions that can be drawn.

5. Concluding Remarks

In this study, a high-sensitivity piezo-electric ultrasonic transducer for detecting water infiltrated
PWR fuel rods was designed and fabricated. The substance PMN-28%PT was used as the piezo-electric
material due to its high piezo-electric constants. The through-transmitted waveforms were simulated
using a newly developed KLM model. Moreover, the experimental setup was constructed using the
same conditions used in the simulation. The through-transmitted waveforms of normal and defective
specimens were obtained and compared with the simulation results. The results clearly demonstrated an
amplitude difference between through-transmitted waveforms of normal and defective tubes, and this
was the key feature for detecting infiltrated water in PWR fuel rods. However, the through-transmitted
response waveform of normal PWR fuel rod was not fully analyzed because of the limitation of KLM
model. To analyze the ultrasonic behavior of three-dimensional cylindrical structures with big acoustic
differences, a finite element analysis was essential. In addition, the simultaneous measuring system for
neutron dose and temperature was required for more harsh condition of various reactors. Therefore,
these additional studies should be conducted for our future work.

From the frequency spectrum analysis of the normal and defective waveforms, the bandwidth of
the newly developed ultrasonic transducer was decreased because of its high piezo-electric coefficient.
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However, this was not a crucial factor in distinguishing the defective PWR fuel rods. In conclusion, the
newly constructed KLM model shows good agreement with the experimental results and the newly
developed PMN-28%PT-based ultrasonic transducer should be a promising device for use in NDE of
components in NPPs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/12/2662/s1,
Supplementary file 1: Matlab codes for through-transmission method using Matlab software, Supplementary file 2:
raw data of excitation pulse.
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