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Abstract

Underwater inspection is important to ensure the safety, integrity and functionality of
underwater structures. Although numerous conventional methods have been adopted for
underwater inspection, successful application of most methods relies on the surface condi-
tion of the object, which, however, is typically covered by marine growth. Consequently,
routine inspection requires thorough cleaning of marine growth, which is time-consuming
and costly. Hence a method which can inspect objects without the need for extensive
surface cleaning is necessary. Two methods have the potential to achieve this: pulse
eddy current (PEC) and electromagnetic acoustic transducer (EMAT). PEC attains a
significant lift-off distance, enabling inspection through marine growth. However, it suf-
fers from high sensitivity to environmental conditions and low inspection accuracy due
to ‘relative’ property which means its results are interpreted by comparing received sig-
nals to reference values. In contrast to PEC, EMAT provides ‘absolute’ measurements,
ensuring precise results in the inspection. But it is limited by a small lift-off distance
(< 2~3 mm), rendering it unsuitable for underwater applications with marine growth.
Therefore, if the lift-off distance can be enhanced to a specific value, this method may
offer a superior solution for underwater inspections. In this paper, a quantitative mea-
surement method is proposed through employing a shear wave EMAT with high lift-off
performance. A repelling configuration of magnets is introduced to achieve a signif-
icantly improved maximum effective lift-off distance of up to 5 mm in both air and

seawater conditions with only 400 Vpp applied. This EMAT is then demonstrated to



measure thickness through marine growth, showing excellent underwater performance in
quantitative thickness mapping for corrosion inspection.
Keywords: Underwater corrosion measurement, Quantitative thickness mapping,

Marine growth, Shear wave EMAT, High lift-off performance

1. Introduction

Underwater nondestructive inspection is a process of examining the condition of un-
derwater structures (such as offshore structures, underwater pipelines and naval vessels).
This process is of importance for ensuring the safety, integrity and functionality of these
structures, as they are vulnerable to cracks and corrosion, the most common types of
damage, which may easily cause weight-loss or thickness thinning, resulting in structure
failure and catastrophic outcomes [I]. Because of the harsh conditions in the submarine
environment, underwater inspection is typically performed by trained divers or remote
operated vehicles (ROVs) using proper non-destructive testing (NDT) methods. As of
now, many conventional NDT methods have been adopted for underwater environments
with appropriate modifications, including visual inspection [2], ultrasonic testing [3],
magnetic testing [4] [5], electromagnetic methods [6l, [7] and radiography [§].

Although numerous methods have been employed for underwater inspections, the suc-
cess of most methods largely relies on the surface condition of the object. For example,
visual inspections can be compromised by surface contaminations that cover defect fea-
tures; ultrasonic testing may be susceptible to wave dampening and scattering induced
by surface contaminations, resulting in an inaccurate interpretation. Hence thoroughly
cleaning marine growth on the surface of the object is essential for ensuring the effective-
ness of most methods in routine underwater inspections. However, underwater surface
cleaning, usually involving specialized equipment, skilled labor and sometimes the use of
expensive cleaning agents, can be a time-consuming and costly process [9]. In addition,
underwater cleaning operations when conducted by divers usually involve inherent risks

and hazards such as strong currents and low visibility. Therefore, an inspection method
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which does not require thorough surface cleaning may provide a highly effective solution
for underwater inspections.

There are only two methods capable of performing inspection without contacting the
surface of the object: pulsed eddy current (PEC) and electromagnetic acoustic transducer
(EMAT). In contrast to conventional eddy current method, PEC utilizes a broadband
pulse rather than a single or multi-frequency excitation to energize a driver, allowing it
to provide more comprehensive information about the object under inspection [10]. This
method has demonstrated the ability to measure thickness with a significant lift-off dis-
tance [IT] (the distance between the sensor and the surface of the object to be inspected),
making it suitable for underwater inspection without removal of marine growth. How-
ever, PEC only provides relative measurement, which requires a precise calibration to
ensure a high level of accuracy in the results. To achieve this, the sample used for
calibration should has exactly the same condition as the object, which, nevertheless, is
seldom achievable in real applications [12]. Additionally, the spatial resolution of the
results decreases with an increase in the lift-off distance. Contrary to PEC, EMAT ex-
cites ultrasonic waves and calculates thickness by timing the echo, enabling it to provide
absolute results with superior spatial resolution. However, EMAT is limited by poor lift-
off performance, with the maximum effective lift-off distance usually smaller than 2~3
mm [I3]. This limitation renders it unsuitable for most marine growth scenarios, where
the average thickness of marine growth during inspections in Europe ranges from 5 to
10 mm, or even greater in deep-sea environments, while in Southeast Asia, it is typically
between 10 and 15 mm, influenced by the higher temperatures in the region [I4]. Thus,
EMAT is rarely employed for underwater inspection through marine growth. Consider-
ing the capability of EMAT for quantitative measurement with high spatial resolution,
if the lift-off performance of EMAT can be optimized and the lift-off distance improved
to at least 5 mm, EMAT may achieve a superior performance in underwater inspections
under certain scenarios.

EMAT can operate based on two primary mechanism: the magnetostrictive mecha-
nism and the Lorentz force mechanism [I5, [16]. It has been reported that the magne-
tostrictive mechanism can achieve a higher lift-off distance. For example, a guided wave

EMAT can produce longitudinal guided waves in pipes at low frequencies of 12 kHz and
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20 kHz, achieving a lift-off distance of 50 mm [I7]. The use of a Fe3O4 coating can sig-
nificantly enhance the lift-off performance of EMATS, increasing the lift-off distance up
to 8 mm on coated specimens [I8]. However, implementing the magnetostrictive mech-
anism often requires surface treatment, such as introducing a magnetostrictive coating
or adhesively bonding magnetostrictive foils to a specimen. This approach is impractical
for many inspection cases, especially for underwater inspections with marine growth.
The aim of this paper is to propose a quantitative measurement method for under-
water inspection by enhancing the lift-off performance of Lorentz force based EMAT and
demonstrating its capability for quantitative thickness mapping through marine growth.
This paper is organized as follows: section 2 provides a description of development of a
shear wave EMAT with high lift-off performance. Section 3 investigates the lift-off per-
formance of the developed EMAT in both air and seawater environments experimentally.
Section 4 demonstrates the application of the developed EMAT for underwater quan-
titative thickness mapping through marine growth in laboratory conditions. Section 5

presents a discussion and section 6 summarizes the conclusions.

2. Development of shear wave EMAT with high lift-off performance

2.1. Limitation of conventional shear wave EMAT

EMAT is a noncontact transducer capable of generating and detecting ultrasonic
waves in electrically conducting media. There are mainly two basic components in an
EMAT: an electric coil and a permanent magnet [19]. To excite ultrasonic waves, the
electric coil is driven by an alternating current (AC), which induces an eddy current in
the surface of the metallic component. Followed by the coupling interaction between the
eddy current and the magnetic field produced by the permanent magnet, Lorentz force
is generated in the surface of the component, which acts as a source of stress within the
material, creating an ultrasonic wave in the component. EMAT can also receive ultrasonic
waves, accomplished by reversing the above process. The design of the magnet and the
electric coil in EMATs determines the excitation of ultrasonic waves, making EMATSs
suitable for generating various types of waves, including bulk waves [20, 21] (shear waves
and longitudinal waves) and guided waves [22] 23] (Lamb waves and Rayleigh surface

waves), which therefore leads to various applications in a range of industries, such as
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thickness gauging [24] 25], defect inspection [26] 27] and material characterization [28].
For thickness measurement, shear wave EMAT is advantageous as the velocity of the
shear wave is roughly half of the longitudinal wave for most metals and shear wave
usually experiences little energy loss in underwater environments. Hence this paper

focuses on the use of shear wave EMATs for thickness gauging.
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Figure 1: (a) Schematic of a conventional shear wave EMAT with pancake-like coil and (b) photo of a

conventional shear wave EMAT.

Figure[I|(a) shows schematic of a conventional shear wave EMAT. It consists of a flat
pancake-like coil, a cylindrical permanent magnet placed right above the coil, an acrylic
plate to separate the magnet and the coil and a copper film positioned at the bottom
of the magnet [29]. Because of the non-contact transduction mechanism, EMAT suffers
from low efficiency compared to the contact methodology, like piezoelectric transducers,
which results in a weak signal, leading to a poor signal-to-noise ratio (SNR) and the
performance of EMAT is sensitive to the lift-off distance. Physically, when the shear wave
EMAT is moved away from a metallic sample, two major mechanisms occur. First, as the
lift-off distance increases, the transduction efficiency of the EMAT decreases significantly,
resulting in a lower SNR, due to the deterioration of the magnetic flux density and the
eddy current induced by the coil, because both of them are inverse proportional to the
lift-off distance [30]. Secondly, as the strong magnet is conductive and close to the coil,

some unwanted ultrasonic signals will also be generated in the magnet. The unwanted
5

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

signal, reverberating within the magnet, is then detected by the coil and introduced in
the received signal, which, now working as noise, further decreases the SNR of the signal.
Consequently, the signal from the sample that is used for thickness computation or defect
inspection will be easily smeared out by the noise (including inherent electrical noise and

unwanted signal from the magnet) when the lift-off distance exceeds a certain value.
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Figure 2: Signals from pulse-echo measurements on a 50 mm thick aluminum block using the conventional
shear wave EMAT with lift-off distance of (a) 1 mm and (b) 3 mm. Two dashed lines indicate the location

of the first echo from the metallic sample.

Figure [2| shows results of pulse-echo measurements on an aluminum block with a
thickness of 50 mm using the conventional shear wave EMAT at different lift-off distances.
In this context, the cylindrical permanent magnet has a diameter of 25 mm and a height
of 25 mm (N52 Neodymium magnet, Supreme Magnets, Singapore), magnetized along the
height direction, with surface magnetic field of approximate 6871 Gauss. The thickness
of the copper foil is 0.15 mm. The acrylic plate has the same diameter as the magnet and
a thickness of 3 mm. The design parameters of the coil are the same as those used in the
developed EMAT shown in the next section and the setup for the experimental testing are
demonstrated in Section [3.3} It can be observed that when the lift-off distance is 1 mm,
the signal from the sample is significant and easily identifiable, marked by two dashed
lines shown in Fig. a). When the lift-off distance is increased to 3 mm, as shown in
Fig. b), the amplitude of the signal from the sample decreases significantly, meanwhile,
the noise, consisting of electronic noise and unwanted signals from the magnet remains

relatively constant. Consequently, the signal from the sample is more likely to reach
6



the same level of the noise, leading to the signal being corrupted by the noise. Hence,
conventional EMATSs are usually maintained within 3 mm lift-off distance to ensure a
reasonable SNR. It is important to note that the design parameters of the conventional
EMAT used in the test are not optimized, thus its performance may not accurately

represent that of typical EMATs.

2.2. Development of shear wave EMAT

It is clear that the key approaches to improving the performance of EMAT are to en-
hance transduction efficiency and minimize unwanted signals from the magnet. Although
several methods have been proposed, such as employing a stronger magnet or magnetic
flux concentrator [31], applying a high voltage/current to the coil (commonly operate at
a voltage over a thousand volts), using laminated magnet and introducing a conductive
back plate between the magnet and the coil [32], it is challenging to achieve the dual
goals simultaneously. The first two methods can enhance the transduction efficiency by
amplifying the signal generation in the sample, however, they also increase the signal
generation in the magnet. A laminated magnet may attenuate the signals within the
magnet to some extent, but they are not completely eliminated. Introducing a conduc-
tive back plate can significantly suppress the signal generation in the magnet, but the
back plate may lead to a reduction in generation efficiency due to energy loss through
joule heating [32].

It is interesting to note that arrangement of permanent magnets has been utilized
in the past to increase the magnetic flux density for the development of medical in-
struments [33H35]. This arrangement can be optimized for specific magnetic fields and
tailored to suit various applications. Recent publications have shown that introducing a
magnet arrangement in EMATSs can increase the strength of the magnetic flux thereby
enhancing the transduction efficiency. For example, two permanent magnets were con-
figured in a repelling arrangement to enhance the magnetic flux density by a factor
of nearly two compared to conventional design [36]. A core-magnet arrangement has
also been proposed, consisting of several magnets arranged around a ferromagnetic core.
This configuration increases the magnetic field and improves the strength of the sig-
nal, with pulse-echo signals being 3~6 dB greater than those produced by conventional

EMATs [37]. Even though the magnet arrangement is primarily aimed at enhancing
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transduction efficiency to increase the signal strength of EMATS, its great flexibility in
configuration optimization suggests that a proper arrangement may achieve the dual
goals of improving transduction efficiency and suppressing unwanted signals from mag-
nets. Therefore, a generic configuration of a shear wave EMAT is proposed to improve

the lift-off performance by enhancing the SNR of the signal.

(@) Top view (b) 3D view

Figure 3: (a), (b) Schematic of the EMAT configuration and (c), (d) photo of the developed EMAT.

As shown in Fig. [B(a) and (b), this configuration consists of a flat pancake-like coil
and a concentric arrangement of permanent magnets surrounding the coil with like poles
facing each other. The magnets were encased in a cylindrical house made of derlin as
shown in Fig. c) and (d). The rationale behind this configuration can be understood
as follows: in the arrangement, the four permanent magnets with magnetic orientation
being towards the centre of the arrangement can produce an increase of magnet flux
density in the space as a result of repulsion, which subsequently leads to a strong and
uniform distributed normal component of the magnetic flux within this region around

8



the coil. On the other hand, the arrangement guarantees that no conductive material is
positioned above the coil, thus the ultrasonic signal is only generated on the sample when
the coil is driven by an AC. Therefore, the magnets do not introduce any interference or
noise into the signal. The configuration of the EMAT can greatly enhance the magnetic
field as well as completely suppress the unwanted signal, thus significantly improving the
SNR of the signal and thereby increasing the lift-off performance. It is worth noting that
even though the configuration of magnets in this paper is similar to the core-magnet
structure described in a previous study [37], the permeable core is not employed in
this configuration in order to completely suppress the signal generated in the magnets,
as many permeable cores, including non-conductive ferrites at high frequencies, exhibit
conductivity, and additionally the purpose of the configuration is to enhance the lift-off
performance rather than optimization of the bias magnetic field.

In this configuration, each of the magnets was made of Neodymium N52 with dimen-
sions of 50x20x20 mm? (Supreme Magnets, Singapore), magnetized through the 20 mm
width with surface magnetic field of approximate 5719 Gauss. The coil is constructed
using a two-layer flexible printed circuit board (PCB) by winding 22 turns of enameled
wire with a width of 0.2 mm, a thickness of 1.5 ounces and wire space of 0.2 mm. This
configuration results in a coil diameter of 20 mm and conveys waterproof properties to
the PCB coil. In order to make waterproof solder pads, a long tail with a length of 70
mm and a width of 4 mm was incorporated into the PCB design. The solder pads were
positioned at the end of the tail, and a small tube with an internal diameter of 6 mm
and a length of 8 mm was utilized to cover the solder pads, filled with potting compound
to completely encapsulate the solder pads, as shown in Fig. (d) To function the sensor,

the coil was attached to the fixture and connected to a BNC connector.

3. Lift-off performance of the developed shear wave EMAT

3.1. Setup for testing

The lift-off performance of the developed shear wave EMAT was investigated in pulse-
echo measurement. As shown in Fig. [} the EMAT is connected to a pulse-echo sys-
tem, which essentially consists of two Handyscopes (HS5, TiePie, Netherlands), a power

amplifier (GA-25000A, Ritec Inc., USA), a diplexer (RDX-EM2, Ritec Inc., USA), an
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Figure 4: Experimental setup for testing the lift-off performance of EMAT. (a) Block diagram, (b)

photograph of real setup.
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impedance matching network (TEM-128, Ritec Inc., USA) and a pre-amplifier (PAS-0.05-
40, Ritec Inc., USA). The handyscope, consisting of a programmable signal generator
and a high performance oscilloscope, was employed to drive the transmitter and digitize
the output of the pre-amplifier, which communicates with a PC via a USB port. The
power amplifier, a wideband gated RF amplifier, was used to amplify the signal output
from the function generator. The power output can be continuously adjustable through
a front panel potentiometer. The diplexer allows a single EMAT to be used both for
transmitting and receiving (pulse-echo mode). The impedance matching network, which
consists of high voltage capacitors, that can be switched in parallel with the EMAT coil,
was used to tune the impedance of the EMAT to a point where it can be more efficiently
driven. The output signal of the impedance matching network was applied to the EMAT
and this signal was also monitored and recorded on the oscilloscope through a -40 dB
monitor port (meaning that the monitored signal is 100 times smaller than the signal ap-
plied to the EMAT), which was used for controlling the peak-to-peak voltage of the signal
applied to the EMAT as well as performing cross-correlation during post-processing. It
should be noted that the receive matching network was part of the system, but only the
20 dB pre-amplifier integrated into the device was utilized. The acquired signals were
synchronized with the function generator and averaged in the oscilloscope to attenuate
the electrical random noise. To assess the performance of the EMAT at various lift-off
distances, the EMAT was mounted on a robotic arm (UR5e, Universal Robots, USA) and
placed on the top of an aluminum block. The lift-off distance was adjusted by moving

the robotic arm vertically along the surface of the block.

3.2. Test procedure and signal processing

The performance of the EMAT was tested on an aluminum block with dimensions
of 300x300x50 mm?, as the Lorentz force mechanism is dominant in aluminum mate-
rial. The tests were carried out under two conditions: in air and in seawater (artificial
seawater prepared in laboratory by dissolving salts in freshwater to achieve a salinity of
approximately 3.5%) for evaluating the performance of the EMAT in a normal condition
and a challenging environment to understand the suitability for underwater applications.
In the test, the lift-off distance of the EMAT was varied from 0 to 8 mm with a step

size of 1 mm. On each lift-off distance, a 2-cycle Hann windowed tone-burst signal with
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central frequency of 2 MHz was generated by the function generator. The signal was am-
plified by the power amplifier to an amplitude of around 400 Vpp by adjusting the output
power level. This relatively low voltage is used to ensure the applications of this method
in oil and gas installations where the intrinsic safety regulations necessitate low power
excitations. Two capacitors from the impedance matching network with capacitances of
195 pF and 410 pF were connected in parallel in the circuit to maximize power transfer.
The pre-amplifier was set to 40 dB so the total gain of the system was 80 dB (40 dB is
from the pre-amplifier, 20 dB is from the diplexer and the other 20 dB is from the receive
matching network as shown in Fig. b)) Acquired signals were synchronized for each
measurement and averaged 1000 times in the oscilloscope, followed by a cross-correlation
between the acquired signal and the monitored signal output from the impedance match-
ing network. During the test, both the generator and the oscilloscope were sampled by
100 MHz. For tests in seawater, both the aluminum block and the EMAT were sub-
merged in a water tank filled with seawater, and the sample was connected to ground,
which helps minimize electrical interference in measurements by ensuring the sample and
the measuring equipment share a common reference point.

To quantitatively evaluate the lift-off performance, the SNR of the signal was com-

puted using the formula
SNR - 2010g10(Asignal/Anoise)7 (].)

where Agigna and A,qise are root mean square (RMS) amplitude of the first echo and
noise, respectively. The former was calculated in a time window that covers the first
echo and the latter was computed within a time window selected between the first and
second echoes. The maximum effective lift-off distance of EMAT can be determined on
an industry-accepted standard, typically set to be a reasonable SNR, often defined at 12
dB [18].

3.8. Lift-off performance
3.3.1. Performance in air

The experimental results for a lift-off distance of 2 mm are presented in Fig. [5
Fig. (a) shows the monitored signal output from the impedance matching network

through the -40 dB port. As its amplitude is 100 times smaller than the signal applied to
12
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Figure 5: Signals from pulse-echo measurements using the developed EMAT with a lift-off distance of 2
mm. (a) Monitored signal output from the impedance matching network. (b) Raw received signal from
the EMAT, where the first two dashed lines locate the window covering the first echo and the second
and third dashed lines indicate the window between the first and second echoes. (c) Signal after the
operation of cross correlation between the received signal and the monitored signal, with (d) a zoom-in

of this signal between the second and third dashed lines.
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the EMAT, the amplitude of the excitation signal can be computed to be approximately
400 Vpp. The raw ultrasonic signal output from the EMAT is illustrated in Fig. b).
A distinct main bang is observed at the beginning of the signal due to pulse-echo mode.
Following this, several ultrasonic wave packets are clearly identified at different time in-
tervals (32us, 64us and 96us, respectively), corresponding to echoes reflected from the
back and front walls of the block. The received signal also undergoes distortion, poten-
tially induced by the electronics in the system, introducing low-frequency components in
the signal. This received signal is subsequently correlated with the monitored signal and
the resulting signal is shown in Fig. c). As anticipated, the cross-correlation helps mit-
igate the low frequency components (distortion), emphasizing the correlated components
and slightly improving the SNR. This operation is similar to the functionality of a band-
pass filter commonly employed in EMAT signal post-processing. The SNR is computed
using Eq. , where the RMS amplitude of the first echo is computed in the time window
marked by the first two dashed lines in the figure, while the RMS amplitude of noise is
calculated in another time window indicated by the second and third dashed lines. In
this instance, the ultrasonic echo achieves a notable SNR of 28.15 dB. Fig. d) displays
a zoom-in of the signal between the second and third dashed lines, which illustrates the
background noise. This noise exhibits a much smaller magnitude when compared to the
distinct signal wave packet, showing that the background noise is practically negligible.

Figure [6] shows the received signal from the developed shear wave EMAT after the
cross-correlation at various lift-off distances. It can be seen that, when the lift-off distance
is nearly zero, indicating close proximity of the coil to the sample surface, the figure
reveals noticeable signal distortion, leading to the amplitude of the first echo being smaller
than the second echo. This distortion may be attributed to a significant change in the
impedance of the system. Additionally, it is observed that the first echo amplitude
decreases with increasing the lift-off distance. However, the signal can hold a notable
SNR of 16.92 dB, even though the lift-off distance is increased to 5 mm, which indicates
that the first echo of the signal is easily identified.

3.8.2. Performance in seawater
The testing was also carried out under seawater and the experimental results are

shown in Fig. [7] for a lift-off distance of 2 mm. Similarly, the amplitude of the signal
14
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applied to the EMAT is around 400 Vpp, computed from the monitored signal shown in
Fig. (a). Because of the harsh conditions in the underwater environment, more high-
frequency noise can be observed in the raw received signal shown in Fig. b). The
cross-correlation is applied to mitigate the distortion and high frequency noise, and the
result is shown in Fig. c), with the signal maintaining a notable SNR of 27.46 dB.
A zoom-in of the signal between the second and third dashed lines is also displayed in
Fig. d), showing the background noise is characterized by its extremely low amplitude,
allowing the signal to dominate.

Figure [§] illustrates the time domain signal received from the developed EMAT after
the cross-correlation in seawater. The EMAT displays behaviour similar to that in air,
experiencing signal distortions as the lift-off distance approaches zero and achieving a

notable SNR of 13.68 dB when the lift-off distance increases to 5 mm.

3.3.8. Performance comparison

The lift-off performance of the conventional EMAT, as demonstrated in Section [2.1]
was evaluated and compared with that of the developed EMAT, as shown in Fig. [9]
The received signals from the conventional EMAT in the time domain are not shown
for the sake of brevity. It is evident that the maximum effective lift-off distance of
the conventional EMAT is limited to around 2.25 mm. However, the developed EMAT
demonstrates a substantial improvement, achieving up to 5.75 mm in air and 5.25 mm
in the seawater condition. The slight variation in performance between air and the
seawater condition may be attributed to the challenging underwater environment, which
has a tendency to reduce the maximum effective lift-off distance. It is important to
note that the conventional EMAT used in this paper is not optimized, and thus the
observed maximum effective lift-off distance may not represent the optimal behaviour
of conventional EMATs. The maximum effective lift-off distance of more than 5 mm
in seawater demonstrates significant potential for underwater applications of the EMAT

through marine growth.
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4. Underwater quantitative thickness mapping through marine growth

The primary objective is to quantitatively map thickness variation due to corrosion or
erosion through marine growth using the developed EMAT. The thickness mapping per-
formance of the developed EMAT in a simulated condition was therefore experimentally

verified.

4.1. Sample preparation, marine growth development and scanning setup

(a) L4 Fixed point

Seawater

Natural marine growth Simulated corrosion

Figure 10: Natural marine growth on the sample. (a) Schematic of the seawater immersion test; (b)

Front side of the sample; (c¢) Back side of the sample.

In the experimental validation, two pieces of aluminum block with dimension of
300x300x41 mm? (p = 2700 kg/m?®, E = 69 GPa, v = 0.33) was acquired. On one
side of the block, a synthetic defect was machined into the central area to simulate cor-

rosion, which consists of two concentric circular defects: the small one with a diameter
20



of 40 mm and a thickness of 10 mm, and the big one with a diameter of 80 mm and a
thickness of 5 mm, as shown in Fig. (a). Two through holes with diameter of 15 mm
were drilled around the two opposite corners of the block, which were used for fixing the
block during the growth process of marine organism.

Testing the developed EMAT with natural marine growth can provide a realistic as-
sessment of their performance in actual marine environments. However, the growth of
marine organisms is typically a gradual process. Two types of marine growth were there-
fore proposed in the experiments: natural marine growth and artificial marine growth.
To cultivate natural marine growth, seawater immersion tests were conducted for 60 days
in Bukom island, Singapore (1°14’00”"N 103°45’52”E, approximately five kilometers to the
south of Mainland Singapore). The chosen location is an access-controlled area, distant
from heavy anthropic activities. The sample was fixed using a long chain cable and
positioned vertically at a depth of approximately 1.5 m beneath the seawater surface.
Fig.[10[b) and (c) show the surface condition of the sample after the seawater immersion
test. As expected, the growth of marine organism is a slow process, resulting in a thin
layer of marine growth with an average thickness of 1 mm, sparsely distributed on the
sample surface.

Artificial marine growth was also developed on the other sample. The preparation of
artificial marine growth includes a few steps (as shown in Fig.[11)): 1. smashing barnacles
(removed from ship structure and provided by Tomtec NDT Marine Services Pte Ltd,
Singapore) and placing them on the surface of the sample where there is no simulated
corrosion; 2. using epoxy (ZS hard type epoxy resin 3:1) to adhere the smashed barnacle
to the surface of the sample; 3. leaving the sample to room temperature, with a curing
time of 24 hours; 4. polishing the surface of the artificial marine growth to remove any
burrs and ensure a uniform thickness of approximately 3 mm. Fig. b) shows the
artificial marine growth on the front side of the block. Fig. [IT|c) displays the back side
of the block with the simulated corrosion.

To demonstrate the performance of underwater thickness mapping, the sample was
placed in a water tank immersed in seawater, with the marine growth side facing upward,
as shown in Fig. [I2] The EMAT was mounted to the robotic arm and connected to the

pulse-echo system as demonstrated in Section [3] All the parameters used in the scanning
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Figure 11: Artificial marine growth on the sample. (a) Schematic of artificial marine growth preparation;

(b) Front side of the sample; (c) Back side of the sample.
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process remained consistent with those employed in lift-off performance testing. The
distance between the EMAT and the surface of the marine growth was maintained at 2
mm, therefore, the lift-off distance in the natural marine growth case is around 3 mm, and
the lift-off distance in the artificial marine growth case is around 5 mm. A scanning plan
was programmed to execute the C-scan, enabling the robotic arm to move the EMAT
across the sample with 21x21 grid points covering an area of 120x120 mm? with step
size of 6 mm. At each point, the EMAT excited and received ultrasonic waves in the
sample, then picked up the first echo and computed the time of flight (ToF) for the first
echo by searching for the peak of the wave packet. The ToF was subsequently converted
into thickness based on the shear wave velocity, which was calibrated in a region with
known thickness (3062.80 m /s for this sample). The thickness mapping can be displayed
by linearly fitting the thickness at each point after the scanning process.

Robotic
(a) arm
Water tank
Seawater
Developed
EMAT
2 mm
M
Simulated corrosion Marine growth

(natural: 1 mm, artificial: 3 mm)

Figure 12: (a) Schematic of setup for thickness mapping through marine growth; (b) Photo of the setup

with natural marine growth.

In order to assess the performance of the measurement quantitatively, two metrics
were introduced [38]: the first one (referred to as error 1) is to evaluate the quality of the
shape reconstruction; and the second (referred to as error 2) is to determine the accuracy
of the minimum remaining wall thickness inversion. Error 1 can be calculated by

o \/ JIT (@,y) = T* (@.y)'w (2,y) dady
18 [w(z,y) dzdy ’

where T denotes the nominal thickness; T (x, y) represents the measured thickness map

(2)

and T* (z,y) corresponds to the reconstructed thickness map. w is a windowing function,
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determining both the extent and weighting to be applied to the error, which is defined

as

[1+COS(%)] r<A
r>A

: 3)

w(r) =

S =

where r = \/(x — 20)% + (y — yo)2, with ¢ and yo being the location of the centre of
the scanning area; A is set to be 60 mm, half of the side length of the scanning area.
The window has a peak at » = 0 and varies smoothly down to zero at r = A. Error 2 is
defined as

_ |Tm _T:;L‘

2
e T ,

(4)

where T, represents the minimum thickness of the block sample, while T3} is the corre-

sponding value in the reconstruction.

4.2. Thickness mapping through natural marine growth

Figure[I3|presents the thickness reconstruction by using the developed EMAT through
natural marine growth (shown in Fig. [13(a)-(d)) and A-scan signals (shown in Fig.[13(e)
and (f)) at two representative locations, I and II, marked in Fig. [13|a). The recon-
struction effectively captures key features of the defect, providing clear insights into its
dimensions, geometry, thickness distribution and the location of sharp edge. Even though
the sharp edge of the defect is represented by burr-like artifacts, characterized by a dif-
fuse region around the edges, which is mainly caused by the wave scattering around the
sharp edge and the relatively low spatial resolution (6 mm step size) in the scanning
process, the profile of the defect and the minimum remaining thickness are accurately
reconstructed with error 1 being 2.75%, signifying the successful reconstruction of the
defect profile and error 2 being 0.51%, demonstrating the precise determination of the
deepest point. Fig. [13[e) and (f) show the time domain signals received at locations I
and II, respectively. At location I, the first echo is easily identifiable, while at location II,
the first echo suffers from wave scattering around the sharp edge, which mainly causes
the diffusion feature of the sharp edge observed in the reconstruction. These results
demonstrate the excellent performance of the developed EMAT for underwater thickness

mapping in actual marine conditions.
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Figure 13: Reconstruction of thickness variation through natural marine growth and A-scan signals

at representative locations: (a) real thickness map, (b) measured thickness map using the developed

EMAT and line profile of the thickness map at (c) cross section A and (d) cross section B where el and

e2 represent error 1 and error 2, respectively; Received signal at (e) location I and (f) location II.
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4.8. Thickness mapping through artificial marine growth

Figure [14] displays the thickness reconstruction through artificial marine growth and
A-scan signals at two representative locations. Similar to the reconstruction through
natural marine growth, the developed EMAT accurately captures the dominant features
of the defect, including location and dimension of the defect. However, the geometry of
the sharp edge is slightly compromised in the reconstruction through artificial marine
growth. This may be attributed to the rigid constraint introduced by the artificial ma-
rine growth, that could dampen the wave energy, and a relatively higher lift-off distance.
Both of them may easily result in smeared signals around edges, as shown in Fig. f).
Nevertheless, the profile of the defect and the deepest point are well reconstructed. Error
1 is approximate 3.2% and error 2 is around 0.04%, demonstrating the superior perfor-
mance of the EMAT in thickness reconstruction through artificial marine growth with a
considerable lift-off distance. These results present a strong capability of the developed

EMAT for underwater inspection through marine growth.

5. Discussion

It is known that the performance of EMAT is dependent on many factors, including
driving voltage, magnet arrange, coil parameters [29] and post-processing. It is worth
to highlight that the configuration of the developed EMAT in this paper is not optimal.
Hence, there is still significant potential for further improving its lift-off performance
through optimizing the design. To achieve this, additional quantitative studies on the

optimal configuration of the EMAT are needed.

5.1. Driving voltage

In the test, only 400 Vpp was applied to the EMAT. Using higher exciting voltage can
increase the strength of the signal, thereby enhancing the lift-off performance. Fig.
illustrates the lift-off performance of the developed EMAT with 600 Vpp and 800 Vpp
applied. The results show that the maximum effective lift-off distance can be increased
to 6.5 mm (with 600 Vpp), and 6.7 mm (with 800 Vpp) in air condition; and 5.4 mm
(with 600 Vpp) and 5.7 mm (with 800 Vpp) in the seawater condition.
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Figure 14: Reconstruction of thickness mapping through artificial marine growth and A-scan signals at

representative locations: (a) real thickness map, (b) measured thickness map using the developed EMAT

and line profile of the thickness map at (c) cross section A and (d) cross section B. el and e2 represent

error 1 and error 2, respectively. Received signal at (e) location I and (f) location II.
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the vertical downward arrows indicate the maximum effective lift-off distance for each scenario.
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5.2. Magnet arrangement and coil parameters

In the prototype, the repelling configuration consists of four block magnets with like
poles facing each other. This configuration enhances the vertical magnetic field and
ensures an even distribution. It is evident that using more magnets can further uniform
the vertical magnetic field, improving the generation of pure shear waves. Therefore arc
magnets and ring-shaped magnets with radial polarization may provide a more evenly
distributed vertical magnetic field, leading to better lift-off performance.

The coil used in this study is unoptimized. A two-layer flexible PCB with very thin
wires was employed to reduce the interference with the lift-off performance. However,
the thin wires may introduce more resistance to the system, leading to increased energy
consumption. It is desirable to achieve a maximum power transfer in EMAT, which
is determined by the inductance of the coil, to obtain a higher SNR [39]. Hence, the
parameters of the coil can be optimized, such as changing the number of turns and
modifying the wire dimensions, to balance the load between the coil resistance and eddy

currents, ensuring maximum power delivery to the eddy currents.

5.3. Post-processing

Increasing the averaging is straightforward to improve the SNR of the signal in post-
processing. However, more averaging typically increases time consumption, making it
impractical for many applications. Pulse compression has been used to increase the SNR
of the signal in various applications [40H42]. This technique involves transmitting a long
coded signal, capturing reflections and decoding through cross-correlation between the
transmitted and received signals in order to compress signal in the time domain, thereby
increasing the SNR. Employing pulse compression with the developed EMAT is another
potential method to further enhance its lift-off performance, which will be studied and

reported in future work.

6. Conclusion

Underwater inspection is challenged by marine growth which covers the surface of
the objects to be inspected, rendering most methods impractical for quantitative mea-
surement without the removal of marine growth. This paper presents a solution to this

problem by employing a shear wave EMAT and enhancing its lift-off performance.
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A shear wave EMAT, consisting of a pancake-like coil and a repelling configuration of
magnets placed around the coil, is proposed, where the repelling configuration enhances
the magnetic field around the coil and completely suppress the unwanted signal generated
in the magnet typically occurred in conventional shear wave EMATs. This enhancement
significantly improve the SNR of the signal, resulting in a substantial improvement in
lift-off performance.

The lift-off performance of the EMAT was evaluated on an aluminum block under
both air and seawater conditions with an exciting voltage of 400 Vpp applied to the
EMAT. The results demonstrate a significant improvement in the SNR, thereby allowing
for an increased maximum effective lift-off distance of up to 5 mm in both conditions.

The developed EMAT was then applied for underwater inspection to measure cor-
rosion through natural marine growth (with a thickness of around 1 mm and a lift-off
distance of 3 mm) and artificial marine growth (with a thickness of 3 mm and a lift-off
distance of 5 mm). In both scenarios, the developed EMAT exhibited outstanding per-
formance in profile reconstruction and deepest thickness inversion. The natural marine
growth case indicates that the EMAT has strong capability for underwater applications
in actual marine conditions. The artificial marine growth case, where the lift-off distance
is around 5 mm, demonstrates huge potential for underwater quantitative thickness map-
ping through marine growth in certain scenarios.

In future work, the lift-off performance of the developed EMAT could be further en-
hanced by optimizing the configuration and incorporating pulse compression techniques.
The improved lift-off performance makes the EMAT more suitable for underwater in-

spection through marine growth.
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