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Abstract 8

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

signi�cant lift-o� 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-o� distance

(< 2∼3 mm), rendering it unsuitable for underwater applications with marine growth.

Therefore, if the lift-o� distance can be enhanced to a speci�c value, this method may

o�er 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-o�

performance. A repelling con�guration of magnets is introduced to achieve a signif-

icantly improved maximum e�ective lift-o� distance of up to 5 mm in both air and

seawater conditions with only 400 Vpp applied. This EMAT is then demonstrated to
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measure thickness through marine growth, showing excellent underwater performance in

quantitative thickness mapping for corrosion inspection.

Keywords: Underwater corrosion measurement, Quantitative thickness mapping,9

Marine growth, Shear wave EMAT, High lift-o� performance10

1. Introduction11

Underwater nondestructive inspection is a process of examining the condition of un-12

derwater structures (such as o�shore structures, underwater pipelines and naval vessels).13

This process is of importance for ensuring the safety, integrity and functionality of these14

structures, as they are vulnerable to cracks and corrosion, the most common types of15

damage, which may easily cause weight-loss or thickness thinning, resulting in structure16

failure and catastrophic outcomes [1]. Because of the harsh conditions in the submarine17

environment, underwater inspection is typically performed by trained divers or remote18

operated vehicles (ROVs) using proper non-destructive testing (NDT) methods. As of19

now, many conventional NDT methods have been adopted for underwater environments20

with appropriate modi�cations, including visual inspection [2], ultrasonic testing [3],21

magnetic testing [4, 5], electromagnetic methods [6, 7] and radiography [8].22

Although numerous methods have been employed for underwater inspections, the suc-23

cess of most methods largely relies on the surface condition of the object. For example,24

visual inspections can be compromised by surface contaminations that cover defect fea-25

tures; ultrasonic testing may be susceptible to wave dampening and scattering induced26

by surface contaminations, resulting in an inaccurate interpretation. Hence thoroughly27

cleaning marine growth on the surface of the object is essential for ensuring the e�ective-28

ness of most methods in routine underwater inspections. However, underwater surface29

cleaning, usually involving specialized equipment, skilled labor and sometimes the use of30

expensive cleaning agents, can be a time-consuming and costly process [9]. In addition,31

underwater cleaning operations when conducted by divers usually involve inherent risks32

and hazards such as strong currents and low visibility. Therefore, an inspection method33
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which does not require thorough surface cleaning may provide a highly e�ective solution 34

for underwater inspections. 35

There are only two methods capable of performing inspection without contacting the 36

surface of the object: pulsed eddy current (PEC) and electromagnetic acoustic transducer 37

(EMAT). In contrast to conventional eddy current method, PEC utilizes a broadband 38

pulse rather than a single or multi-frequency excitation to energize a driver, allowing it 39

to provide more comprehensive information about the object under inspection [10]. This 40

method has demonstrated the ability to measure thickness with a signi�cant lift-o� dis- 41

tance [11] (the distance between the sensor and the surface of the object to be inspected), 42

making it suitable for underwater inspection without removal of marine growth. How- 43

ever, PEC only provides relative measurement, which requires a precise calibration to 44

ensure a high level of accuracy in the results. To achieve this, the sample used for 45

calibration should has exactly the same condition as the object, which, nevertheless, is 46

seldom achievable in real applications [12]. Additionally, the spatial resolution of the 47

results decreases with an increase in the lift-o� distance. Contrary to PEC, EMAT ex- 48

cites ultrasonic waves and calculates thickness by timing the echo, enabling it to provide 49

absolute results with superior spatial resolution. However, EMAT is limited by poor lift- 50

o� performance, with the maximum e�ective lift-o� distance usually smaller than 2∼3 51

mm [13]. This limitation renders it unsuitable for most marine growth scenarios, where 52

the average thickness of marine growth during inspections in Europe ranges from 5 to 53

10 mm, or even greater in deep-sea environments, while in Southeast Asia, it is typically 54

between 10 and 15 mm, in�uenced by the higher temperatures in the region [14]. Thus, 55

EMAT is rarely employed for underwater inspection through marine growth. Consider- 56

ing the capability of EMAT for quantitative measurement with high spatial resolution, 57

if the lift-o� performance of EMAT can be optimized and the lift-o� distance improved 58

to at least 5 mm, EMAT may achieve a superior performance in underwater inspections 59

under certain scenarios. 60

EMAT can operate based on two primary mechanism: the magnetostrictive mecha- 61

nism and the Lorentz force mechanism [15, 16]. It has been reported that the magne- 62

tostrictive mechanism can achieve a higher lift-o� distance. For example, a guided wave 63

EMAT can produce longitudinal guided waves in pipes at low frequencies of 12 kHz and 64
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20 kHz, achieving a lift-o� distance of 50 mm [17]. The use of a Fe3O4 coating can sig-65

ni�cantly enhance the lift-o� performance of EMATs, increasing the lift-o� distance up66

to 8 mm on coated specimens [18]. However, implementing the magnetostrictive mech-67

anism often requires surface treatment, such as introducing a magnetostrictive coating68

or adhesively bonding magnetostrictive foils to a specimen. This approach is impractical69

for many inspection cases, especially for underwater inspections with marine growth.70

The aim of this paper is to propose a quantitative measurement method for under-71

water inspection by enhancing the lift-o� performance of Lorentz force based EMAT and72

demonstrating its capability for quantitative thickness mapping through marine growth.73

This paper is organized as follows: section 2 provides a description of development of a74

shear wave EMAT with high lift-o� performance. Section 3 investigates the lift-o� per-75

formance of the developed EMAT in both air and seawater environments experimentally.76

Section 4 demonstrates the application of the developed EMAT for underwater quan-77

titative thickness mapping through marine growth in laboratory conditions. Section 578

presents a discussion and section 6 summarizes the conclusions.79

2. Development of shear wave EMAT with high lift-o� performance80

2.1. Limitation of conventional shear wave EMAT81

EMAT is a noncontact transducer capable of generating and detecting ultrasonic82

waves in electrically conducting media. There are mainly two basic components in an83

EMAT: an electric coil and a permanent magnet [19]. To excite ultrasonic waves, the84

electric coil is driven by an alternating current (AC), which induces an eddy current in85

the surface of the metallic component. Followed by the coupling interaction between the86

eddy current and the magnetic �eld produced by the permanent magnet, Lorentz force87

is generated in the surface of the component, which acts as a source of stress within the88

material, creating an ultrasonic wave in the component. EMAT can also receive ultrasonic89

waves, accomplished by reversing the above process. The design of the magnet and the90

electric coil in EMATs determines the excitation of ultrasonic waves, making EMATs91

suitable for generating various types of waves, including bulk waves [20, 21] (shear waves92

and longitudinal waves) and guided waves [22, 23] (Lamb waves and Rayleigh surface93

waves), which therefore leads to various applications in a range of industries, such as94
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thickness gauging [24, 25], defect inspection [26, 27] and material characterization [28]. 95

For thickness measurement, shear wave EMAT is advantageous as the velocity of the 96

shear wave is roughly half of the longitudinal wave for most metals and shear wave 97

usually experiences little energy loss in underwater environments. Hence this paper 98

focuses on the use of shear wave EMATs for thickness gauging. 99

Figure 1: (a) Schematic of a conventional shear wave EMAT with pancake-like coil and (b) photo of a

conventional shear wave EMAT.

Figure 1(a) shows schematic of a conventional shear wave EMAT. It consists of a �at 100

pancake-like coil, a cylindrical permanent magnet placed right above the coil, an acrylic 101

plate to separate the magnet and the coil and a copper �lm positioned at the bottom 102

of the magnet [29]. Because of the non-contact transduction mechanism, EMAT su�ers 103

from low e�ciency compared to the contact methodology, like piezoelectric transducers, 104

which results in a weak signal, leading to a poor signal-to-noise ratio (SNR) and the 105

performance of EMAT is sensitive to the lift-o� distance. Physically, when the shear wave 106

EMAT is moved away from a metallic sample, two major mechanisms occur. First, as the 107

lift-o� distance increases, the transduction e�ciency of the EMAT decreases signi�cantly, 108

resulting in a lower SNR, due to the deterioration of the magnetic �ux density and the 109

eddy current induced by the coil, because both of them are inverse proportional to the 110

lift-o� distance [30]. Secondly, as the strong magnet is conductive and close to the coil, 111

some unwanted ultrasonic signals will also be generated in the magnet. The unwanted 112
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signal, reverberating within the magnet, is then detected by the coil and introduced in113

the received signal, which, now working as noise, further decreases the SNR of the signal.114

Consequently, the signal from the sample that is used for thickness computation or defect115

inspection will be easily smeared out by the noise (including inherent electrical noise and116

unwanted signal from the magnet) when the lift-o� distance exceeds a certain value.117

Figure 2: Signals from pulse-echo measurements on a 50 mm thick aluminum block using the conventional

shear wave EMAT with lift-o� distance of (a) 1 mm and (b) 3 mm. Two dashed lines indicate the location

of the �rst echo from the metallic sample.

Figure 2 shows results of pulse-echo measurements on an aluminum block with a118

thickness of 50 mm using the conventional shear wave EMAT at di�erent lift-o� distances.119

In this context, the cylindrical permanent magnet has a diameter of 25 mm and a height120

of 25 mm (N52 Neodymium magnet, Supreme Magnets, Singapore), magnetized along the121

height direction, with surface magnetic �eld of approximate 6871 Gauss. The thickness122

of the copper foil is 0.15 mm. The acrylic plate has the same diameter as the magnet and123

a thickness of 3 mm. The design parameters of the coil are the same as those used in the124

developed EMAT shown in the next section and the setup for the experimental testing are125

demonstrated in Section 3.1. It can be observed that when the lift-o� distance is 1 mm,126

the signal from the sample is signi�cant and easily identi�able, marked by two dashed127

lines shown in Fig. 2(a). When the lift-o� distance is increased to 3 mm, as shown in128

Fig. 2(b), the amplitude of the signal from the sample decreases signi�cantly, meanwhile,129

the noise, consisting of electronic noise and unwanted signals from the magnet remains130

relatively constant. Consequently, the signal from the sample is more likely to reach131
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the same level of the noise, leading to the signal being corrupted by the noise. Hence, 132

conventional EMATs are usually maintained within 3 mm lift-o� distance to ensure a 133

reasonable SNR. It is important to note that the design parameters of the conventional 134

EMAT used in the test are not optimized, thus its performance may not accurately 135

represent that of typical EMATs. 136

2.2. Development of shear wave EMAT 137

It is clear that the key approaches to improving the performance of EMAT are to en- 138

hance transduction e�ciency and minimize unwanted signals from the magnet. Although 139

several methods have been proposed, such as employing a stronger magnet or magnetic 140

�ux concentrator [31], applying a high voltage/current to the coil (commonly operate at 141

a voltage over a thousand volts), using laminated magnet and introducing a conductive 142

back plate between the magnet and the coil [32], it is challenging to achieve the dual 143

goals simultaneously. The �rst two methods can enhance the transduction e�ciency by 144

amplifying the signal generation in the sample, however, they also increase the signal 145

generation in the magnet. A laminated magnet may attenuate the signals within the 146

magnet to some extent, but they are not completely eliminated. Introducing a conduc- 147

tive back plate can signi�cantly suppress the signal generation in the magnet, but the 148

back plate may lead to a reduction in generation e�ciency due to energy loss through 149

joule heating [32]. 150

It is interesting to note that arrangement of permanent magnets has been utilized 151

in the past to increase the magnetic �ux density for the development of medical in- 152

struments [33�35]. This arrangement can be optimized for speci�c magnetic �elds and 153

tailored to suit various applications. Recent publications have shown that introducing a 154

magnet arrangement in EMATs can increase the strength of the magnetic �ux thereby 155

enhancing the transduction e�ciency. For example, two permanent magnets were con- 156

�gured in a repelling arrangement to enhance the magnetic �ux density by a factor 157

of nearly two compared to conventional design [36]. A core-magnet arrangement has 158

also been proposed, consisting of several magnets arranged around a ferromagnetic core. 159

This con�guration increases the magnetic �eld and improves the strength of the sig- 160

nal, with pulse-echo signals being 3∼6 dB greater than those produced by conventional 161

EMATs [37]. Even though the magnet arrangement is primarily aimed at enhancing 162
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transduction e�ciency to increase the signal strength of EMATs, its great �exibility in163

con�guration optimization suggests that a proper arrangement may achieve the dual164

goals of improving transduction e�ciency and suppressing unwanted signals from mag-165

nets. Therefore, a generic con�guration of a shear wave EMAT is proposed to improve166

the lift-o� performance by enhancing the SNR of the signal.167

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

As shown in Fig. 3(a) and (b), this con�guration consists of a �at pancake-like coil168

and a concentric arrangement of permanent magnets surrounding the coil with like poles169

facing each other. The magnets were encased in a cylindrical house made of derlin as170

shown in Fig. 3(c) and (d). The rationale behind this con�guration can be understood171

as follows: in the arrangement, the four permanent magnets with magnetic orientation172

being towards the centre of the arrangement can produce an increase of magnet �ux173

density in the space as a result of repulsion, which subsequently leads to a strong and174

uniform distributed normal component of the magnetic �ux within this region around175
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the coil. On the other hand, the arrangement guarantees that no conductive material is 176

positioned above the coil, thus the ultrasonic signal is only generated on the sample when 177

the coil is driven by an AC. Therefore, the magnets do not introduce any interference or 178

noise into the signal. The con�guration of the EMAT can greatly enhance the magnetic 179

�eld as well as completely suppress the unwanted signal, thus signi�cantly improving the 180

SNR of the signal and thereby increasing the lift-o� performance. It is worth noting that 181

even though the con�guration of magnets in this paper is similar to the core-magnet 182

structure described in a previous study [37], the permeable core is not employed in 183

this con�guration in order to completely suppress the signal generated in the magnets, 184

as many permeable cores, including non-conductive ferrites at high frequencies, exhibit 185

conductivity, and additionally the purpose of the con�guration is to enhance the lift-o� 186

performance rather than optimization of the bias magnetic �eld. 187

In this con�guration, each of the magnets was made of Neodymium N52 with dimen- 188

sions of 50Ö20Ö20 mm3 (Supreme Magnets, Singapore), magnetized through the 20 mm 189

width with surface magnetic �eld of approximate 5719 Gauss. The coil is constructed 190

using a two-layer �exible printed circuit board (PCB) by winding 22 turns of enameled 191

wire with a width of 0.2 mm, a thickness of 1.5 ounces and wire space of 0.2 mm. This 192

con�guration results in a coil diameter of 20 mm and conveys waterproof properties to 193

the PCB coil. In order to make waterproof solder pads, a long tail with a length of 70 194

mm and a width of 4 mm was incorporated into the PCB design. The solder pads were 195

positioned at the end of the tail, and a small tube with an internal diameter of 6 mm 196

and a length of 8 mm was utilized to cover the solder pads, �lled with potting compound 197

to completely encapsulate the solder pads, as shown in Fig. 3(d). To function the sensor, 198

the coil was attached to the �xture and connected to a BNC connector. 199

3. Lift-o� performance of the developed shear wave EMAT 200

3.1. Setup for testing 201

The lift-o� performance of the developed shear wave EMAT was investigated in pulse- 202

echo measurement. As shown in Fig. 4, the EMAT is connected to a pulse-echo sys- 203

tem, which essentially consists of two Handyscopes (HS5, TiePie, Netherlands), a power 204

ampli�er (GA-25000A, Ritec Inc., USA), a diplexer (RDX-EM2, Ritec Inc., USA), an 205
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Figure 4: Experimental setup for testing the lift-o� 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-ampli�er (PAS-0.05- 206

40, Ritec Inc., USA). The handyscope, consisting of a programmable signal generator 207

and a high performance oscilloscope, was employed to drive the transmitter and digitize 208

the output of the pre-ampli�er, which communicates with a PC via a USB port. The 209

power ampli�er, a wideband gated RF ampli�er, was used to amplify the signal output 210

from the function generator. The power output can be continuously adjustable through 211

a front panel potentiometer. The diplexer allows a single EMAT to be used both for 212

transmitting and receiving (pulse-echo mode). The impedance matching network, which 213

consists of high voltage capacitors, that can be switched in parallel with the EMAT coil, 214

was used to tune the impedance of the EMAT to a point where it can be more e�ciently 215

driven. The output signal of the impedance matching network was applied to the EMAT 216

and this signal was also monitored and recorded on the oscilloscope through a -40 dB 217

monitor port (meaning that the monitored signal is 100 times smaller than the signal ap- 218

plied to the EMAT), which was used for controlling the peak-to-peak voltage of the signal 219

applied to the EMAT as well as performing cross-correlation during post-processing. It 220

should be noted that the receive matching network was part of the system, but only the 221

20 dB pre-ampli�er integrated into the device was utilized. The acquired signals were 222

synchronized with the function generator and averaged in the oscilloscope to attenuate 223

the electrical random noise. To assess the performance of the EMAT at various lift-o� 224

distances, the EMAT was mounted on a robotic arm (UR5e, Universal Robots, USA) and 225

placed on the top of an aluminum block. The lift-o� distance was adjusted by moving 226

the robotic arm vertically along the surface of the block. 227

3.2. Test procedure and signal processing 228

The performance of the EMAT was tested on an aluminum block with dimensions 229

of 300Ö300Ö50 mm3, as the Lorentz force mechanism is dominant in aluminum mate- 230

rial. The tests were carried out under two conditions: in air and in seawater (arti�cial 231

seawater prepared in laboratory by dissolving salts in freshwater to achieve a salinity of 232

approximately 3.5%) for evaluating the performance of the EMAT in a normal condition 233

and a challenging environment to understand the suitability for underwater applications. 234

In the test, the lift-o� distance of the EMAT was varied from 0 to 8 mm with a step 235

size of 1 mm. On each lift-o� distance, a 2-cycle Hann windowed tone-burst signal with 236
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central frequency of 2 MHz was generated by the function generator. The signal was am-237

pli�ed by the power ampli�er to an amplitude of around 400 Vpp by adjusting the output238

power level. This relatively low voltage is used to ensure the applications of this method239

in oil and gas installations where the intrinsic safety regulations necessitate low power240

excitations. Two capacitors from the impedance matching network with capacitances of241

195 pF and 410 pF were connected in parallel in the circuit to maximize power transfer.242

The pre-ampli�er was set to 40 dB so the total gain of the system was 80 dB (40 dB is243

from the pre-ampli�er, 20 dB is from the diplexer and the other 20 dB is from the receive244

matching network as shown in Fig. 4(b)). Acquired signals were synchronized for each245

measurement and averaged 1000 times in the oscilloscope, followed by a cross-correlation246

between the acquired signal and the monitored signal output from the impedance match-247

ing network. During the test, both the generator and the oscilloscope were sampled by248

100 MHz. For tests in seawater, both the aluminum block and the EMAT were sub-249

merged in a water tank �lled with seawater, and the sample was connected to ground,250

which helps minimize electrical interference in measurements by ensuring the sample and251

the measuring equipment share a common reference point.252

To quantitatively evaluate the lift-o� performance, the SNR of the signal was com-253

puted using the formula254

SNR = 20log10(Asignal/Anoise), (1)

where Asignal and Anoise are root mean square (RMS) amplitude of the �rst echo and255

noise, respectively. The former was calculated in a time window that covers the �rst256

echo and the latter was computed within a time window selected between the �rst and257

second echoes. The maximum e�ective lift-o� distance of EMAT can be determined on258

an industry-accepted standard, typically set to be a reasonable SNR, often de�ned at 12259

dB [18].260

3.3. Lift-o� performance261

3.3.1. Performance in air262

The experimental results for a lift-o� distance of 2 mm are presented in Fig. 5.263

Fig. 5(a) shows the monitored signal output from the impedance matching network264

through the -40 dB port. As its amplitude is 100 times smaller than the signal applied to265
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Figure 5: Signals from pulse-echo measurements using the developed EMAT with a lift-o� distance of 2

mm. (a) Monitored signal output from the impedance matching network. (b) Raw received signal from

the EMAT, where the �rst two dashed lines locate the window covering the �rst echo and the second

and third dashed lines indicate the window between the �rst 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 approximately266

400 Vpp. The raw ultrasonic signal output from the EMAT is illustrated in Fig. 5(b).267

A distinct main bang is observed at the beginning of the signal due to pulse-echo mode.268

Following this, several ultrasonic wave packets are clearly identi�ed at di�erent time in-269

tervals (32µs, 64µs and 96µs, respectively), corresponding to echoes re�ected from the270

back and front walls of the block. The received signal also undergoes distortion, poten-271

tially induced by the electronics in the system, introducing low-frequency components in272

the signal. This received signal is subsequently correlated with the monitored signal and273

the resulting signal is shown in Fig. 5(c). As anticipated, the cross-correlation helps mit-274

igate the low frequency components (distortion), emphasizing the correlated components275

and slightly improving the SNR. This operation is similar to the functionality of a band-276

pass �lter commonly employed in EMAT signal post-processing. The SNR is computed277

using Eq. (1), where the RMS amplitude of the �rst echo is computed in the time window278

marked by the �rst two dashed lines in the �gure, while the RMS amplitude of noise is279

calculated in another time window indicated by the second and third dashed lines. In280

this instance, the ultrasonic echo achieves a notable SNR of 28.15 dB. Fig. 5(d) displays281

a zoom-in of the signal between the second and third dashed lines, which illustrates the282

background noise. This noise exhibits a much smaller magnitude when compared to the283

distinct signal wave packet, showing that the background noise is practically negligible.284

Figure 6 shows the received signal from the developed shear wave EMAT after the285

cross-correlation at various lift-o� distances. It can be seen that, when the lift-o� distance286

is nearly zero, indicating close proximity of the coil to the sample surface, the �gure287

reveals noticeable signal distortion, leading to the amplitude of the �rst echo being smaller288

than the second echo. This distortion may be attributed to a signi�cant change in the289

impedance of the system. Additionally, it is observed that the �rst echo amplitude290

decreases with increasing the lift-o� distance. However, the signal can hold a notable291

SNR of 16.92 dB, even though the lift-o� distance is increased to 5 mm, which indicates292

that the �rst echo of the signal is easily identi�ed.293

3.3.2. Performance in seawater294

The testing was also carried out under seawater and the experimental results are295

shown in Fig. 7 for a lift-o� distance of 2 mm. Similarly, the amplitude of the signal296
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Figure 6: Signals from the developed EMAT in air condition with lift-o� distance of (a) 0 mm, (b) 1

mm, (c) 2 mm, (d) 3 mm, (e) 4 mm, (f) 5 mm, (g) 6 mm, (h) 7 mm and (i) 8 mm. The �rst two dashed

lines indicate the location of the �rst echo and the third dashed line show the beginning of the second

echo.
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Figure 7: Signals from underwater pulse-echo measurement using the developed EMAT with a lift-o�

distance of 2 mm. (a) Monitored signal from the impedance matching network. (b) Raw received signal

from the EMAT, where the �rst two dashed lines locate the �rst echo and the second and third indicate

the region between the �rst and second echoes. (c) Signal after the cross-correlation, with (d) a zoom-in

of this signal between the second and third dashed lines.
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applied to the EMAT is around 400 Vpp, computed from the monitored signal shown in 297

Fig. 7(a). Because of the harsh conditions in the underwater environment, more high- 298

frequency noise can be observed in the raw received signal shown in Fig. 7(b). The 299

cross-correlation is applied to mitigate the distortion and high frequency noise, and the 300

result is shown in Fig. 7(c), with the signal maintaining a notable SNR of 27.46 dB. 301

A zoom-in of the signal between the second and third dashed lines is also displayed in 302

Fig. 7(d), showing the background noise is characterized by its extremely low amplitude, 303

allowing the signal to dominate. 304

Figure 8 illustrates the time domain signal received from the developed EMAT after 305

the cross-correlation in seawater. The EMAT displays behaviour similar to that in air, 306

experiencing signal distortions as the lift-o� distance approaches zero and achieving a 307

notable SNR of 13.68 dB when the lift-o� distance increases to 5 mm. 308

3.3.3. Performance comparison 309

The lift-o� performance of the conventional EMAT, as demonstrated in Section 2.1, 310

was evaluated and compared with that of the developed EMAT, as shown in Fig. 9. 311

The received signals from the conventional EMAT in the time domain are not shown 312

for the sake of brevity. It is evident that the maximum e�ective lift-o� distance of 313

the conventional EMAT is limited to around 2.25 mm. However, the developed EMAT 314

demonstrates a substantial improvement, achieving up to 5.75 mm in air and 5.25 mm 315

in the seawater condition. The slight variation in performance between air and the 316

seawater condition may be attributed to the challenging underwater environment, which 317

has a tendency to reduce the maximum e�ective lift-o� distance. It is important to 318

note that the conventional EMAT used in this paper is not optimized, and thus the 319

observed maximum e�ective lift-o� distance may not represent the optimal behaviour 320

of conventional EMATs. The maximum e�ective lift-o� distance of more than 5 mm 321

in seawater demonstrates signi�cant potential for underwater applications of the EMAT 322

through marine growth. 323
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Figure 8: Signals from the developed EMAT in seawater condition with lift-o� distance of (a) 0 mm,

(b) 1 mm, (c) 2 mm, (d) 3 mm, (e) 4 mm, (f) 5 mm, (g) 6 mm, (h) 7 mm and (i) 8 mm. The �rst two

dashed lines indicate the location of the �rst echo and the third dashed line show the beginning of the

second echo.
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Figure 9: Lift-o� performance comparison between the conventional EMAT in air condition and the de-

veloped EMAT in both air and seawater conditions. The circle, square and triangular symbols represent

the performance of the conventional EMAT in air condition, the developed EMAT in air condition and

this EMAT in seawater condition, respectively. The dashed line and solid line are corresponding to test

in air and seawater conditions, respectively. The horizontal dashed line indicates the 12 dB threshold

and the vertical downward arrows indicate the maximum e�ective lift-o� distance for each scenario.
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4. Underwater quantitative thickness mapping through marine growth324

The primary objective is to quantitatively map thickness variation due to corrosion or325

erosion through marine growth using the developed EMAT. The thickness mapping per-326

formance of the developed EMAT in a simulated condition was therefore experimentally327

veri�ed.328

4.1. Sample preparation, marine growth development and scanning setup329

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 of330

300Ö300Ö41 mm3 (ρ = 2700 kg/m3, E = 69 GPa, v = 0.33) was acquired. On one331

side of the block, a synthetic defect was machined into the central area to simulate cor-332

rosion, which consists of two concentric circular defects: the small one with a diameter333
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of 40 mm and a thickness of 10 mm, and the big one with a diameter of 80 mm and a 334

thickness of 5 mm, as shown in Fig. 10(a). Two through holes with diameter of 15 mm 335

were drilled around the two opposite corners of the block, which were used for �xing the 336

block during the growth process of marine organism. 337

Testing the developed EMAT with natural marine growth can provide a realistic as- 338

sessment of their performance in actual marine environments. However, the growth of 339

marine organisms is typically a gradual process. Two types of marine growth were there- 340

fore proposed in the experiments: natural marine growth and arti�cial marine growth. 341

To cultivate natural marine growth, seawater immersion tests were conducted for 60 days 342

in Bukom island, Singapore (1°14'00�N 103°45'52�E, approximately �ve kilometers to the 343

south of Mainland Singapore). The chosen location is an access-controlled area, distant 344

from heavy anthropic activities. The sample was �xed using a long chain cable and 345

positioned vertically at a depth of approximately 1.5 m beneath the seawater surface. 346

Fig. 10(b) and (c) show the surface condition of the sample after the seawater immersion 347

test. As expected, the growth of marine organism is a slow process, resulting in a thin 348

layer of marine growth with an average thickness of 1 mm, sparsely distributed on the 349

sample surface. 350

Arti�cial marine growth was also developed on the other sample. The preparation of 351

arti�cial marine growth includes a few steps (as shown in Fig. 11): 1. smashing barnacles 352

(removed from ship structure and provided by Tomtec NDT Marine Services Pte Ltd, 353

Singapore) and placing them on the surface of the sample where there is no simulated 354

corrosion; 2. using epoxy (ZS hard type epoxy resin 3:1) to adhere the smashed barnacle 355

to the surface of the sample; 3. leaving the sample to room temperature, with a curing 356

time of 24 hours; 4. polishing the surface of the arti�cial marine growth to remove any 357

burrs and ensure a uniform thickness of approximately 3 mm. Fig. 11(b) shows the 358

arti�cial marine growth on the front side of the block. Fig. 11(c) displays the back side 359

of the block with the simulated corrosion. 360

To demonstrate the performance of underwater thickness mapping, the sample was 361

placed in a water tank immersed in seawater, with the marine growth side facing upward, 362

as shown in Fig. 12. The EMAT was mounted to the robotic arm and connected to the 363

pulse-echo system as demonstrated in Section 3. All the parameters used in the scanning 364
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Figure 11: Arti�cial marine growth on the sample. (a) Schematic of arti�cial 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-o� performance testing. The 365

distance between the EMAT and the surface of the marine growth was maintained at 2 366

mm, therefore, the lift-o� distance in the natural marine growth case is around 3 mm, and 367

the lift-o� distance in the arti�cial marine growth case is around 5 mm. A scanning plan 368

was programmed to execute the C-scan, enabling the robotic arm to move the EMAT 369

across the sample with 21Ö21 grid points covering an area of 120Ö120 mm2 with step 370

size of 6 mm. At each point, the EMAT excited and received ultrasonic waves in the 371

sample, then picked up the �rst echo and computed the time of �ight (ToF) for the �rst 372

echo by searching for the peak of the wave packet. The ToF was subsequently converted 373

into thickness based on the shear wave velocity, which was calibrated in a region with 374

known thickness (3062.80 m/s for this sample). The thickness mapping can be displayed 375

by linearly �tting the thickness at each point after the scanning process. 376

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 377

were introduced [38]: the �rst one (referred to as error 1) is to evaluate the quality of the 378

shape reconstruction; and the second (referred to as error 2) is to determine the accuracy 379

of the minimum remaining wall thickness inversion. Error 1 can be calculated by 380

e1 =

√∫
[T (x, y)− T ∗ (x, y)]

2
w (x, y) dxdy

T 2
0

∫
w (x, y) dxdy

, (2)

where T0 denotes the nominal thickness; T (x, y) represents the measured thickness map 381

and T ∗ (x, y) corresponds to the reconstructed thickness map. w is a windowing function, 382
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determining both the extent and weighting to be applied to the error, which is de�ned383

as384

w (r) =

 1
2

[
1 + cos

(
πr
A

)]
r < A

0 r ≥ A
, (3)

where r =
√

(x− x0)2 + (y − y0)2, with x0 and y0 being the location of the centre of385

the scanning area; A is set to be 60 mm, half of the side length of the scanning area.386

The window has a peak at r = 0 and varies smoothly down to zero at r = A. Error 2 is387

de�ned as388

e2 =
|Tm − T ∗

m|
T0

, (4)

where Tm represents the minimum thickness of the block sample, while T ∗
m is the corre-389

sponding value in the reconstruction.390

4.2. Thickness mapping through natural marine growth391

Figure 13 presents the thickness reconstruction by using the developed EMAT through392

natural marine growth (shown in Fig. 13(a)-(d)) and A-scan signals (shown in Fig. 13(e)393

and (f)) at two representative locations, I and II, marked in Fig. 13(a). The recon-394

struction e�ectively captures key features of the defect, providing clear insights into its395

dimensions, geometry, thickness distribution and the location of sharp edge. Even though396

the sharp edge of the defect is represented by burr-like artifacts, characterized by a dif-397

fuse region around the edges, which is mainly caused by the wave scattering around the398

sharp edge and the relatively low spatial resolution (6 mm step size) in the scanning399

process, the pro�le of the defect and the minimum remaining thickness are accurately400

reconstructed with error 1 being 2.75%, signifying the successful reconstruction of the401

defect pro�le and error 2 being 0.51%, demonstrating the precise determination of the402

deepest point. Fig. 13(e) and (f) show the time domain signals received at locations I403

and II, respectively. At location I, the �rst echo is easily identi�able, while at location II,404

the �rst echo su�ers from wave scattering around the sharp edge, which mainly causes405

the di�usion feature of the sharp edge observed in the reconstruction. These results406

demonstrate the excellent performance of the developed EMAT for underwater thickness407

mapping in actual marine conditions.408
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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 pro�le of the thickness map at (c) cross section A and (d) cross section B where e1 and

e2 represent error 1 and error 2, respectively; Received signal at (e) location I and (f) location II.

.
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4.3. Thickness mapping through arti�cial marine growth409

Figure 14 displays the thickness reconstruction through arti�cial marine growth and410

A-scan signals at two representative locations. Similar to the reconstruction through411

natural marine growth, the developed EMAT accurately captures the dominant features412

of the defect, including location and dimension of the defect. However, the geometry of413

the sharp edge is slightly compromised in the reconstruction through arti�cial marine414

growth. This may be attributed to the rigid constraint introduced by the arti�cial ma-415

rine growth, that could dampen the wave energy, and a relatively higher lift-o� distance.416

Both of them may easily result in smeared signals around edges, as shown in Fig. 14(f).417

Nevertheless, the pro�le of the defect and the deepest point are well reconstructed. Error418

1 is approximate 3.2% and error 2 is around 0.04%, demonstrating the superior perfor-419

mance of the EMAT in thickness reconstruction through arti�cial marine growth with a420

considerable lift-o� distance. These results present a strong capability of the developed421

EMAT for underwater inspection through marine growth.422

5. Discussion423

It is known that the performance of EMAT is dependent on many factors, including424

driving voltage, magnet arrange, coil parameters [29] and post-processing. It is worth425

to highlight that the con�guration of the developed EMAT in this paper is not optimal.426

Hence, there is still signi�cant potential for further improving its lift-o� performance427

through optimizing the design. To achieve this, additional quantitative studies on the428

optimal con�guration of the EMAT are needed.429

5.1. Driving voltage430

In the test, only 400 Vpp was applied to the EMAT. Using higher exciting voltage can431

increase the strength of the signal, thereby enhancing the lift-o� performance. Fig. 15432

illustrates the lift-o� performance of the developed EMAT with 600 Vpp and 800 Vpp433

applied. The results show that the maximum e�ective lift-o� distance can be increased434

to 6.5 mm (with 600 Vpp), and 6.7 mm (with 800 Vpp) in air condition; and 5.4 mm435

(with 600 Vpp) and 5.7 mm (with 800 Vpp) in the seawater condition.436
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Figure 14: Reconstruction of thickness mapping through arti�cial marine growth and A-scan signals at

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

and line pro�le of the thickness map at (c) cross section A and (d) cross section B. e1 and e2 represent

error 1 and error 2, respectively. Received signal at (e) location I and (f) location II.
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Figure 15: Lift-o� performance of the developed EMAT in both air and seawater conditions. The

circle and square represent the performance of the EMAT in air condition under 600 Vpp and 800 Vpp,

respectively. The triangle and �ve star represent the performance of the EMAT in seawater condition

under 600 Vpp and 800 Vpp, respectively. The dashed line and solid line are corresponding to test in

air and seawater conditions, respectively. The horizontal dashed line indicates the 12 dB threshold and

the vertical downward arrows indicate the maximum e�ective lift-o� distance for each scenario.
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5.2. Magnet arrangement and coil parameters 437

In the prototype, the repelling con�guration consists of four block magnets with like 438

poles facing each other. This con�guration enhances the vertical magnetic �eld and 439

ensures an even distribution. It is evident that using more magnets can further uniform 440

the vertical magnetic �eld, improving the generation of pure shear waves. Therefore arc 441

magnets and ring-shaped magnets with radial polarization may provide a more evenly 442

distributed vertical magnetic �eld, leading to better lift-o� performance. 443

The coil used in this study is unoptimized. A two-layer �exible PCB with very thin 444

wires was employed to reduce the interference with the lift-o� performance. However, 445

the thin wires may introduce more resistance to the system, leading to increased energy 446

consumption. It is desirable to achieve a maximum power transfer in EMAT, which 447

is determined by the inductance of the coil, to obtain a higher SNR [39]. Hence, the 448

parameters of the coil can be optimized, such as changing the number of turns and 449

modifying the wire dimensions, to balance the load between the coil resistance and eddy 450

currents, ensuring maximum power delivery to the eddy currents. 451

5.3. Post-processing 452

Increasing the averaging is straightforward to improve the SNR of the signal in post- 453

processing. However, more averaging typically increases time consumption, making it 454

impractical for many applications. Pulse compression has been used to increase the SNR 455

of the signal in various applications [40�42]. This technique involves transmitting a long 456

coded signal, capturing re�ections and decoding through cross-correlation between the 457

transmitted and received signals in order to compress signal in the time domain, thereby 458

increasing the SNR. Employing pulse compression with the developed EMAT is another 459

potential method to further enhance its lift-o� performance, which will be studied and 460

reported in future work. 461

6. Conclusion 462

Underwater inspection is challenged by marine growth which covers the surface of 463

the objects to be inspected, rendering most methods impractical for quantitative mea- 464

surement without the removal of marine growth. This paper presents a solution to this 465

problem by employing a shear wave EMAT and enhancing its lift-o� performance. 466
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A shear wave EMAT, consisting of a pancake-like coil and a repelling con�guration of467

magnets placed around the coil, is proposed, where the repelling con�guration enhances468

the magnetic �eld around the coil and completely suppress the unwanted signal generated469

in the magnet typically occurred in conventional shear wave EMATs. This enhancement470

signi�cantly improve the SNR of the signal, resulting in a substantial improvement in471

lift-o� performance.472

The lift-o� performance of the EMAT was evaluated on an aluminum block under473

both air and seawater conditions with an exciting voltage of 400 Vpp applied to the474

EMAT. The results demonstrate a signi�cant improvement in the SNR, thereby allowing475

for an increased maximum e�ective lift-o� distance of up to 5 mm in both conditions.476

The developed EMAT was then applied for underwater inspection to measure cor-477

rosion through natural marine growth (with a thickness of around 1 mm and a lift-o�478

distance of 3 mm) and arti�cial marine growth (with a thickness of 3 mm and a lift-o�479

distance of 5 mm). In both scenarios, the developed EMAT exhibited outstanding per-480

formance in pro�le reconstruction and deepest thickness inversion. The natural marine481

growth case indicates that the EMAT has strong capability for underwater applications482

in actual marine conditions. The arti�cial marine growth case, where the lift-o� distance483

is around 5 mm, demonstrates huge potential for underwater quantitative thickness map-484

ping through marine growth in certain scenarios.485

In future work, the lift-o� performance of the developed EMAT could be further en-486

hanced by optimizing the con�guration and incorporating pulse compression techniques.487

The improved lift-o� performance makes the EMAT more suitable for underwater in-488

spection through marine growth.489
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