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Abstract: Coatings play a crucial role in protecting ships and marine structures from corrosion and
extending their service life. The reliability of these coatings depends on their proper maintenance,
which in turn, relies on the application of reliable diagnostic techniques. Non-destructive testing
(NDT) techniques are useful in material diagnostics, such as detecting debonded zone in water.
However, the challenging access environment in the ocean, and the high attenuation characteristics of
the material itself add too many technical challenges. In this paper, we propose a guided wave-based
technique for characterizing the bonded zone state of coatings, which uses FFT analysis in different
bonded zone states. The proposed technique has been demonstrated to be effective in characterizing
the bonded zone state of water coatings through numerical and experimental results.

Keywords: non-destructive testing; coating characterization; guide waves; underwater; delamination;
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The corrosion of marine structures poses a significant threat to the development of
the marine industry [1,2]. Steel structures, in particular, are vulnerable to attack from
seawater, which can lead to chloride and sulfate corrosion [3,4]. To combat this problem,
Ultrasonic Lamb Waves. Coatings surface coating techniques using epoxy resins have been widely employed for the repair
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coatings have been widely used for the protection of steel marine structures due to their
excellent chemical resistance, adhesion, and durability. However, recent advancements
in materials science have led to the development of high alloy and intermetallic coatings
that can offer superior protection against corrosion and erosion. These coatings can be
deposited using thermal spray techniques such as plasma spraying, flame spraying, and
arc spraying [19-21]. Recently, many researchers have studied the microstructure and
corrosion behavior of the prepared composite coatings, such as immersion corrosion and
corrosion wear [22,23]. In our research work, the non-destructive detection method of
coating delamination in an immersion test was studied. Therefore, the proper application
and maintenance of surface coatings are essential for ensuring the longevity and cost-
effectiveness of these structures. In this study, we will explore a critical aspect of surface
coatings, namely the evaluation of the bonded zone state of the coating layer.

In summary, the effectiveness of testing protective coating is essential, and it accounts
for a large part of offshore structures’ construction and operation costs. The increasing
demand for offshore energy sources has led to the development of various structures,
including wind power farms and marine oil and gas drilling platforms [24]. These structures
play a crucial role in the economic growth and energy security of nations. However, the
harsh and corrosive environment of the ocean presents several challenges to the integrity
and longevity of these structures. The proper application and maintenance of surface
coatings are critical in ensuring the safety and longevity of these structures, especially
given the significant cost associated with maintenance and repairs. The leading cause of
corrosion due to coating protection failure is the debonded zone between the coating and
the steel structure surface. The hole and too thin thickness or much wear may lead to
the debonded zone. In operation, the inflow of seawater into the gap between coating
and steel significantly affects the progress of corrosion and, over time, will increase the
area of corrosion, so the detection of the debonded zone for underwater coating is critical.
However, the coatings to be inspected are often coated on submerged marine structures,
making it difficult to apply general ultrasonic NDT to the structures in the ocean, making
it more difficult to monitor the debonded zone of the coatings and therefore underwater
ultrasonic NDT techniques are required to characterize the debonded zone.

Ultrasonic nondestructive testing (UT) is a type of NDT that uses high-frequency sound
waves to evaluate the properties of a material, component, or system without causing any
damage. UT is a highly accurate and reliable method of NDT that can detect very small
flaws and variations in material properties. UT is commonly used to detect internal flaws,
measure thickness, and evaluate the mechanical properties of materials. In UT, a small
transducer is placed on the surface of the material being tested. A transducer generates
ultrasonic waves, which are transmitted through the material being evaluated. These
waves are reflected back to the transducer when they encounter changes in the material’s
properties, such as defects or the opposite surface of the material. The time it takes for
the waves to travel through the material and return to the transducer provides valuable
information about the material’s condition and any defects it may contain. The time it takes
for the waves to travel through the material and be reflected back is used to calculate the
distance to the reflecting surface or flaw. UT has a wide range of applications in various
industries, including aerospace, automotive, construction, energy, and manufacturing. It
can be used to inspect welds, pressure vessels, pipelines, bridges, aircraft components, and
many other structures and materials. UT is particularly useful for inspecting materials that
are difficult to access or that have complex shapes, as it can be used to test these materials
from one side without the need for disassembly [25-27].

In this paper, underwater ultrasonic-guided wave technology is used to characterize
the debonded zone. In the existing research on ultrasonic wave bulk, waves are used to
evaluate the thickness and debonded zone degree of coatings in the air environment [28].
However, the underwater part is easy to rust but not easy to detect, and once a problem
occurs, it may lead to severe consequences, so monitoring its quality will be more critical.
Therefore, a technology that can use ultrasonic waves to monitor the quality of coatings
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underwater has been developed [29,30]. Bulk waves are used for ultrasonic transducers
located at a certain distance from the surface of the coating layer, with water as a delay line,
reducing the degree of influence of the attenuation of the coating on the signal analysis,
and more accurately evaluating the quality of the coating layer. However, this method has
certain drawbacks, for example, the detection range of bulk waves is relatively small, and
there are many hard-to-reach areas in the underwater parts of marine structures, coupled
with the large surface area that needs to be inspected, so it increases the time cost and risk
for NDT personnel. Therefore, there is a need for a long-distance contactless ultrasonic
wave in water: The Lamb wave. British physicist Lamb discovered the Lamb wave in
1917 by studying the sine wave in an infinite plate, which is also known as the plate wave.
Lamb waves are a type of guided wave that propagates along the thin-walled boundaries
of structures. They are generated by the excitation of a stress wave that is coupled with
both a shear wave and a longitudinal wave. It belongs to a type of guided wave. Guided
waves are elastic waves that propagate along the thin-walled structure of the structure
boundary. Guided waves and bulk waves are two types of waves that can propagate
through a medium, such as a solid or a fluid. While both types of waves have their own
unique properties and characteristics, guided waves offer several advantages over bulk
waves in certain situations. One advantage of guided waves is that they can be confined
to a specific path or channel within the medium, making them easier to be controlled and
manipulated. This can be useful in situations where it is important to direct the energy of
the wave to a specific location or to prevent it from spreading out over a large area. Another
advantage of guided waves is that they can have a longer range of propagation compared
to bulk waves. This is because guided waves are confined to a specific path within the
medium, which can help to reduce losses and attenuation. As a result, guided waves can
often be used to transmit signals over long distances with less degradation. In addition,
guided waves can exhibit a higher degree of localization, meaning that the energy of the
wave is concentrated in a specific region or channel within the medium [31]. This can be
useful for tasks such as imaging or sensing, where it is important to focus the energy of the
wave on a specific area. Overall, the advantages of guided waves over bulk waves depend
on the specific application and the requirements of the system. While bulk waves are often
used for tasks such as transmitting sound or transmitting energy over a large area, guided
waves can be more useful for tasks that require precise control of the wave’s propagation
or localization of energy. Lamb waves are generally implemented for defect inspection
of thin plates, but in this study, we implemented Lamb waves to detect delamination
between a coating and a substrate in an underwater structure. Many studies have been
carried out to detect delamination in multilayer structures or composite materials using
guided ultrasound [32-34]. However, most of the studies are conducted in an atmospheric
environment, so research is needed to detect delamination of the underwater coating layer.

In addition, various studies have shown that guided waves can be used to inspect
underwater structures, coatings, insulating materials, or other inaccessible structures with
excellent sensitivity [35]. However, due to the complexity of wave propagation char-
acteristics, especially the dispersion properties of guided waves, the mode conversion
phenomenon at defects, and the changes in the wave structure of each mode at different
frequencies, it is still difficult to classify and determine the size of defects through guided
waves for solving the problem [36]. Among them, the study of defect scattering analy-
sis using purely analytical methods has achieved limited success for defects with simple
geometric shapes. However, since the mathematical expressions of guided wave eigen-
modes in such waveguide structures cannot be obtained, purely analytical methods are
not applicable to such waveguides. The study of guided waves and their interaction with
structural defects has gained significant attention in recent years. Researchers have sought
numerical methods, such as the boundary element method (BEM), to study the scattering
of guided waves in structures. BEM has several advantages over traditional numerical
methods, including dimensionality reduction, reduced computer time and storage, and
ease in handling unbounded domains. The hybrid boundary element method combined



Coatings 2023, 13,728

40f13

with normal mode expansion has been used to study Lamb wave mode conversion at the
edges of plates and the interaction with surface fracture defects [37]. The same technique
has also been used to study the interaction of shear horizontal (SH) waves with various
cracks and corrosion boundaries in structures. These studies highlight the great potential
of guided waves in solving structural defect characterization and measurement problems.
In this research work, the propagation of the Lamb wave in the coated structure
was investigated. As matter of fact, the coated structure is permanently immersed in the
water, and the water itself can be used to excite the Lamb wave. For the laboratory-based
inspection, the specimens of carbon steel were coated. In the fabricated specimen, the
coating layer was applied with a 1 mm thickness. Additionally, in the experimental studies,
the delaminated coating layer was fabricated as well. According to the experimental
results application of the Lamb wave for the inspection of the coating layer is feasible. The
attenuation rate in the material can be used as a parameter to determine the bonded zone
condition of the coating layer. FFT techniques can be used to evaluate the debonded zone
state of the coating. Accurate thickness estimation and bond state assessment using the FFT
ultrasonic pulse-echo method [38]. In this study, FFT will be used to evaluate the debonded
zone state. Obtained waveforms show clear results in both time and frequency domains.

2. Experimental Methods and Corresponding Theory
2.1. Theory
2.1.1. Guided Wave Propagation in a Free Plate

The fundamental difference between bulk waves and guided waves in the sense of
wave propagation is the fact that a boundary is required for guided wave propagation.

As a result of the interaction between the wave and the boundary along a thin plate or
an interface, a variety of different waves is formed from reflection and mode conversion
inside a structure. It is then superimposed with the area of constructive and destructive
interference that finally leads to guided wave packets that can travel.

As ultrasonic energy from the excitation region encounters the upper and lower bound-
ary surfaces of the plate, mode conversions of bulk wave occur (L-wave to T-wave and
vice versa). After some travel time in the plate, superpositions cause the formation of wave
packets or guided wave modes. The excitation band can be considered a driving force. The
plate displacements must be in equilibrium with this force according to Navier’s displace-
ment equilibrium equation, also known as the equation of motion in linear electrodynamics.
The equation is

. ot
szﬁ+(?\+G)v(v~ﬂ) = a—z (1)

Since there will be both longitudinal and shear (transverse) displacements, the dis-
placement vector can be separated into longitudinal ® = @ (y)e!**~“") and transverse
0
Y = 0 components according to Helmholtz’s decomposition, that is

(p(y)ei(kx—wt)
U=vyd+yx¥ 2)

Using this formulation of the plate problem, substituting (2) into (1), solving these
two equations results in two additional equations, which depend on the spatial coor-
dinates, angular frequency, and propagation number. The second-order differential
operator and cancellation eliminate the time dependence. The solutions of these ho-
mogeneous second-order equations can be written as, @(y) = (A cosk;y + Ay sink;y)
@ (y) = (Azcosky + Agsinksy).

Where Ay, Ay, Az, and A4 are constants that can be determined by boundary condi-
tions. The consideration of boundary conditions starts with Hooke’s law, which relates
stress to the volume and linear deformation of the plate caused by ultrasonic excitation.
With these boundary conditions, the system of equations for the constants A;; can be
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written in matrix form. The matrix entries, a;; are the coefficient of the A;s within the stress
field equations.
ann o mg| [Aq 0
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From linear algebra, to obtain a nontrivial solution of the constants A;, the determinant
of [a] matrix must be zero. The following two relationships must be satisfied for (3) solutions.
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That the first equations were created by grouping the cosine terms and the second
one by grouping the sine terms. These two equations are known as the Rayleigh-Lamb
frequency equations. ¢y, ct, d, w, and k are the longitudinal velocity, transverse velocity,
thickness, angular frequency, and wave number in Equation (5).

2.1.2. Dispersion Curves

In this study, proper mode selection plays an essential role in GW-based signal analysis.
For experiments, the guided wave dispersion curves must be plotted, and the appropriate
GW modes must be selected.

The longitudinal and transverse wave velocities (c; =2.28 mm/ps and ¢ = 1.13 mm/ us)
were measured experimentally to plot the dispersion curves. The dispersion curves of the
dispersion equation are shown in Figure 1.

The mode selection for guided waves depends on the specimen geometry and material
properties. The validation of Lamb wave modes relies on mode dominance, adequate wave
energy ratio, and attenuation effects. From the dispersion line diagram, it can be concluded
that for a coating material with a thickness of 1 mm, the appropriate Lamb wave mode
is the S3 mode, and considering the attenuation and distortion effects, S3 mode, 3.3 MHz
(with a thickness of 1 mm) is considered to be the appropriate Lamb wave mode. The
dispersion curve in Figure 1 shows that the calculated phase and group velocities are 2.39
and 1.81 mm/ s, respectively.

2.1.3. Fast Fourier Transform Analysis

In the time domain, the linear parameter of the Lamb wave, such as attenuation,
time of flight, phase, and other parameters, can be observed. The frequency domain
waveform allows the analysis of the nonlinear parameters. Frequency domain analysis of
the waveform allows for determining fatigue and scattering.

Scattering of the waveform is the main physical phenomenon that occurs in the bonded
coating layer due to the propagation of the waveform. This phenomenon is very difficult
to recognize in the time domain because the scattering is usually called a variation of the
main central frequency of the waveform. For this purpose, we use FFT for the analysis of
the wave forming the timed frequency domain.
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Figure 1. Dispersion curve for coatings specimen. (a) Dispersion curve for phase velocity; (b) disper-
sion curve for group velocity.

2.2. Experimental Methods
2.2.1. Preparation of Test Specimen

Coated specimens of marine structures were used to study the properties of guided
wave propagation. SS275 steel plate (180 mm x 150 mm, thickness 4 mm) was used
as the substrate of the specimen. 55275 steel is characterized by low carbon content, soft
hardness, and tensile strength of 400 MPa. According to KS D 3505, its chemical composition
consists of carbon (<0.25%), silicon (<0.45%), manganese (<0.14%), and low levels of
phosphorus (<0.05%) and sulfur (<0.05%). The coating material was made according to the
manufacturer’s instructions. The coating was prepared by mixing the epoxy resin (Alocit
28.14 epoxy coating-zinc primer dark grey) and hardener produced by ALOCIT SYSTEMS
in a ratio of 5.1:1.
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Before coating, use 400 and 800-grit sandpaper to cross-grind the surface of the steel
plate and rubber from low to high, wipe with alcohol, apply the coating material evenly on
the surface of the steel after drying, and put it into the mold to cure at room temperature
for 72 h. There are various methods of coating application, but the commonly used way
in this field is to use a traditional roller to coat only the surface of the substrate [34]. The
specimens used to evaluate the debonded zone state of the coating are shown in Figure 2.

| 180 mm |

|

bonded zone debonded zone

150 mm

bonded zone

(b)

Figure 2. Photographs of specimen coated on the S5400 steel. (a) Top view and (b) cross-section. The
left side is bonded zone, and the right side is debonded zone.

There are two types of experimental specimens; the first type is the area where the
coating is bonded zone to the carbon steel plate, and the length and width of the bonded
zone area are 90 and 150 mm, respectively, and the thickness of the coating is 1 mm. the
second type is the area where the coating is debonded zone from the carbon steel, and the
length and width and thickness of the debonded zone area of the coating are identical to
the first type. The details of the coating material are shown in Table 1. In the process of
fabricating the coating material, rollers were utilized to apply the coating onto the surface
of the carbon steel plate. This method of application is conventional and commonly used in
various industries. During the experiments, a carbon steel plate with a thickness of 4 mm
was used. It is also worth mentioning that the surface of the plate could undergo a polishing
process to ensure a uniform thickness of the coating material. After the fabrication of the
specimen, the variation in thickness was measured at different positions on the surface
using precise calipers. The average thickness was then calculated based on the collected
data, which was found to be 0.99 mm, with a standard deviation of 0.0012 mm.
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Table 1. Information/Material Properties of the coating materials.

Product Alocit 28.14
manufacturer Alocit Systems
Density 1.7 g/m3
Longitudinal wave velocity 2.39 mm/ us
Transverse wave velocity 1.35 mm/us
Poisson’s Ratio 0.35
Young’s Modulus 6.15 GPa
Thickness 1 mm
Mixing weight ratio 51:1

(Alocit 28.14:hardener)

2.2.2. Experimental Setting

Figure 3 shows the instrument setup for water-induced ultrasonic measurements. In
this experiment, a water immersion transducer is used for Lamb wave generation and an
ultrasonic pulse signal is generated using an ultrasonic generating device (RITEC RPR-4000,
RITEC, Warwick, RI, USA). This device can generate a signal at 3.3 MHz with a transducer
with a center frequency of 3.5 MHz, which is similar to the mode selected in the theory. The
ultrasonic generating device is connected to an oscilloscope (Wave runner 640 zi, Teledyne
Lecroy, Rockland Country, New York, NY, USA) and a computer for signal processing and
analysis. An immersion transducer was used in the coated coupon samples to transmit
and receive Lamb wave signals. The transducer was made of an immersion transducer
(HAGISONIC) with a center frequency of 3.5 MHz. Experiments were conducted using
water as the acoustic coupling.

(2) Oscilloscope

1) Computer

3) RPR-4000 PULSR
RECEIVER (RITEC)

S3modes 3.3MHz-mm
<

Figure 3. Experimental setup: (D Computer; 2) Lecroy oscilloscope; (3 Pulser receiver; (3 Water tank;
(® Piezo electric immersion transducer; (6 Specimen; and () Transducer holder.

3. Wave Analysis of Coatings in Water
3.1. Wave Propagation of Coating-Bonded Zone Conditions

This study uses guided wave generation in water to evaluate coating samples. In
the case of GW generation, it is necessary to consider the exact angle of incidence for
correct wave propagation. In the case of symmetric and antisymmetric Lamb wave mode
generation with an incidence angle of 40°, the GW signal will be acquired experimentally.
The experiment is shown in Figure 4.
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(a)

Figure 4. Guided Wave Generation Experiments in Water: (a) top view; (b) front view.

The symmetric 53 modes 3.3 MHz-mm wave pattern was successfully generated, as
shown in Figure 5. The wave propagation distances are 60 mm, 70 mm, and 80 mm in
steps of 10 mm, respectively. The propagation velocity is calculated from the wave signal
as 1.81 mm/ ps, which is the same as the group velocity of the S3 modes selected in theory
by the dispersion line diagram, which means that the Lamb wave mode is successfully
generated. Moreover, the wave signal naturally attenuates with increasing distance. These
criteria can be used to assess the condition of the coating-bonded zone status.

S3 Mode 3.3MHz
15 T

60 mm
70 mm

<
o
T
1

Amplitude(V)
o

,1 5 1 1
40 50 60 70

Time(ps)

Figure 5. Amplitudes with respect to propagation distance on bonded zone area.

3.2. Wave Propagation of Coating-Debonded Zone Conditions

In order to determine the availability of symmetric wave modes under concrete
debonded zone conditions, additional tests were performed on the plates. The propagation
velocity calculated from the wave signal under stripping conditions is 1.82 mm/ pus, which is
the same wave mode generation conditions achieved using the debonded zone conditions.
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Lamb wave signals were successfully collected, representing the difference between
bonded zone and debonded zone regions. In Figure 6, (a) is the signals from the debonded
zone region, and (b) is the signal from the bonded zone region. It can be clearly seen
that the wave signal in the debonded zone condition with the same propagation distance
has a larger signal amplitude, and the waveform changes compared to the debonded
zone condition.

i S$3 Mode 3.3MHz de-bonding 70mm i& S$3 Mode 3.3MHz bonding 70mm
; T T : T T

-

4 1+

Amplitude(V)
o
Amplitude(V)
o
£
£

. .
“40 50 60 70 “40 50 60 70
Time(ps) Time(ps)
@ (b)

Figure 6. Comparison of the amplitudes of the bonded zone and debonded zone areas for the same
propagation distance.

In the data analysis of the experiment, the differences between waveforms in the time
domain were observed. Experiments were repeated 30 times and on different days with the
same instrument settings for different specimens. Based on the data, thresholds were set in
the time domain (Table 2). Thresholds were established in 30 experiments in both domains
using the average and standard deviation of the amplitude data. The average amplitude
of the bonded and debonded conditions was calculated, and the standard deviation was
determined for each condition.

Table 2. Data analysis of the experiment.

Bonded Zone Debonded Zone
Amplitude Average Std Dev. Threshold Average Std Dev. Threshold

Value e 018V 098V 146V 032V 115V
Percentage 42.1% 9.7% 51.8% 77.29% 16.7% 60.58%

Based on the average and standard deviation, a range of values was determined to
classify the waves as either bonded or debonded. The threshold was set as the average + 1
standard deviation for the bonded condition and the average — 1 standard deviation for
the debonded condition.

Waves with an amplitude below the threshold for the bonded condition were classified
as bonded, while those with an amplitude above the threshold for the debonded condition
were classified as debonded.

3.3. FFT and Waveform Analysis: Concrete-Bonded Area Ratio

As can be seen from Figure 7 FFT of the Lamb waves from the bonded zone and the
debonded zone section are presented. That (a) is the FFT analysis of the signals from the
debonded zone region, and (b) is the FFT analysis of the signal from the bonded zone
region. As can be seen, the center frequency of the Lamb waves shifts when it is propagated
through the laminated section of the coating material. The advantage of the frequency
base of analysis of the waveform is that it can be used regardless of the distance between a
pulsar receiver. The FFT-based approach allows us to more precisely and quickly determine
the bonded zone state of the coating material by the selected mode.
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Figure 7. Comparison of the FFT of the bonded zone and debonded zone areas for the same
propagation distance.

This is due to the fact that in the bonded zone condition, a portion of the Lamb wave
energy propagates from the coating into the carbon steel substrate plate, and the recipient
only receives a portion of the energy from the coating. In the debonded zone condition, the
energy of the wave has a gap between the coating and the carbon steel substrate, and the
other medium in the gap will become the boundary of energy propagation, limiting the
energy leakage from the coating so the receiver can receive most of the energy from the
coating. The magnitude of the final energy will be reflected in the signal amplitude of the
magnitude, and the combined state is sufficient to verify the gap quantitatively from the
comparison of wave signals.

In addition, analysis of the Lamb waves in the frequency domain allows for determin-
ing the delamination of the coating layer. Important parameters such as scattering of the
language can be seen in the frequency domain, and in this study, we use the FFT for the
frequency analysis of the longwave. The scattering phenomena in the delaminated coating
layer cost to shift the center frequency of the received waveform.

4. Conclusions

In this study, a technique for determining whether the coating is bonded in water
using the Lamb wave phenomenon was studied. The results from the energy and waveform
show clear differences between bonded zone and debonded zone regions, verifying the
feasibility of the technique.

However, the study highlights the potential of this measurement method as a non-
destructive testing technique in the laboratory setting. However, its current limitations in
terms of applicability to real-world marine and deep-sea environments cannot be ignored.
This could be an obstacle to wider dissemination, promotion, and practical application of
the technology.

Despite these limitations, this method has important implications for the field of
non-destructive testing of marine structures, as it provides a non-destructive and reliable
method for assessing the debonded zone state of coatings in water. It could be used
to monitor coatings applied to marine structures in hard-to-reach areas in the deep sea,
reducing time and labor costs, and increasing the service life of marine structures compared
to traditional methods.
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Future research could focus on combining this technology with visualization technol-
ogy to allow even those who are not familiar with ultrasound to easily judge the bonded
zone state of the coating. Additionally, the integration of artificial intelligence and under-
water ultrasonic non-destructive testing techniques can further enhance the accuracy and
efficiency of inspection. More advanced deep learning algorithms can be developed to
extract more features from the ultrasonic signals obtained. For instance, convolutional
neural networks can be used to automatically identify and locate defects in coatings based
on the features extracted from the ultrasonic signals [39]. This would greatly improve the
precision and speed of the inspection process. In summary, our research has shown that
Lamb wave signal analysis is an effective method for evaluating the debonded zone state
of a coating in water, with the potential for further development and optimization.
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