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Abstract: The anti-corrosion layer of the pipe provides corrosion resistance and extends the lifespan
of the whole pipeline. Heat-shrinkable tape is primarily used as the pipeline joint coating material
bonded to the pipeline weld connection position after heating. Delineating the bonding strength and
assessing the quality of the bonded structure is crucial for pipeline safety. A detection technology
based on nonlinear ultrasound is presented to quantitatively evaluate the bonding strength of a steel-
EVA-polyethylene three-layer annulus bonding structure. Using the Floquet boundary condition, the
dispersion curves of phase velocity and group velocity for a three-layer annulus bonding structure
are obtained. Additionally, wave structure analysis is employed in theoretical study to choose guided
wave modes that are appropriate for detection. In this paper, guided wave amplitude, frequency
attenuation, and nonlinear harmonics are used to evaluate the structural bonding strength. The
results reveal that the detection method based on amplitude and frequency attenuation can be used to
preliminarily screen the poor bonding, while the acoustic nonlinear coefficient is sensitive to bonding
strength changes. This study introduces a comprehensive and precise pipeline joint bonding strength
detection system leveraging ultrasonic-guided wave technology for pipeline coating applications.
The detection system determines the bonding strength of bonded structures with greater precision
than conventional ultrasonic inspection methods.

Keywords: pipeline joint coating; circumferential guided waves; nonlinear ultrasonic detection;
bonding strength

1. Introduction

Currently, there is an increasing demand for high-performance structural materials
with reduced weight, enhanced vibration damping, corrosion resistance, and lower pro-
duction costs. Bonded structures, which serve as supplements to traditional mechanical
connections, exhibit high specific modulus, lightweight design, uniform stress distribution,
and excellent vibration damping. Bonded structures have been widely used in aerospace,
military, pipeline, construction, machinery manufacturing, and other fields [1-3]. Presently,
the most common non-destructive testing (NDT) methods for assessing or characterizing
the adhesion of bonded structures include radiography, infrared thermography, eddy cur-
rent testing, ultrasonic testing, etc. [4]. Compared with other NDT methods, ultrasound
technology is particularly sensitive to the characteristics of interfacial adhesion and has
the advantages of operational simplicity, strong penetration, high sensitivity, and wide
applicability [5,6].

Ultrasonic methods can be categorized as either bulk wave [7,8] or guided wave [9,10]
techniques based on how ultrasound interacts with defects and the mechanics of wave
modes. These methods can also be further classified as linear or nonlinear [11-13]. Con-
ventional bulk wave detection is limited to the area scanned by the acoustic beam below
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the transducer, whereas guided wave detection can cover a wide area of the component
under test. Ultrasonic-guided waves offer a wider detection range, longer propagation
distance, and higher detection efficiency than conventional ultrasound [14-17]. Due to
its extreme sensitivity to microstructure, nonlinear ultrasonic technology has garnered
significant attention recently.

Numerous studies have shown that nonlinear ultrasound techniques can effectively
monitor and detect the generation and development of early material degradation [18-20].
Brotherhood et al. [21] investigated the sensitivity of three ultrasonic inspection techniques
to weakly bonded interfaces at different contact pressures. They found that the acoustic
nonlinear technique had the highest sensitivity for the detection of weakly bonded inter-
faces at low compressive loads. However, the sensitivity decreased rapidly with increasing
load. Soleimanpour et al. [22] examined the use of nonlinear guided waves to identify
ply separation damage in composite laminated beams. Suitable excitation and reception
methods can detect high harmonic signals under various damage conditions, enabling
ply damage measurement and localization in laminated beams without reference signals.
Li et al. [23] conducted a systematic investigation of the propagation of Lamb waves in
bonded joints with randomly distributed micro-cracks. Nonlinear Lamb waves have been
proven to be an effective means of characterizing the micro-crack damage within the bond-
ing layer of bonded joints. Solodov et al. [24] investigated the anastomosis identification of
aluminum lap joints that are relevant to the automotive industry. The acoustic nonlinear
method was compared with linear ultrasonic testing to experimentally localize anastomotic
bonds manufactured in adhesive lap joints. Allen et al. [25] investigated the debonding
problem in bonded joints using the nonlinear frequency-mixing Lamb wave technique. The
high-frequency harmonics induced by contact acoustic nonlinearity can effectively charac-
terize the debonding defects. Numerous studies have shown that nonlinear ultrasonic NDT
methods can quantitatively assess fatigue, delamination, debonding, and other bonding
quality issues. With suitable algorithms or signal processing, accurate defect morphology
and location information can be obtained [26-29].

Current research on pipeline cladding inspection is almost focused on the polyethylene
corrosion protection layer of the pipeline. Hong et al. [30] employed a nonlinear ultra-
sonic guided wave approach to identify delamination damage in lined corrosion-resistant
pipelines. They further established a correlation between the extent of damage and the
nonlinear coefficient of the second and third orders. Liu et al. [31] investigated an ultrasonic
inspection technique for detecting anti-corrosion coatings by positioning a transmitting
probe and a receiving probe on the inner wall of a pipeline. This methodology not only lo-
cated the anti-corrosion coating layer but also quantified the length of peeling. Additionally,
Hong et al. [32] introduced a non-contact ultrasonic imaging technique aimed at detecting
damage to the external corrosion protective layer of underwater metal pipelines. The pipe-
patched anti-corrosion layer represents one of the most crucial yet vulnerable components
within the entire pipeline corrosion protection system [33]. However, there is a notable lack
of NDT studies focusing on the quality of pipeline heat-shrinkable tape bonding.

This study conducts a theoretical investigation to determine the optimal detection
modes and excitation frequencies, considering the combination of wave structures with
guided wave phase velocity dispersion curves. Both traditional and nonlinear guided wave
detection methods are employed to assess the bonding strength of pipeline cladding struc-
tures, with the aim of identifying a suitable evaluation approach. A correlation between
the acoustic nonlinear coefficient and bonding strength is established, incorporating the
second-order acoustic nonlinear coefficient into the pipeline cladding bonding strength
evaluation system. The acoustic nonlinear coefficient effectively demonstrates its validity
and superiority in characterizing bonding strength.
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2. Modal and Frequency Optimization
2.1. Numerical Modelling

This section demonstrates how to calculate the dispersion curves of circumferential
guided waves in a multilayered annular structure using Floquet boundary condition in the
finite element software COMSOL Multiphysics®5.5. Drawing inspiration from the study
conducted by Zhang et al. [34], a multilayered annular structure has been modeled utilizing
the Floquet boundary condition. The theory simplifies the problem by reducing the entire
model to a divided cell for computation. By using Floquet periodic boundaries, theoretical
results can be obtained without the need for cumbersome coding. Floquet boundary condi-
tions can be implemented in the commercial software COMSOL to facilitate the dispersion
calculation of orthotropic annulus. Figure 1b depicts a cell within a ring, assumed to extend
infinitely in its axial direction. In COMSOL, the cell research model is established, and the
boundary conditions are specified as follows: Floquet boundary conditions are applied to
the surfaces perpendicular to the circumference, periodic boundary conditions are applied
to the surfaces perpendicular to the axis, and the remaining surfaces are set to no-traction
conditions. The underlying principle involves parameterizing the wave number within the
Brillouin zone using the finite element method to obtain the relationship between the wave
number and frequency.

Figure 1. (a) Concept drawing of an infinite-length multilayered annular waveguide; (b) Concept
drawing of the unit cell of the infinite-length multilayered annular waveguide.

The investigated physical models are shown in Figure 1. Figure 1a shows the inves-
tigated infinite-length multilayer annular waveguide structure, and Figure 1b shows the
unit cell based on Floquet boundary conditions.

The requisite material parameters for the simulation calculations of all material lay-
ers are identified through the ultrasonic bulk wave velocity measurements [35]. These
parameters are presented in Table 1.

Table 1. Material properties for the pipeline steel and cladding.

Material Vi/(m/s) Vs/(m/s) pl(kg/m?3) E/(GPa) u
steel 3230 5850 7850 206 0.30
polyethylene 770 1701 966 1.57 0.37
EVA hot melt adhesive 111 346 978 0.035 0.44

The wavenumber—frequency data can be obtained directly from COMSOL, and the
wavenumber—frequency curves plotted from the data are shown in Figure 2. It can be used
to select the frequency effective interval to avoid band folding. Lin et al. [36] demonstrated
that 65 and S, affect the effective range of k—f. For the pipes with a large diameter involved
in this study, minimizing the values of 6; and S, will expand the effective range of k—f and
decrease the time required for the solution. The experimental model has a circumferential
dimension 6, of 0.03° and an axial dimension S, of 0.2 mm.
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Figure 2. Wavenumber-frequency curves.
From the frequency-wave number data, the angular frequency w can be calculated first:
w=2nf (1)

Then, the phase velocity c, can be calculated as follows:

w
Cp = —
p

ke

()

where f is the frequency, kg is the wavenumber.

The CSH (Circumferential Shear Horizontal Wave) wave exhibits only axial displace-
ment, with zero radial and circumferential displacements. In contrast, the CLT (Circumfer-
ential Lamb Type Wave) wave has two displacement directions: in-plane and perpendicular
to the in-plane. The CLT wave exhibits radial and circumferential displacements with zero
axial displacements because its in-plane displacement direction is parallel to the path of
wave propagation. The direction of the displacement of the CLT wave determines its higher
detection sensitivity for bonded structures. Therefore, only the CLT waves are considered
in the subsequent parts of the study.

2.2. Wave Dispersion Curves

The excitation signal of an ultrasonic-guided wave is a sine wave in a specific frequency
range. A phase velocity curve is a curve that describes the relationship between phase
velocity and frequency propagating through a medium. This is helpful in selecting the
frequency interval with a flat phase velocity curve to stimulate the signal and avoid errors.
The plotted CLT wave phase velocity dispersion curves are displayed in Figure 3. A
significant number of low-frequency conducting modes persist due to the low Young’s
modulus of the EVA hot melt adhesive layer and the high attenuation in the adhesive
and polyethylene layers. The modes of guided waves are distinguished by incremental
numbering because the pipe cladding construction lacks mid-plane symmetry [37]. The
challenge of the nonlinear ultrasonic inspection of interfacial bonding strength is exciting
the second harmonic. The red box in Figure 3 is used to select the area where the phase
velocity varies more gently, with a frequency range of 50 kHz to 300 kHz. It is beneficial
to attempt to align the fundamental and second harmonic frequencies with the boxed
frequency range, as this facilitates the excitation of the second harmonic. Therefore, the
optimal excitation frequency range is determined to be 50 kHz to 150 kHz.
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Figure 3. CLT wave phase velocity dispersion curves for the pipeline joint bonding: steel (8 mm)-EVA
hot melt adhesive (1 mm)-polyethylene (1.5 mm).

Considering various operating conditions, numerous types of heat-shrinkable tapes
exist. As the most crucial component of these materials, EVA hot-melt adhesive may
undergo significant fluctuations in its mechanical properties after undergoing the processes
of heating for installation and cooling to a static state. This study explores the impact of
Poisson’s ratio and elastic modulus of the EVA layer on the dispersion curves of CLT wave
phase velocities, with the aim of identifying an optimal frequency range.

Figure 4 presents the phase velocity dispersion curves for EVA hot-melt adhesive
layers with different Poisson’s ratios. At frequencies below 0.3 MHz, the mode selected in
the small box is used as a reference. As the Poisson’s ratio of the adhesive layer increases,
the modes on the left side of the box undergo almost no change, while the modes on the
right side shift to the right. However, the region with gentle phase velocity variation after
this shift is conducive to the matching of phase velocities at the fundamental and second
harmonic frequencies. Although changes in the Poisson’s ratio of the adhesive layer have a
certain impact on the dispersion characteristics, these effects are conducive to the conduct
of nonlinear ultrasonic guided wave detection experiments.
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Figure 4. The influence of different EVA hot melt adhesive layer Poisson’s ratio on the circumferential
Lamb wave phase velocity dispersion curve.
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Figure 5 displays the phase velocity dispersion curves for an EVA hot melt adhesive
layer with varying elastic moduli. The variation in the elastic modulus of the adhesive layer
significantly influences the phase velocity dispersion curve of the multilayered annular
structure. Generally, as the elastic modulus of the adhesive layer increases, the dispersion
curve of the CLT wave shifts rapidly to the right and upward, indicating a gradual increase
in the phase velocity of a single mode at a constant frequency. The number of modes within
a fixed frequency interval decreases continuously, and the flat region of the phase velocity
expands correspondingly. These changes are advantageous for the excitation of second
harmonics. Analysis reveals that most of the phase velocity flat regions are primarily
concentrated between 50 kHz and 250 kHz. The optimal excitation frequency range (50
kHz to 150 kHz) falls within this span.
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Figure 5. The influence of different EVA hot melt adhesive layer elastic modulus on the circumferential
Lamb wave phase velocity dispersion curve.

2.3. Wave Structure Analysis

The main difficulty in applying the CLT wave to a real-world guided wave detection
problem is determining which mode and frequency combination will yield the best fault
sensitivity. In addition, it is best to excite the fewest possible modes in the structure in
order to streamline the process of interpreting the experimental results. The use of a low
frequency can effectively mitigate the rapid attenuation of guided waves within the thermal
contraction band. However, an appropriately high excitation frequency also is necessary to
achieve optimal resolution.

A selection of four guided wave modes, namely CLT5, CLTg, CLTg, and CLTy, has been
proposed for further investigation. The four guided wave modes exhibit stationary phase
velocity regions, ideal for detection, as highlighted in the red box in Figure 3. As shown in
Figure 6, an increase in frequency causes a shift from a dominant role of the circumferential
displacement to a dominant role played by the radial displacement.



Coatings 2024, 14, 1526

7 of 17

0
d 10 05 00 05 10 10 05 00 05 10

p (mm/ps)

0.1 0.2 03 0.4 0.5
J(MHz)

Figure 6. Four guided wave modes for testing (a—f: Point for research).

The wave structure map serves as an indicator of the sensitivity level and energy
concentration associated with guided wave modes. Specifically, an increased displacement
within this map signifies a heightened sensitivity of the mode and a more concentrated
energy distribution. Consequently, during the optimization of guided wave modes, a mode
exhibiting a larger displacement is desirable. The normalized displacement wave structures
at points with frequencies of 100 kHz, 150 kHz, 200 kHz, and 250 kHz on modes CLTs,
CLT,, CLTg, and CLTg are shown in Figure 7. u, and uy indicate radial and circumferential
displacements, respectively. And the phase velocity of each mode is around 5.3 km/s. It
should be noted that the radial displacements of all four modes are relatively minor. In
order to illustrate the variations in their structure more effectively, it is necessary to magnify
the radial displacements by a factor of ten. The different material layers are indicated by the
dotted lines. The EVA melt is indicated within the dotted line, with steel located beneath
the dotted frame and polyethylene situated above it. The significant in-plane displacement
at the steel-EVA hot melt adhesive interface can be clearly observed. Furthermore, the CLTg
mode exhibits greater radial displacement compared to the other modes. Therefore, the
CLTg mode at the frequency of 200 kHz is used as the excitation signal in the experiments.

Thickness (mm)
Thickness (mm)

. . . . . . . . . .
-1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
Displacement amplitude Displacement amplitude
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Figure 7. Normalized displacement wave structure: (a) CLT5 at 100 kHz; (b) CLT¢ at 150 kHz;
(c) CLTg at 200 kHz; (d) CLTg at 250 kHz.
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2.4. Theoretical Fundamental of Nonlinear Ultrasonic

A contact acoustic nonlinear interaction mechanism exists between surfaces exhibit-
ing weak bonding and cracking [38,39]. In the one-dimensional case, the nonlinear
stress—strain relationship derived from the classical nonlinear elastic theory can be repre-
sented as follows [5]:

Oxx = E()Exx(1 + ,ngx) 3)

where o, is the stress, Ej is the linear elastic modulus of materials, e, is the strain, and
B is the second-order classical nonlinearity parameter.
The fluctuation equation’s simple harmonic solution is as follows:

u = Aysin(kx — wt) + Bycos(kx — wt) 4)

where A; is the amplitude of the fundamental frequency wave.

One dimensional nonlinear wave motion equation of longitudinal waves can be
obtained by combining the wave motion equation with Equation (4). Furthermore, the
second-order acoustic nonlinear coefficient can be expressed using the amplitude of the
second harmonic and the fundamental frequency wave.

Ay = g(fhk)zx )

where Aj; is the amplitude of the second harmonic.

The second-order acoustic nonlinear coefficient is proportional to the ratio of the
second-harmonic amplitude to the squared amplitude of the fundamental frequency wave,
given a constant propagation distance of the acoustic wave. Thus, it is feasible to simplify
the nonlinear coefficient of the classical nonlinear effect as

_ A

p= 2 (6)

In addition, contact acoustic nonlinearity arising from weak bonding surfaces and
fissures is not the same as classical acoustic nonlinearity. The contact acoustic nonlinearity
has been explained by several theories and models, including the bilinear stiffness model
and the hysteretic model. Zhao et al. [40] investigated the fluctuation characteristics
of ultrasonic waves in structures containing microcracks based on a bilinear stiffness
model. The non-classical acoustic nonlinear coefficient of ultrasonic waves propagating in
microcracked structures is given as follows:

_ A

B = A 7)

In contrast to classical nonlinear theory, non-classical nonlinearity primarily focuses
on the hysteresis effects within the stress—strain curves and variations in contact surface
stiffness attributed to contact nonlinearity. The acoustic nonlinear coefficient can be defined
as the ratio of the fundamental amplitude to the amplitude of the second harmonic. The
definition of this nonlinear coefficient can be employed for the investigation of non-classical
nonlinear problems, such as contact. The content of this paper is related to the contact non-
linear problem. Thus, the nonlinear behavior of guided waves is investigated employing
this definition of the nonlinear coefficient.

3. Experiments
3.1. Experimental Setup

Figure 8 shows an experimental setup for measuring the bonding strength of multi-
layer ring structures using guided wave detection. The ultrasonic guided wave inspec-
tion system consists of a Tektronix AFG31021 Arbitrary Function Generator (Shanghai,
China), an Aigtek ATA-2022B High Voltage Amplifier (Shenzhen, China), a Tektronix DPO
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2002B Mixed Signal Oscilloscope(Shanghai, China), two piezoelectric transducers (PZTs)
equipped with angle beam wedges(produced by Shijiazhuang Gem Electronics Company,
Shijiazhuang, China), and a computer dedicated to data acquisition. The base of the wedge
has been precisely machined to conform to the pipe’s curvature. This enhances the fit
between the wedge and the pipe during the inspection process. The arbitrary waveform
generator, high-voltage amplifier, and excitation transducer are connected in sequence. A
signal is emitted by the signal generator, amplified by a high-voltage amplifier, and results
in the generation of an ultrasonic wave at one probe. Another probe receives the guided
waves propagating through the test piece. Then, the signal from the receiving sensor is
amplified, recorded for subsequent signal processing in MATLAB® R2021a, and visualized
on the oscilloscope.

Computer

Arbitrary function generator
Oscillograph
Piezo probe

Figure 8. Experimental setup diagram including transducer (T) and receiver (R).

3.2. Specimen Preparation

Prior to initiating the experiment, the preparation of a pipe specimen bonded with
heat-shrinkable tape (produced by Jiangsu Dasheng Heat shrink Material Co., Ltd., Suzhou,
China) is essential. During the installation process, an epoxy primer is initially applied
to the patch area. For a dry film application, complete curing of the primer is required
prior to applying the heat-shrinkable tape. In contrast, heat-shrinkable tape should be
applied immediately after primer application for a wet film application. Subsequently, the
heat-shrinkable tape is secured using the fixing tabs on its overlap. In this experiment,
the wet film approach is employed to install heat-shrinkable tape. The thicknesses of the
epoxy primer, hot melt adhesive, and polyethylene are approximately 200 um, 1.0 mm, and
1.5 mm, respectively. A simplified schematic of the structural cross-section is presented
in Figure 9.

Polyethylene

Hot melt adhesive
Epoxy primers

3LPE‘{

Steel

Figure 9. Schematic section of heat shrink tape bonded to the pipe.

Figure 10 shows the steel pipe used for the experiment and the pipe after the instal-
lation of the heat-shrinkable tape. Pipe length, inner radius, outer radius, and arc length
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are 500 mm, 242 mm, 250 mm, and 520 mm respectively. To ensure strict consistency of
detection distances, a flexible scale is attached to each sample.

@ (b)

Figure 10. Test specimens: (a) Steel pipe after descaling; (b) Steel pipe after heat-shrinkable
tape bonding.

During the testing process, various factors must be considered to select an appropriate
transducer. For ferromagnetic or metallic materials, electromagnetic acoustic transducers
(EMAT5) are preferable, necessitating the attachment of a highly magnetostrictive layer onto
the surface of non-metallic cladding. Despite its potential, this method faces challenges in
achieving full circumferential coverage for large-diameter pipelines, resulting in suboptimal
experimental outcomes. Laser-induced ultrasound generates ultrasonic waves on the
test piece surface via pulsed laser application. However, the high absorption of laser
light by heat-shrinkable tapes can result in both surface damage to the material and
compromised test accuracy. In contrast, PZT provides versatility in size and excitation
frequency, accommodating various detection needs. Nevertheless, its attachment to the
material surface for testing introduces additional complexity to the test system. Hence, we
opted for an oblique incidence inspection using a PZT probe combined with a Plexiglas
wedge. The design angle of the wedge is calculated using Snell’s law for obliquely incident
waves to excite a particular guided wave mode.

sinw = L (8)
Cp
where ¢y is the ultrasonic bulk longitudinal wave velocity in the wedge material, 2700 m/s,
and ¢y is the phase velocity of the excitation mode at the selected frequency.

Both conventional guided wave and nonlinear ultrasonic detection methods are suit-
able for detection in the phase velocity range of 5200 m/s to 5400 m/s. To ensure the wedge
can be adjusted to a broad range of operating conditions, a phase velocity of 5300 m/s
is selected.

. 2700
x = arcsin% = arcsingaos = 30.6° )

As shown in Figure 11, the base of the wedge is specially machined to match the
curvature of the pipe. This ensures a better fit between the wedge and the pipe during
the inspection.

(C) (b)

Figure 11. Improved ultrasound-guided wave probe: (a) Machined wedges (30°); (b) Piezo probe
mating wedge.
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3.3. Measurement of Bonding Strength

To facilitate a quantitative assessment of the bonding strength of heat-shrinkable tapes,
it is crucial to establish a correlation between the bonding strength and test outcomes. In
the peeling test, a test specimen is prepared by cutting a ring-shaped section with a width
of approximately 20 mm and a length of at least 160 mm. Subsequently, one end of the
heat-shrinkable sleeve is detached, and the sleeve is pulled vertically along the sample’s
surface at a constant speed while simultaneously recording the force-time curve. Peel
strength is defined as the average force recorded continuously during the measurement
divided by the width of the peeled heat-shrinkable tape, N/cm. Peel strength is used to
reflect whether the heat-shrinkable tape is firmly bonded to the pipe. In the next analysis
of the experiment, K is also used in the specification formula and in the figure to stand for

the peel strength as follows:

K= ? (10)

where K is the peel strength, F is the average force value, and ! is the width of the peeled
heat-shrinkable tape.

To enhance detection accuracy, the three bonding states of heat-shrinkable tape are summa-
rized as follows: tightly non-bonding (K < 30 N/cm), weak bonding (30 N/cm < K < 60 N/cm),
and good bonding (K > 60 N/cm). It states that if the peel strength is less than 60 N/cm, the
bond is deemed to be of inferior quality and fails to meet the construction process specifications.

4. Experimental Results and Analysis
4.1. Linear Ultrasonic Guided Wave Testing

The quality of interfacial bonding can be assessed using linear ultrasonic-guided
wave techniques, which are primarily distinguished by amplitude, propagation time,
and frequency. However, the limited detection distance in this test makes it difficult to
distinguish between interfaces with different bonding strengths based solely on propagation
time. Consequently, only amplitude and frequency are employed for the analyses. A larger
periodic number may improve modal selectivity. To prevent the stimulation of adjacent
modes and account for slight fluctuations in adhesive layer thickness, the excitation signal
should be a 5-cycle sinusoidal pulse signal modulated by a Hanning window. The time-
domain and frequency-domain signals collected from specimens with varying bonding
strengths are displayed in Figure 12. The frequency-domain spectrum was obtained using
the short-time fast Fourier transform (STFFT).

It is found that the weakening of the bonding strength would appear as a decrease
in the amplitude of circumferential guided waves. Furthermore, it is established that
the absorption effects of different bonding strength interfaces on signal frequency vary.
Figure 13a shows the time-domain signal amplitude corresponding to the bonding strengths
of the heat-shrinkable test specimens. It is concluded that the amplitude of the time-domain
signals tends to increase as the bonding strength increases. Based on the amplitude, it is
possible to accurately screen out specimens with tightly non-bonding interfaces, which
have only 40%~55% of the amplitude of others. However, the method cannot distinguish
between weak bonding and good bonding specimens. The images show no significant
change in amplitude between the two types of samples despite the large difference in
binding strength. Considering the multifaceted factors that can influence the magnitude
of a time-domain signal, it is noteworthy that the lower bonding strengths occasionally
demonstrate higher amplitudes in the spectrogram.

By observing the spectrograms in Figure 12, it can be found that there are some
differences among the three types of typical bonding interfaces. However, analyzing
interfacial bonding strength solely based on visual inspection of images is inherently
subjective. Therefore, we also extracted the maximal energy density from the spectrograms.
The maximum energy density of the spectrograms corresponding to the bonding strengths
of the shrinkable test specimens is shown in Figure 13b. The results show that the trend of
the energy density in the spectra is comparable to the trend of the amplitude. A combination
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of peak density analysis and spectrographic inspection allows a distinction among three
types of typical interfacial conditions. It can help to identify the specimens with good
or poor bonding conditions, but the method is not ideal for distinguishing the bonding
strengths within the range of 40 N/cm to 80 N/cm.
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Figure 13. (a) The variation in the amplitude of the time-domain signal; (b) The variation in the

maximum energy density of the spectrograms.

Although frequency-based evaluation methods are demonstrably superior to ampli-
tude methods, it is challenging to quantify the bonding strength using linear guided wave
detection techniques. This is because the scale of defects detected by the conventional
linear ultrasonic detection technique is comparable to the wavelength. To overcome the
attenuation and achieve the objective of wide-range sweeping, the detection frequency
uses lower frequencies for detection. In the transition interval between weak and good
bonding strengths, the scale of internal defects, cracks, and weak joint interfaces diminishes
progressively. It is difficult to detect and evaluate the bonding strength based on linear
characteristics such as reflection, scattering, and absorption of ultrasonic energy.
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4.2. Nonlinear Ultrasonic Guided Wave Testing

A good bonding interface has a bonding layer that is tightly bonded to the pipe, with
weaker interfacial interactions that produce a lower second harmonic. As the bonding
strength decreases, a subtle peeling phenomenon emerges at the bonded interface, accompa-
nied by an enhanced interfacial interaction, which subsequently results in a rapid buildup
of nonlinear effects. In order to satisfy the phase velocity matching and non-zero power
fluxes under fundamental and doubled frequency conditions, the excitation frequency was
initially determined to be 50 kHz to 150 kHz. Due to the limitation of process technology,
the lowest center frequency of the transducer is 100 kHz, and the bandwidth range is
+40%. Therefore, we can stimulate the signals sequentially between 60 kHz-140 kHz,
with a step size of 10 kHz, and observe whether there is a second harmonic generation by
plotting the frequency-domain diagram. A 20-cycle sinusoidal pulse signal modified by
a Hanning window serves as the excitation signal. A higher number of cycles is chosen,
as an increase in the number of cycles of the excitation signal narrows the spectrum of the
signal and concentrates its energy. This makes it easier to extract and analyze the second
harmonic signal.

Following several tests, the transducer’s center frequency is settled at 120 kHz. The
time-domain signal is next subjected to a fast Fourier transform (FFT), producing the
frequency-domain curve depicted in Figure 14. The second harmonic generated at 240 kHz
is clearly visible in the local zoom-in diagram, although its amplitude is not as great as the
fundamental wave’'s.
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Figure 14. Frequency-domain plot of the detected signal.

The material parameters of heat-shrinkable tapes produced by different manufacturers
exhibit considerable variability due to differences in usage scenarios and installation meth-
ods. Another important consideration is that the EVA hot melt layer undergoes changes in
material parameters and mechanical properties after heating and cooling compared to its
original state. These elements affect the structure’s wave propagation properties, resulting
in a deviation from the previously obtained dispersion curves. Due to these significant
influences, the phase velocity of the second harmonic and the fundamental frequency wave
are not perfectly aligned. The nonlinear coefficient does not consistently increase linearly as
the detection distance increases. The relationship between different detection distances and
the acoustic nonlinear coefficient is experimentally analyzed to determine the optimum
range of detection distances. The correlation between the acoustic nonlinear coefficient
and the detection distance for four different bonding strengths of samples is displayed in
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Figure 15. The acoustic nonlinearity coefficient tends to rise and then fall with increasing
detection distance. At a detection distance of 5 to 7 cm, there is a good reaction from both
the fundamental wave and the second harmonic. The nonlinear coefficient is only slightly
affected by the high attenuation properties of the material. In the next tests, the detection
distance is adjusted at 5 cm in order to improve detection efficiency and ensure a smooth
transition to the next experiment.
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Figure 15. The relationship between the acoustic nonlinear coefficient and the detection distance.

Subsequent experiments are conducted to analyze samples with varying bonding qual-
ity and to distinguish between weak and good bonding interfaces. The correlation between
peel strength and the acoustic nonlinear coefficient is shown in Figure 16. The nonlinear
coefficient is higher in areas with weaker bonding and lower in areas with stronger bonding.
In addition, a polynomial fit curve of peel strength versus acoustic nonlinear coefficient is
calculated, accompanied by 95% confidence bands and 95% prediction bands. There is a
clear downward trend in the nonlinear coefficient as the bonding strength increases. The
curve displaying the polynomial fit of peel strength to the acoustic nonlinear coefficient is
presented below.

B = 0.0117 — 1.00409 x 10~*K +2.79731 x 10~"K? (11)

Through experiment, the relationship between the specimens’ nonlinear coefficient
and bonding strength is established. It is shown that as the bonding strength increases,
the acoustic nonlinear coefficient drops roughly linearly. This phenomenon underscores
the good bonding between the hot-melt adhesive and the pipe at an optimal interface
characterized by minimal interfacial interaction. Consequently, this good bonding leads
to a decrease in second harmonic intensity and a smaller acoustic nonlinear coefficient.
As the bonding strength weakens, a slight peeling phenomenon emerges between the
hot-melt adhesive and the pipe surface, accompanied by increased interfacial interaction.
This results in an amplification of the second harmonic amplitude and a rapid increase in
the acoustic nonlinear coefficient. The acoustic nonlinear coefficient can more accurately
reflect the specimen bonding strength changes in the range of 0 N/cm~150 N/cm. Hence,
assessing the bonding strength using an acoustic nonlinear coefficient offers a high degree
of reliability.
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Figure 16. The relationship between peel strength and acoustic nonlinear coefficient.

5. Conclusions

The sensitivity of two ultrasonic detection techniques (linear and nonlinear) to mod-
ifications in bonding strength at the bonding interface is examined in this research. The
strength of the bond in the structure is evaluated using linear and nonlinear ultrasonic-
guided wave detection techniques, which are assessed by amplitude and frequency at-
tenuation. The wave structure analysis and phase velocity dispersion curves serve as the
foundation for this evaluation. The study reveals that conventional acoustic parameters ex-
hibit little regularity in the transition zone between weak and good bonding. Consequently,
they are only useful for inspectors in identifying specimens with initially good or poor
bonding quality. In contrast, the nonlinear acoustic coefficient provides a reliable indication
of the specimen’s bonding state across different conditions. During the actual inspection
process, the nonlinear acoustic coefficient allows for rapid assessment of the heat-shrinkable
tape’s quality. Additionally, when the nonlinear acoustic coefficient is known, Equation (9)
can be utilized to assist inspectors in determining the bonding strength of the adhered
interfaces. The nonlinear coefficient can be a useful tool for characterizing variations in the
bonding strength of bonded structures, as this study shows from engineering experience.
A nonlinear ultrasound-based method for assessing the bonding strength of pipe coatings
is feasible.

Author Contributions: Conceptualization, Y.M. and G.L.; methodology, X.D. and A.W.; validation,
YM.,, L.C. and A.W,; formal analysis, X.D.; investigation, X.D.; resources, G.L.; data curation, A W.;
writing—original draft preparation, Y.M. and X.D.; writing—review and editing, A.W.; supervision,
L.C,; project administration, L.C.; funding acquisition, G.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Author Yunxiu Ma was employed by the company Pipe-Network Group
(Xuzhou) Pipeline Inspection & Testing Co., Ltd. Author Aocheng Wang was employed by the
company PipeChina West-East Gas Pipeline Company. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.



Coatings 2024, 14, 1526 16 of 17

References

1. Guyot, C.C.H.; Cawley, P.; Adams, R.D. The non-destructive testing of adhesively bonded structures: A review. J. Adhes. 1986, 20,
129-159. [CrossRef]

2. Palanisamy, R.P; Banerjee, P;; Mukherjee, S.; Haq, M.; Deng, Y. Fatigue damage prognosis in adhesive bonded composite lap-joints
using guided waves. In Proceedings of the 2020 IEEE International Conference on Prognostics and Health Management (ICPHM),
Detroit, MI, USA, 8-10 June 2020; pp. 1-7. [CrossRef]

3. Zabbal, P; Ribay, G.; Jumel, J. Nondestructive evaluation of adhesive joints by using nonlinear ultrasonics. J. Phys. Conf. Ser. 2019,
1184, 012003. [CrossRef]

4. Galvez, P; Abenojar, J.; Martinez, M.A. Durability of steel-CFRP structural adhesive joints with polyurethane adhesives. Compos.
Part B Eng. 2019, 165, 1-9. [CrossRef]

5. Baik, J.-M.; Thompson, R.B. Ultrasonic scattering from imperfect interfaces: A quasi-static model. J. Nondestruct. Eval. 1984, 4,
177-196. [CrossRef]

6.  Wegner, A.; Koka, A.; Janser, K.; Netzelmann, U.; Hirsekorn, S.; Arnold, W. Assessment of the adhesion quality of fusion-welded
silicon wafers with nonlinear ultrasound. Ultrasonics 2000, 38, 316-321. [CrossRef]

7. Titov, S.A.; Maev, R.G.; Bogachenkov, A.N. Pulse-echo NDT of adhesively bonded joints in automotive assemblies. Ultrasonics
2008, 48, 537-546. [CrossRef]

8. Hajian, M. Defect Classification of Adhesively Bonded Joints Using Pulse-Echo Ultrasonic Testing in Automotive Industries; Sae Technical
Papers 2015-01-0592; SAE Mobilus: Warrendale, PA, USA, 2015. [CrossRef]

9. Panda, R.S.; Rajagopal, P; Balasubramaniam, K. Rapid guided wave inspection of complex stiffened composite structural
components using non-contact air-coupled ultrasound. Compos. Struct. 2018, 206, 247-260. [CrossRef]

10. Koodalil, D.; Rajagopal, P.; Balasubramaniam, K. Quantifying adhesive thickness and adhesion parameters using higher-order
SH guided waves. Ultrasonics 2021, 114, 106429. [CrossRef]

11. Li, W.-B.; Deng, M.-X.; Xiang, Y.-X. Review on Second-Harmonic Generation of Ultrasonic Guided Waves in Solid Media (I):
Theoretical Analyses. Chin. Phys. B 2017, 26, 114302. [CrossRef]

12.  Shui, G.; Wang, Y.; Huang, P.; Qu, J. Nonlinear ultrasonic evaluation of the fatigue damage of adhesive joints. NDT E Int. 2015, 70,
9-15. [CrossRef]

13.  Chen, H.; Gao, G.; Hu, N.; Deng, M.; Xiang, Y. Modeling and simulation of frequency mixing response of two counter-propagating
Lamb waves in a two-layered plate. Ultrasonics 2020, 104, 106109. [CrossRef] [PubMed]

14. Rose, J.L. A baseline and vision of ultrasonic guided wave inspection potential. J. Press. Vessel. Technol. 2002, 124, 273-282.
[CrossRef]

15. Castaings, M.; Hosten, B. Ultrasonic guided waves for health monitoring of high-pressure composite tanks. NDT E Int. 2008, 41,
648-655. [CrossRef]

16. Loveday, PW,; Long, C.S.; Ramatlo, D.A. Ultrasonic guided wave monitoring of an operational rail track. Struct. Health Monit.
2020, 19, 1666-1684. [CrossRef]

17.  Zang, X.; Xu, Z.D.; Lu, H.; Zhu, C.; Zhang, Z. Ultrasonic guided wave techniques and applications in pipeline defect detection: A
review. Int. . Press. Vessel. Pip. 2023, 206, 105033. [CrossRef]

18. Jhang, K.Y. Nonlinear ultrasonic techniques for nondestructive assessment of microdamage in material: A review. Int. ]. Precis.
Eng. Manuf. 2009, 10, 123-135. [CrossRef]

19. Shui, G.; Wang, Y.; Gong, F. Evaluation of plastic damage for metallic materials under tensile load using nonlinear longitudinal
waves. NDT E Int. 2013, 55, 1-8. [CrossRef]

20. Matlack, K.H.; Kim, J.-Y.; Jacobs, L.J.; Qu, J. Experimental Characterization of Efficient Second Harmonic Generation of Lamb
Wave Modes in a Nonlinear Elastic Isotropic Plate. J. Appl. Phys. 2011, 109, 014905. [CrossRef]

21. Brotherhood, C.J.; Drinkwater, B.W.; Dixon, S. The detectability of kissing bonds in adhesive joints using ultrasonic techniques.
Ultrasonics 2003, 41, 521-529. [CrossRef]

22.  Soleimanpour, R.; Ng, C. Locating delaminations in laminated composite beams using nonlinear guided waves. Eng. Struct. 2017,
131, 207-219. [CrossRef]

23. Li, X; Shui, G.; Zhao, Y.; Wang, Y.-S. Propagation of nonlinear Lamb waves in adhesive joint with micro-cracks distributing
randomly. Appl. Sci. 2020, 10, 741. [CrossRef]

24. Solodov, I.; Kornely, M.; Philipp, J.; Stammen, E.; Dilger, K.; Kreutzbruck, M. Linear vs nonlinear ultrasonic testing of kissing
bonds in adhesive joints. Ultrasonics 2023, 132, 106967. [CrossRef] [PubMed]

25. Carlos, J.; Ng, C.T. Debonding Detection at Adhesive Joints Using Nonlinear Lamb Waves Mixing. NDT E Int. 2022, 125, 102552.
[CrossRef]

26. Yelve, N.P; Mitra, M.; Mujumdar, PM. Detection of delamination in composite laminates using Lamb wave-based nonlinear
method. Compos. Struct. 2017, 159, 257-266. [CrossRef]

27.  Kumar, S.; Sunny, M.R. A novel nonlinear Lamb wave-based approach for detection of multiple disbonds in adhesive joints. Int. J.
Adhes. Adhes. 2021, 107, 102842. [CrossRef]

28. Mandal, D.D.; Banerjee, S. Identification of breathing type disbonds in stiffened panels using nonlinear Lamb waves and built-in

circular PWT array. Mech. Syst. Signal Process. 2019, 117, 33-51. [CrossRef]


https://doi.org/10.1080/00218468608074943
https://doi.org/10.1109/ICPHM49022.2020.9187031
https://doi.org/10.1088/1742-6596/1184/1/012003
https://doi.org/10.1016/j.compositesb.2018.11.097
https://doi.org/10.1007/BF00566223
https://doi.org/10.1016/S0041-624X(99)00096-7
https://doi.org/10.1016/j.ultras.2008.07.001
https://doi.org/10.4271/2015-01-0592
https://doi.org/10.1016/j.compstruct.2018.08.024
https://doi.org/10.1016/j.ultras.2021.106429
https://doi.org/10.1088/1674-1056/26/11/114302
https://doi.org/10.1016/j.ndteint.2014.11.002
https://doi.org/10.1016/j.ultras.2020.106109
https://www.ncbi.nlm.nih.gov/pubmed/32145442
https://doi.org/10.1115/1.1491272
https://doi.org/10.1016/j.ndteint.2008.03.010
https://doi.org/10.1177/1475921719893887
https://doi.org/10.1016/j.ijpvp.2023.105033
https://doi.org/10.1007/s12541-009-0019-y
https://doi.org/10.1016/j.ndteint.2013.01.001
https://doi.org/10.1063/1.3527959
https://doi.org/10.1016/S0041-624X(03)00156-2
https://doi.org/10.1016/j.engstruct.2016.11.010
https://doi.org/10.3390/app10030741
https://doi.org/10.1016/j.ultras.2023.106967
https://www.ncbi.nlm.nih.gov/pubmed/36905922
https://doi.org/10.1016/j.ndteint.2021.102552
https://doi.org/10.1016/j.compstruct.2016.09.073
https://doi.org/10.1016/j.ijadhadh.2021.102842
https://doi.org/10.1016/j.ymssp.2018.07.040

Coatings 2024, 14, 1526 17 of 17

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

Nicassio, F,; Carrino, S.; Scarselli, G. Nonlinear Lamb waves for locating defects in single-lap joints. Front. Built Environ. 2020, 6,
45. [CrossRef]

Hong, X.; Liu, Y.; Lin, X.; Luo, Z.; He, Z. Nonlinear ultrasonic detection method for delamination damage of lined anti-corrosion
pipes using PZT transducers. Appl. Sci. 2018, 8, 2240. [CrossRef]

Luo, G.; Tan, J. Inspection of defects in large curvature butt-welded bends with viscoelastic anticorrosive coating based on phased
array ultrasonic guided wave scanning. J. Cent. South Univ. (Sci. Technol.) 2019, 10, 2385-2394. [CrossRef]

Hong, X.; Huang, L.; Gong, S.; Xiao, G. Shedding damage detection of metal underwater pipeline external anticorrosive coating
by ultrasonic imaging based on HOG + SVM. J. Mar. Sci. Eng. 2021, 9, 364. [CrossRef]

Byrnes, T. Pipeline coatings. In Trends in Oil and Gas Corrosion Research and Technologies; Woodhead Publishing: Sawston, UK, 2017;
pp. 563-591. [CrossRef]

Zhang, X,; Liu, G.; Chen, L.; Ma, Y.; Zhang, Z.; Dong, Y. A Novel Multi-Step Superposition Model for the Dispersion Analysis of
Multiaxial Prestressed Plate-like Structures. Thin-Walled Struct. 2024, 202, 112138. [CrossRef]

Rose, J.L. Ultrasonic Guided Waves in Solid Media; Cambridge University Press: Cambridge, UK, 2014; ISBN 9781139916981.

Lin, J.; Li, J.; Jiang, C.; Chen, X,; Tang, Z.; Zeng, Z.; Liu, Y. Theoretical and experimental investigation of circumferential guided
waves in orthotropic annuli. Ultrasonics 2022, 123, 106715. [CrossRef] [PubMed]

Puthillath, P,; Rose, J.L. Ultrasonic guided wave inspection of a titanium repair patch bonded to an aluminum aircraft skin. Int. J.
Adhes. Adhes. 2010, 30, 566-573. [CrossRef]

Yelve, N.P,; Mitra, M.; Mujumdar, PM. Detection of stiffener disbonding in a stiffened aluminium panel using nonlinear Lamb
wave. Appl. Acoust. 2015, 89, 267-272. [CrossRef]

Zaitsev, V.Y.; Matveev, L.A.; Matveyev, A.L. Elastic-wave modulation approach to crack detection: Comparison of conventional
modulation and higher-order interactions. NDT E Int. 2011, 44, 21-31. [CrossRef]

Zhao, Y.; Qiu, Y.; Jacobs, L.J.; Qu, J. A micromechanics model for the acoustic nonlinearity parameter in solids with distributed
microcracks. AIP Conf. Proc. 2016, 1706, 060001. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fbuil.2020.00045
https://doi.org/10.3390/app8112240
https://doi.org/10.11817/j.issn.1672-7207.2019.10.007
https://doi.org/10.3390/jmse9040364
https://doi.org/10.1016/b978-0-08-101105-8.00024-3
https://doi.org/10.1016/j.tws.2024.112138
https://doi.org/10.1016/j.ultras.2022.106715
https://www.ncbi.nlm.nih.gov/pubmed/35245837
https://doi.org/10.1016/j.ijadhadh.2010.05.008
https://doi.org/10.1016/j.apacoust.2014.10.010
https://doi.org/10.1016/j.ndteint.2010.09.002
https://doi.org/10.1063/1.4940507

	Introduction 
	Modal and Frequency Optimization 
	Numerical Modelling 
	Wave Dispersion Curves 
	Wave Structure Analysis 
	Theoretical Fundamental of Nonlinear Ultrasonic 

	Experiments 
	Experimental Setup 
	Specimen Preparation 
	Measurement of Bonding Strength 

	Experimental Results and Analysis 
	Linear Ultrasonic Guided Wave Testing 
	Nonlinear Ultrasonic Guided Wave Testing 

	Conclusions 
	References

