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Abstract: Multilayer adhesive bonded structures/materials
(MABS) are widely used as structural components, espe-
cially in the field of aerospace. However, for MABS work-
pieces, the facts that the weak echo of the deep interfacial
debonding defects (DB) caused by the large acoustic attenua-
tion coefficient of each layer and this echo, which generally
aliases with the excitation wave and the backwall echo of
the surface layer, pose a great challenge for the conven-
tional longitudinal wave ultrasonic nondestructive testing
methods. In this work, an ultrasonic resonance evaluation
method for deep interfacial DBs of MABS is proposed based
on the ultrasonic resonance theory and the aliasing effect of
ultrasonic waves in MABS. Theoretical and simulation ana-
lysis show that the optimal inspection frequency for II-inter-
facial DBs is 500 kHz when the shell thickness is 1.5 mm and
the ethylene propylene diene monomer (EPDM) thickness is
1.5 mm, and the optimal inspection frequency is 250 kHz
when the shell thickness is 1.5 or 2.0mm and the EPDM
thickness is 2.0 mm. Verification experiments show that
the presence of a DB in the II-interface causes a resonance
effect, and in the same inspection configuration, the larger
the defect size, the more pronounced this effect is. This

resonance effect manifests itself as an increase in the ampli-
tude and an increase in the vibration time of the A-scan
signal as well as a pronounced change in the frequency of
the received ultrasonic wave. In addition, the increase in the
excitation voltage further highlights the ultrasonic reso-
nance effect. Four imaging methods – the integrations of
the signal and the signal envelope curve, the maximum
amplitude of the fast Fourier transform (FFT) of the signal,
and the signal energy – were used for C-scan imaging of
ultrasonic resonance evaluation of MABS’s deep interfacial
DBs and all these methods can clearly show the sizes and
locations of the artificial defects and internal natural defect.
The normalized C-scan imaging method proposed in this
study can further highlight the weak changes in the signals
in the C-scan image. The research results of this study have
laid a solid theoretical and practical foundation for the
ultrasonic resonance evaluation of MABS.

Keywords: adhesive bonded components, bonding inter-
face, debonding defects, interface debonding, ultrasonic
nondestructive testing

1 Introduction

Multilayer adhesive bonded structure (MABS) has many
advantages, such as high specific strength, fatigue resis-
tance, corrosion resistance, and good heat insulation, and
is widely used in aerospace and nuclear power fields. For
example, solid rocket motor is usually a multilayer struc-
ture, in order to make sure the combustion of propellant
develops in booked way and prevent the rocket motor
from being damaged by the high-temperature nozzle jet,
the propellant inside the shell is usually covered by one
or more layers of coating (generally consist of insulation
layer and liner). The adhesive bonding quality of MABS is
affected by humidity, temperature, curing time, and other
factors in the manufacturing process, as well as vibration,
alternating temperature, and alternating load during sto-
rage [1,2]. These inevitable factors can easily lead to
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porosity, cracks, poor adhesion (“kissing” bonds), and even
delamination damage on the bonding surface of multilayer
adhesively bonded components [3,4]. Therefore, non-destruc-
tive testing of MABS has become a necessary process to
ensure manufacturing quality [5,6].

Over the years, ultrasonic non-destructive evaluation
for the bonded structures has attracted widespread atten-
tion from researchers. Time domain ultrasonics, lamb-wave,
ultrasonic impedance and spectroscopy, sonic vibration,
and also constant-frequency ultrasonic phase method are
applicable for the nondestructive detection of voids, delami-
nation, porosity, cracks, or poor adhesion [7–9]. Ultrasonic
pulsed echo technology is used to detect debonding defects
(DBs) in aluminum-carbon fiber reinforced plastic bonded
structures [10]. This inspection method is effective for
bonded structures with only two layers, but in the case of
inspecting parts from the metal side, the inspection of defect
will be more complicated if the defect location in the adhe-
sive is deeper. Jinhao made three kinds of bonded states
of ultra-thin metal-silica gel bonding structure, the well-
bonded, weakly bonded and debonding composite parts,
and established the law between the bonding state with
the binding coefficient based on the high-frequency ultra-
sonic resonance method, and found that the bonding coeffi-
cient decreases with the weakening of the bonding strength
[11]. Xingguo derives the expressions of the transmission
coefficient and the reflection coefficient from longitudinal
wave and shear wave in the layered medium by the spring
model and the boundary conditions at two interfaces based
on the transfer matrix method. The oblique incidence trans-
mission ultrasonic detection method was used to carry out
confirmatory experiment, and the numerical solution
results were basically consistent with the experiment, which
provides a theoretical basis for the ultrasonic detection of
the interface quality of composite bonded structures [5].
Sahoo evaluates the adhesive bonded interfaces of GFRP-
nitrile-based rubber bonded structure by low frequency
single sided portable nuclear magnetic resonance (NMR)
technique and compares it with X-ray radiography and
ultrasonic (acousto-ultrasonic) methods. NMR can effec-
tively identify the DBs and also enable quantitative mea-
surement of airgap thickness [12]. Elena developed a novel
signal post-processing algorithm for reconstruction of the
joint area to inspect defect in hybrid metal to composite
joints where the metal part has pin arrays [13].

However, for MABS, the large reflectivity and attenua-
tion of ultrasonic energy [14,15] and the presence of aliasing
echo waves [16] make the detection of deep interfacial
DBs in MABS more difficult. Spytek et al. presented a frame-
work for the evaluation of DBs in adhesively bonded multi-
layer plates through local wavenumber estimation. And the

effectiveness of the method was verified by experiments on
a three-layer sample made of different thicknesses of alu-
minum (bonded by an epoxy adhesive) [4]. Guo proposed a
defect identification method based on wavelet packet trans-
form (WPT) and machine learning, which first uses WPT to
extract the corresponding energy characteristic signals of
different interface DBs, and then uses the obtained energy
characteristics as the input vector of the machine learning
algorithm (K-nearest neighbor, random forest, and support
vectormachine) for classification and identification. The accu-
racy of DBs classification is as high as 95.33% [17]. Loukkal
conducted a numerical study on the influence of the properties
of different interface layers on guided ultrasonic waves, and
deeply analyzed the impact of the adhesive interface layer
nature on the reflection coefficientmagnitude and the variation
law of guided wave dispersion curves, so as to characterize the
interface quality inmultilayer structures [18]. In order to reduce
the impact of high attenuation and aliasing of ultrasonic
waves on non-destructive testing of multilayer structures,
Baiqiang established a high-power ultrasonic pulse echo
detection system, and used the wavelet transform method
to extract the characteristic parameters that can repre-
sent the sizes and positions of the defect [19].

This study comprehensively analyzes the ultrasonic
resonance evaluation method for deep interfacial DBs in
MABS based on the ultrasonic resonance theory and the
aliasing effect of ultrasonic waves in MABS. The remainder
of this study is organized as follows. Section 2 introduces
the theoretical basis of ultrasonic resonance evaluation
method. Section 3 is a numerical analysis of acoustic proper-
ties of MABS. Experimental studies on ultrasonic resonance
evaluation of multilayer material structure are presented in
Section 4. A Summary is provided in Section 5.

2 Theoretical basis of ultrasonic
resonance evaluation method

During ultrasonic wave propagation, reflection and trans-
mission occur at the interface between the two materials,
accompanied by changes in signal amplitude and phase.
When the thicknesses of the mediums on both sides of the
interface are much greater than the wavelengths in them,
the reflectivity and transmittance are determined by the
acoustic impedances of the mediums. In the bonding struc-
ture, if there is an adhesive layer between the two media,
when the thickness of the adhesive layer is much smaller
than the ultrasonic wavelength inside it, the influence of
the adhesive layer on the ultrasonic propagation law can
be ideally ignored [20]. Therefore, this study will ignore the
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influence of the adhesive layer and analyze the ultrasonic
propagation law in the three-layer medium. As shown in
Figure 1, assume that the ultrasonic sound pressure Pi inci-
dent into the medium I is 1 and the main frequency is f .
The reflected sound wave PR is formed by the superposi-
tion of P1, P2, P3 until Pm
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where r and t represent the reflectance coefficient and the
transmission coefficient, respectively. The corner numbers
indicate the direction of ultrasound propagation in the two
media. = −r r12 21, = −t r112 12, = +t r121 12. m is the number
of times the wave is reflected at the interface II. α is the
attenuation coefficient of medium II. d is the thickness of
medium II. k z2 is the wave number in the z direction in
medium II, and ( )ik dexp 2 z2 represents the change in phase
of the wave after a round trip in medium II.

The reflection coefficient of the sound pressure of
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The amplitude and phase of the reflection coefficient
of the sound pressure can be expressed as
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As can be seen from the above equation, when =f nc d/42

( )=n 1,2,3 … , the amplitude of the reflected sound pressure
will appear at extreme value (maximum or minimum) and
the phase spectrum will appear at zero point. This phenom-
enon is called resonance, and f and n are the resonant fre-
quency and the order of the resonant frequency, respectively.
At this frequency, if interface II has a DB, the amplitude of the
reflected wave will increase rapidly under resonance effect.

3 Numerical analysis of acoustic
properties of MABS

In Section 2, the ultrasonic propagation model in MABSs
was briefly analyzed, but there are many factors affecting
the ultrasonic propagation law in MABSs, and it is very
difficult to establish an accurate ultrasonic propagation
mathematical model. This section reveals the main propa-
gation laws of ultrasonic waves in an ideal model of MABS
by the finite element method.

Three finite element models of multilayer bonded
structures were established according to the actual situa-
tion using COMSOL multiphysics software. All the models
consist of three different layers of materials, the first of
which is high-strength steel with thickness of 1.5 mm or
2.0 mm (ST: thickness of the steel layer); the second layer
is ethylene propylene diene monomer (EPDM) with thick-
ness of 1.5 or 2.0 mm (ET: thickness of the EPDM layer); the
third layer is a rubber-like composite material with a thick-
ness of 25 mm (RT: thickness of the rubber-like composite
material layer). Considering the symmetry of the model,
the three-dimensional problem is simplified to a two-
dimensional problem to reduce the amount of computa-
tion. The geometry of the multilayer adhesive bonded
material and the boundary condition settings are shown
in Figure 2. And a 4mm bulge on the model is used to
simulate the ultrasonic wedge of the actual inspection.
For different scenarios in the frequency domain and time
domain, frequency domain sampling point (FSP) and time
domain sampling point (TSP) are set in different areas of
the model. Frequency domain analysis is mainly to obtain
the frequency response of the second layer, so the FSP is set
in the second layer of the structure. The time domain ana-
lysis is mainly to obtain the change process of the ultra-
sonic signal during the whole detection process, so the TSP
is set in the wedge region of the structure model.Figure 1: Schematic diagram of ultrasonic propagation in layered model.
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3.1 Analysis of frequency domain
characteristics

Frequency domain analysis is mainly to obtain modal para-
meters of a structure, such as vibration frequencies, mode
shapes, and damping. Vibration frequencies and mode shapes

are the intrinsic properties of a structure, depending on stiff-
ness and mass of the structure and their distributions. DBs
changes the original stiffness and mass state of a structure
and hence resulting in differences in vibration frequencies
and mode shapes between defect-free structure and structures
that contain defects or have been damaged [7]. Therefore, three
sizes finite element models were established using the Solid
Mechanics Module in COMSOL, in which the STs and ETs are
1.5 and 1.5mm, 1.5 and 2.0mm, and 2.0 and 2.0mm, respec-
tively, for frequency domain analysis. And eachmodel includes
two cases of debonding defect (DB) and perfect bond (PB).

Given the fact that the frequency of ultrasonic reso-
nance evaluation in actual engineering is usually lower
than 1 MHz, the frequency range of the solution is set to
0.01–1 MHz during the finite element simulation, and the
step size is set to 0.01 MHz. The maximum grid size is set to
0.3 mm. The frequency response curves at the FSPs for DB
and PB cases of the three size models were extracted, as
shown in Figure 3. For readability, the amplitudes of these
curves are normalized.

As can be seen from Figure 3(a), for a sample with ST
and ET of 1.5 and 1.5 mm, respectively, the frequency

Figure 2: The geometry of the MABS.
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Figure 3: Frequency response curves of MABS models. (a) ST-1.5 mm, ET-1.5 mm, (b) ST-1.5 mm, ET-2.0 mm, and (c) ST-2.0 mm, ET-2.0 mm.
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response at the sampling point is mainly around 200 kHz
when PB. However, when there is a defect in the interface
II of the model, the frequency response changes signifi-
cantly, and the response curve appears multiple peaks at
frequencies 200, 250, 400, 510 kHz, etc. The maximum peak
occurs at 510 kHz, that is, 510 kHz is the optimal frequency
for detecting defects in the II-interface for a workpiece
with this size. Generally, ultrasonic transducer/probe has
a certain bandwidth, so ultrasonic probe with a frequency
of 500 kHz is recommended for engineering inspection of
MABS of this size. Similarly, for the sample of ST and ET of
1.5 and 2.0 mm, respectively, Figure 3(b), the maximum
amplitude is at 70 kHz. And for the sample of ST and ET
of 2.0 and 2.0 mm, respectively, Figure 3(c), the maximum
amplitude is also at 70 kHz. In addition, both the frequency
response curves of the latter two sizes of DB models have
sub-peaks around 180 kHz and considering the detection
accuracy and the bandwidth of the commercial probe, it
is recommended to use a 250 kHz probe for the inspection
experiments.

3.2 Analysis of time domain characteristics

For the analysis of time domain characterization, a multi-
physics model with ST and ET of 1.5 and 1.5 mm was estab-
lished using the “Pressure Acoustics, Transient” interface
in COMSOL. The boundary conditions for this model are
shown in Figure 2. The ultrasonic excitation signal is a
single-frequency sinusoidal signal (500 kHz, 5 cycles) modu-
lated by the Hanning window, as shown in Figure 4(a).
Because this signal can effectively suppress the frequency
dispersion phenomenon of ultrasonic wave, eliminate high-
frequency interference and energy spectrum leakage pro-
blems, and the modulation signal has a large bandwidth

and high longitudinal resolution compared to the sine wave
signal, a better excitation signal is ensured. By solving the
transient solution of the established finite element model,
the progressive propagation process of ultrasonic waves in
the model can be observed. The internal sound pressure dis-
tribution of the model at 18 μs is shown in Figure 4(b). The
reflected and diffracted waves of the defect are clearly
depicted in the image.

For a more detailed time domain signal, time domain
responses at TSP with defect sizes of 15, 10 mm, and defect-
free are extracted, as shown in Figure 5. On the time axis,
ultrasonic waves within about 12 μs are the initial arrival
waves (excitation waves). For this simulation model, ultra-
sonic waves after 12 μs is the region of interest. The upper
envelope curves of the three ultrasonic waves and the local
enlarged view clearly show that the signal is attenuated to
an indistinguishable level in a short time when there is no
defect, and that the amplitude of the ultrasonic signal in
the period of interest becomes larger and the oscillation
time becomes longer due to resonance and reflection when
the model contains a DB.

4 Experimental studies on
ultrasonic resonance evaluation
of MABS

4.1 Production of artificial defect samples
and the ultrasonic instrument

The materials and parameters of the artificial defect sam-
ples are consistent with the actual products. All the three
artificial defect samples are made by bonding three layers
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Figure 4: Excitation signal (a) and sound pressure distribution inside the MABS model (b).
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of materials, the materials are steel, EPDM, and one type of
rubber-like composite material. The STs and ETs of these
samples are 1.5 and 1.5 mm (Sample A), 1.5 and 2.0 mm
(Sample B), 2.0 and 2.0 mm (Sample C), respectively. The
RTs of all the samples are 3 mm. The production of the first

size artificial defect sample and the ultrasonic instrument
is shown in Figure 6. As shown in Figure 6(a), there are two
interfaces between the three layers of this structure. The inter-
face between the first layer of material and the second layer of
material is called interface I. The interface between the second
layer of material and the third layer of material is called inter-
face II. Interface II and the interfaces below it can generally be
called the deep interfaces. Three artificial defects (L = 10mm,
L = 15mm, L = 20mm in size) are placed between the second
and third layers, as shown in Figure 6(a)–(c). Artificial defects
are three-layer printer papers bonded by packaging tape.
Figure 6(d) is the portable ultrasonic instrument used for these
evaluation experiments. The remaining two sizes of artificial
defect samples are made using the same process.

4.2 Validation experiments and analysis of
A-scan signals

In this section, verification experiments for deep interfa-
cial debonding defects based on ultrasonic resonance
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Figure 6: Production of artificial defect sample and the ultrasonic instrument. (a) The structure of artificial defect sample, (b) The manufacturing
process of artificial defect sample, (c) The sizes of the artificial defects, and (d) Configuration of the test experiment, ① Portable ultrasonic testing
instrument, ② coaxial cable, ③ ultrasonic transducer (ultrasonic probe), and ④ artificial defect sample.
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effect are carried out first. In these experiments, Sample A
was first subjected to ultrasonic nondestructive testing.
Section 3.1 shows that the optimal inspection frequency
for sample A is 500 kHz and an amplitude value of 0.7 is
also present at 250 kHz, so, two ultrasonic transducers of
500 and 250 kHz are used for these experiments. Ultrasonic
signals in three conditions and two excitation voltages
are acquired by the instrument. The three conditions are:
the transducer is located in the area of PB, half of the
transducer is in the area of PB and half is in the area of
DB (transition area of DB, TDB), and the transducer is com-
pletely above the DB. When using the 500 kHz ultrasonic
transducer, the excitation voltages are set to 150 and 250 V,
respectively. When using the 250 kHz ultrasonic trans-
ducer, as the frequency reduction reduces the attenuation
coefficient of the ultrasonic wave, the excitation voltage is
set to 75 and 100 V, respectively. A-scan signals of Sample A
under these different conditions are shown in Figure 7.

As can be seen from Figure 7(a) and (b), both sets of
curves have the same trend. There is no resonance effect in
the PB area, and the A-scan signal has almost no complete
vibration cycle. There is a visible resonance effect in both
the TDB and DB regions, the A-scan signals have a signifi-
cant vibration for more than five cycles. And the closer the
transducer is to the defect center or the greater the excita-
tion voltage, the greater the resonance amplitude. Specifi-
cally, the amplitude of the fourth cycle of the A-scan signal
at an excitation voltage of 250 V and the amplitude of the
third cycle at an excitation voltage of 150 V are basically
equal. That is to say, as the excitation voltage increases,
the amplitude of the A-scan signal becomes larger and
the vibration time is longer. This feature is very helpful
for engineers to determine whether there is a deep inter-
facial debonding defect. However, when we focus on
Figure 7(c) and (d), a completely opposite phenomenon
emerges. There is a visible resonance effect in the PB
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(e) Sample C

ST: 2.0 mm  ET: 2.0 mm
Probe frequency: 500 kHz
Defect size: 15 mm × 15 mm
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(f) Sample C
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(g) Sample C
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ST: 2.0 mm  ET: 2.0 mm
Probe frequency: 250 kHz
Defect size: 10 mm × 10 mm

Figure 8: Verification experiments of universality of the method and A-scan signals under different conditions. (a) Sample B: Frequency-500 kHz,
Defect size-15 mm × 15 mm, (b) Sample B: Frequency-250 kHz, Defect size-15 mm × 15 mm, (c) Sample B: Frequency-500 kHz, Defect size-10 mm ×
10 mm, (d) Sample B: Frequency-250 kHz, Defect size-10 mm × 10 mm, (e) Sample C: Frequency-500 kHz, Defect size-15 mm × 15 mm, (f) Sample
C: Frequency-250 kHz, Defect size-15 mm × 15 mm, (g) Sample C: Frequency-500 kHz, Defect size-10 mm × 10 mm, and (h) Sample C: Frequency-
250 kHz, Defect size-10 mm × 10 mm.
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Figure 9: C-scan images for the four imaging modalities. (a) C-scan image of signal integration, (b) C-scan image of signal envelope integration, (c) C-
scan image of the maximum amplitude of the FFT of the signal, and (d) C-scan image of signal energy.

Figure 10: Normalized C-scan images for the four imaging modalities. (a) C-scan image of normalized signal integration, (b) C-scan image of
normalized signal envelope integration, (c) C-scan image of the normalized maximum amplitude of the FFT of the signal, and (d) C-scan image of
normalized signal energy.
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region, and the closer the transducer is to the defect
center or the lower the excitation voltage, the lower
the resonance amplitude. This is because as the fre-
quency decreases, the ultrasonic wavelength becomes
longer, and these waves penetrate directly through
the material of the second layer to the backwall of the
third layer (thickness 3 mm), causing a resonance effect
throughout sample A. This novel phenomenon provides
a new perspective for the inspection of ultra-thin MABS
parts.

Experiments on the universality of the method were
then carried out. Samples B and C were used to perform
the experiments. As can be seen from Section 3.1, the
recommended detection frequency for samples B and C is
250 kHz. As can be seen in Figure 3(b) and (c), there are two
small peaks at 410 and 540 kHz, so the 500 kHz ultrasonic
probe was used to perform the corresponding comparison
experiments. In these experiments, A-scan signals at dif-
ferent excitation voltages at probe frequencies of 500 and
250 kHz were acquired for the PB and DB regions, respec-
tively. The configurations of the inspection experiments
and the A-scan signals under different conditions are
shown in Figure 8.

As can be seen from Figure 8, the trends of the A-scan
signals are the same for different excitation voltages in
each graph. As the excitation voltage increases, the reso-
nance effect gradually increases (the amplitude of the
wave increases). The simulation results of Section 3.1 show
that 500 kHz is not in the optimal inspection frequency
range compared to 250 kHz for Samples B and C. Several
sets of experimental results reinforce this fact once again.
For example, by comparing Figure 8(a) and (b) or (e) and (f),
it is clear that the resonance effect is more pronounced
when performing the inspection experiment with 250 kHz
ultrasonic transducer. Comparing Figure 8(a) and (e) or (c)
and (g), it can be seen that as the thickness of ST increases,
its resonance effect is further suppressed. This result is con-
sistent with the results presented in Figure 3(b) and (c). In
addition, each of Figure 8 shows that the frequency of ultra-
sonic waves changes significantly when resonance occurs.
In the configuration of Figure 8(b), the frequency of the
resonant wave (compared to the wave of PB) becomes sig-
nificantly higher and the wave vibration period becomes
shorter. However, when the RT is 2mm and other para-
meters and configurations are the same as in Figure 8(b),
the frequency of the resonant wave decreases as shown in
Figure 8(f). These experiments show that non-destructive
testing of deep interfacial debonding defects based on reso-
nance effects is indeed feasible. It is only necessary to select
the corresponding inspection frequency according to the
thickness parameters of each layer of the MABS workpiece.

4.3 Research on C-scan imaging method of
ultrasonic resonant evaluation

Compared with A-scan signal, the more readable and intuitive
C-scan image is more expected by engineers. Therefore, a rec-
tangular area (12 cm × 7 cm) containing the three artificial
defects in Sample A was subjected to ultrasonic C-scan inspec-
tion with sampling interval and step increment of 1 cm. A total
of 84 sets of A-scan datawere acquired. Taking into account the
characteristics of the A-scan signal, the integrations of the
signal and the signal envelope, the maximum amplitude of
the FFT (Fast Fourier Transform) of the signal, and the signal
energy are used to draw the C-scan images to observe the
contrast ratio between the PB area and the DB area. C-scan
images for the four imaging modalities are shown in Figure 9.

As can be seen from Figure 9, in terms of the legibility
of the image alone, the four images are almost identical. All
the three artificial defects (20, 15, and 10mm) can be clearly
visualized by the four imaging methods, and one internal
natural defect in the sample is also detected. Relatively
speaking, Figure 9(d) is more legible, and the outline of
each defect can be easily distinguished, while the artificial
defects and internal natural defect of the other three images
are conjoined. In engineering, the signal energy imaging
method can be preferred when using ultrasonic resonance
method to inspect the deep interfacial debonding defects of
MABS. In addition, in order to present a variety of C-scan
images, the four sets of data obtained by the above imaging
methods are normalized, and then the four sets of normalized
data are used to draw the C-scan images. Taking column data
normalization as an example, the C-scan images of the four
imaging methods are shown in Figure 10.

The four sets of images in Figures 9 and 10 have a one-
to-one correspondence. By comparing the images, it can be
found that the normalized C-scan images have higher sen-
sitivity, which not only improves the contrast ratio of the
defect area, but also highlights the weak change in signal
outside the defect area. However, some areas of the nor-
malized C-scan images are overly sensitive, such as the
“Hypersensitive” area in Figure 10(c). In general, the imaging
quality of Figure 10(a) is slightly better. Due to the high sensi-
tivity of normalized imagingmethod, the combined application
of normalized imaging method and non-normalized imaging
method will greatly improve the accuracy of engineers’ judg-
ment of inspection results.

5 Conclusion

In this study, a nondestructive evaluation method for deep
interfacial debonding defects of MABS is proposed based
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on the ultrasonic resonance theory and the aliasing effect
of ultrasonic waves in MABS, which realizes the accurate
non-destructive inspection of II-interfacial debonding defects
of MABS. First, the relationship between the thickness of a
specific layer of MABS and the frequency of ultrasonic wave
when the resonance effect generated is determined based on
the acoustic wave theory, which lays a theoretical foundation
for the subsequent simulation and experimental research.
Second, according to the actual condition, three MABS finite
element models of different sizes were established by
COMSOL, and these three models were used for frequency
domain analysis and simulation to obtain the corresponding
optimal inspection frequency. Next one of these models is
used for the time domain analysis to obtain the time domain
responses of the region of PB and the region with different
defect sizes. Simulation and verification experiments show
that the optimal inspection frequency for II-interfacial
debonding defects is 500 kHz when the shell thickness is
1.5 mm and the EPDM thickness is 1.5 mm, and the optimal
inspection frequency is 250 kHz when the shell thickness is
1.5 mm or 2.0 mm and the EPDM thickness is 2.0 mm. The
presence of defect causes a resonance effect, and in the
same inspection configuration, the larger the defect size,
the more pronounced this effect is. This resonance effect
is manifested in the time domain as an increase in the
amplitude of the A-scan signal and an increase in the vibra-
tion time. The resonance effect also causes a pronounced
change in the frequency of the received ultrasonic wave.
The inspection experiments on the artificial defect samples
show that it is indeed feasible to realize the non-destructive
testing of the deep interface debonding defects of multilayer
material bonded structural parts with different parameters
based on resonance effect and the increase in the excitation
voltage further highlights the ultrasonic resonance effect.
The studies of C-scan imaging method of ultrasonic reso-
nance inspection showed that all the four C-scan imaging
methods – the integrations of the signal and the signal
envelope curve, the maximum amplitude of the FFT of the
signal, and the signal energy – can clearly show the sizes and
locations of artificial defects and internal natural defect.
Normalized C-scan imaging method can further highlight the
weak changes in signal (defect areas). In practice, it is recom-
mended to use both C-scan imaging and normalized C-scan
imaging to improve the accuracy of the analysis of the results.
Furthermore, binarization of the above C-scan images will facil-
itate the quantitative evaluation of C-scan results.

Finally, the acoustic response of multilayered struc-
tures is much more complex than mono-material flat plates
and its natural frequencies depend on the material proper-
ties (density, elastic properties), the geometry of the spe-
cimen, the thickness of the adhesive and adherend layers,

and the boundary conditions. In future work, more in-
depth research can be carried out on these factors.
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