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Abstract — Layered structures play an increasingly pivotal role in diverse fields such as aerospace, pipeline
transportation, and petrochemical engineering. However, defects situated at the interfaces between layers pose
a challenge for conventional Non-Destructive testing (NDT) methods, impeding accurate imaging. This
research introduces the elliptic tangent imaging method based on interface wave modes to visualize interfacial
defects within layered structures. The interface wave mode, characterized by high-frequency non-dispersive
traits, facilitates precise localization of defects. Its energy concentration in the interface enhances sensitivity
to interfacial defects. The elliptic tangent imaging method proposed in this paper capitalizes on the transmis-
sion coefficients of the oblique incidence technique for surface waves, enabling the concurrent determination of
defect location and orientation using one pair of transducers. The application of the orthogonal matched
pursuit algorithm for sparse representation of the raw signal further enhances positioning accuracy. This paper
establishes an automatic detection system for interface waves, demonstrating swift transducer switching.
Experimental validation of wave velocity aligns closely with theoretical calculations. In experiments focusing
on interfacial defect imaging in bilayer aluminum-steel plates, the system exhibits the capability to accurately

depict interfacial defects with varying orientations.

Keywords: Non-dispersive, Guided waves, Interfacial defects, Defect imaging, Interface wave

1 Introduction

Layered structures are becoming increasingly essential
in various fields, including aerospace, pipeline transporta-
tion, renewable energy, and petrochemical engineering.
Metal multilayers, such as aluminum-steel combinations,
offer a blend of different metal properties, combining the
strength of steel with the corrosion resistance of aluminum.
In critical structures, even minor defects between layers are
intolerable. Unfortunately, many commonly used Non-
Destructive testing (NDT) methods struggle with evaluat-
ing these subtle interfacial defects. Evaluating interfacial
defects poses a greater challenge due to the subtle differ-
ences in physical characteristics between the interface and
the defects. For instance, the intact interface serves as the
boundary between two metals, while defects mark the
boundaries between metal and air.

Ultrasonic guided waves, with their advantages over
other NDT techniques, have garnered significant scholarly
interest [1-3]. Based on different phase velocity curves on
the dispersion diagram, ultrasonic guided waves roughly
divide into Lamb waves [4], surface waves [5], interface
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waves [6], and other modes [7, 8]. Scholars have explored
various guided wave methods to address the NDT chal-
lenges posed by layered structures [9-11]. While some
focused on simulation or defect identification and localiza-
tion [12-14], reliable imaging methods for interfacial defects
have been scarce.

In the realm of guided wave techniques, the term “non-
dispersive” denotes a wave characteristic where different
frequency components travel at the same speed. This uni-
form velocity behavior ensures that different frequencies
of the guided wave reach the detection point simultane-
ously. This coherence simplifies signal interpretation, aiding
in the identification and localization of defects, especially in
structures with complex geometries or multiple layers [1].
Non-dispersiveness is often linked to specific wave modes,
notably surface waves [5] and interface waves [6], in the
high-frequency range for multilayer materials. Interface
waves concentrate their energy on the interfaces between
different media, making them ideal for interfacial defect
detection. Meanwhile, there can only be one interface wave
mode on each interface. Theoretically, maximizing the
excitation frequency of surface and interface waves enables
the detection of minor defects on interfaces without con-
cerns about interactions with other wave modes [15, 16].
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These theoretical insights motivated the exploration of an
interface damage imaging method based on interface wave
modes to address the intricate challenges posed by interfa-
cial defects mentioned above.

In summary, interface waves possess dual advantages:
they are non-dispersive, and their energy is concentrated
at the interfaces. In the presence of interfacial defects in a
layered structure, multiple conversions occur between
surface waves and interface waves during guided wave
propagation, leading to reflections and phase variations.
However, when the structure is defect-free, received signals
should remain nearly identical regardless of the wave pack’s
travel distance. This stability arises from the non-dispersive
nature of interface waves at high frequencies, significantly
enhancing the accuracy of abnormal feature extraction
and defect reconstruction algorithms.

While imaging interfacial damage in multilayer materi-
als poses greater challenges, there exist several pertinent
imaging methods within the domain of ultrasonic guided
wave imaging that merit consideration. Examples include
the elliptical localization method [17], hyperbolic imaging
method [18], concentric circle localization method [19],
and others [20]. New imaging methods have also emerged
in recent years. The tomographic scanning algorithm stands
as a conventional probabilistic imaging technique. This
approach employs ultrasonic guided waves to scan a partic-
ular layer of a layered structure from various angles. The
primary calculation involves assessing the attenuation
degree of the guided waves to evaluate the distribution of
structural damage within the scanned area [21-23]. On
the other hand, the delay-and-sum method is commonly
employed for imaging purposes, with a specific focus on
utilizing reflected waves [24, 25]. In this context, the defect
image is obtained by leveraging crucial information, includ-
ing wave velocity, the spatial coordinates of the excitation-
reception transducer pair, and the echo time when the
ultrasonic wave interacts with the defect boundary. While
these established imaging methods are valuable references,
designing new imaging methods becomes imperative for
interface wave modes. These methods must be tailored to
accommodate the unique transducer characteristics and
damage features associated with interface waves.

The elliptic tangent imaging method presented in this
paper leverages the transmission coefficient of the oblique
incidence technique for surface waves. The transmission
coefficients reflect the effective detection range of the
surface transducers. This method enables the simultaneous
determination of defect location and orientation using a
single pair of transducers. Additionally, the utilization of
the orthogonal matched pursuit algorithm for signal sparse
representation contributes to improved positioning accu-
racy. The imaging system demonstrated in this study is
proficient in generating single-mode interface waves and
accurately identifying interfacial defects of various
orientations.

This paper systematically explores the theory and
methodology for imaging interfacial defects in layered metal
structures based on interface waves, addressing three key
aspects: guided wave theory, imaging algorithms, and

experimental validations. Section 2 provides concise
introductions to guided wave theories in layered plates,
accompanied by wave velocity validation experiments for
both surface and interface waves. These experiments aim
to confirm the guided wave modes generated during the
experimental setup. In Section 3, the paper introduces the
elliptic tangent imaging method, incorporating the designed
approach based on interface waves and the orthogonal
matched pursuit algorithm. Section 4 outlines the auto-
matic detection system for interface waves and describes
the conducted interfacial defect imaging experiment on a
bilayer Al-steel plate. Finally, Section 5 summarizes the
main conclusions drawn from the study.

2 Theory and verification of guided waves in
multi-layer plates

This section provides a concise overview of the compu-
tational methodologies employed to solve dispersion curves
and characterize wave structures of ultrasonic guided waves
in layered plates, utilizing the global matrix method. The
analysis focuses on the distinctive features of surface and
interface wave modes within bilayer aluminum-steel plates,
incorporating both dispersion theory and experimental
verification of wave velocities.

2.1 Global matrix method of guided waves

The displacement vector u'” within an elastic isotropic
homogeneous solid undergoes Helmholtz decomposition, as
expressed by equation (1):

{u(”) = V¢, +V x ¥,

V-¥,=0 M)
Here, u" is the displacement vector. n is the number of
layers. ¢, and ¥, are the scalar and vector potentials,
respectively. For 2-dimensional problems, displacement vec-
tor is reduced to u™ = (u, u), and ¢, = ¢, (x,z). Mean-
while, ¥, . =V,. =0, ¥,, =, (x,z). Therefore, ¥, is
hereafter denoted by v, for simplicity.

Considering a stratified structure comprising N layers,
depicted in Figure 1 along with relevant geometric param-
eters, the displacement u,(”) and stress Tg;l) in each layer
can be expressed in terms of potentials, as delineated in
equation (2):
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Figure 1. Computational modeling of ultrasonic guided waves
in an N-layer plate involves consideration of two surface wave
modes on each surface and an interface wave mode at every
interface.

Here, / and u are the Lame constants, defined by Young’s
modulus £ and Poisson’s ratio v as follow:

UE _E
A+va-2v " 2a+y)

Assuming plane harmonic wave solutions in each layer, as
specified in equation (3):
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These equations indicate propagating harmonic waves in
x-axis and standing waves in z-axis. A,-") is undetermined
coefficient. k = w/c is wave number. o is the angular fre-
quency. c¢ is the phase velocity of a certain wave mode. a,
and f, are defined as follow:
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where ¢;" =
the longitudinal and transverse wave velocities in each
layer, respectively.

The boundary conditions encompass free surfaces at the
top and bottom, as articulated in equation (4), and perfect
bonding at each interface, as denoted in equation (5):
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This yields 4 x N undetermined coefficients subject to
4 x N boundary conditions. Combining equations (2), (3),
(4), and (5), the characteristic equation (6) is derived:

T
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where A represents the coefficient matrix of the undeter-
mined coefficients. To ensure nontrivial solutions for
equation (6), the determinant of the coefficient matrix A
must be set equal to zero. Solving |A| = 0 provides the dis-
persion curves for the specific layered structure. Subse-
quently, the coefficients in A are substituted into
equation (2) to calculate the wave structures. Substituting
a specific frequency and wave speed from the dispersion
curve into equation (2) yields the wave structure of the
corresponding guided wave mode at that frequency.

2.2 Guided waves in a bilayer plate

Figure 2 presents the outcomes of the computational
analysis applied to a bilayer Al-Steel plate utilized in veloc-
ity verification and imaging experiments. This material
combination, integrating the strength and cost-effectiveness
of steel with the durability of aluminum, finds widespread
applications ([26]). In Figure 2(a), relevant material param-
eters and thickness are depicted. For the assessment of
interfacial defects, particular emphasis is placed on the
application of interface wave modes, represented by the
red curve in Figure 2.

Based on the wave structure characteristics of a specific
guided wave mode, particularly the displacement concen-
tration region of this mode, we can identify the first three
orders of guided waves in the aluminum-steel plate as
surface and interface wave modes, respectively. Analyzing
the dispersion curves in Figure 2(b), it is observed that
when the excitation frequency exceeds 0.5 MHz, the phase
velocity of interface and surface wave modes tends to
stabilize, indicating non-dispersiveness at high frequencies.
Opting for 1 MHz as the excitation frequency and substitut-
ing the corresponding interface wave velocities (3029.8 m/s)
into equation (2), the wave structures of the interface
wave modes are computed, as illustrated in Figure 2(d).
The vertical axis signifies the thickness of the layered plate,
while the horizontal axis represents the normalized ampli-
tude of displacement. Additionally, the wave structures of
the two surface wave modes are calculated, corresponding
to 2781.4 m/s for aluminum and 2846.4 m/s for steel.

Firstly, the dispersion curves reveal that both the inter-
face and surface wave modes exhibit non-dispersive behav-
ior in the high-frequency range. This non-dispersive
characteristic holds significant advantages for defect
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Figure 2. (a) Parameters for global matrix method. (b) Dispersion curves of a bilayer Al-Steel plate. (c-e) Wave structures of

interface and surface wave modes.

localization in engineering applications, enhancing signal-
to-noise ratio (SNR) and ensuring signal processing method
robustness.

Secondly, the displacement of interface wave modes, or
the energy associated with these modes, predominantly
concentrates at the layered structure interfaces. This char-
acteristic, while resembling conventional surface wave
modes, distinguishes itself by being sensitive to internal
interfaces. In contrast, surface wave modes typically detect
defect on the structure’s surface, observable through visual
inspection or other non-destructive testing methods. The
unique features of interface wave modes suggest the poten-
tial for extracting more comprehensive information about
structural interfaces, laying a solid foundation for signal
processing methods to achieve heightened defect recogni-
tion accuracy. Moreover, the energy peak tends towards
the steel layer, suggesting that excitation on the steel layer
may yield superior signal strength.

2.3 Experimental verification of interface and surface
waves

Utilizing interface waves for interfacial defect imaging
entails solving two a priori problems: 1. how to practically
excite the interface wave modes; 2. experimental verifica-
tion of the interface wave velocity.

Common methods for exciting interface waves include
surface wave transducer technology and laser ultrasonic
excitation technology ([27]), with surface wave transducer
technology being particularly effective and convenient, as
depicted in Figure 3.

The method initiates by generating surface waves on the
composite plate’s surface through a surface wave trans-
ducer. Surface waves are excited using the oblique incidence
technique, which relies on Snell’s law (Fig. 3(a)). The
surface wave transducer ensures that the guided wave
modes generated are predominantly surface wave modes
with a wave velocity of approximately 2800 m/s [1]. This
study applied “Doppler AxMHx-P14x14-SW surface wave
transducers”, as shown in Figure 3(d). “xMHz” indicates
the center frequency of the transducer. Guided by the
nature of guided waves, when the surface wave reaches
the interface of the two material media, reflection, scatter-
ing, and transmission occur. The concept of wave structure
matchability indicates that during wave mode conversion,
the amplitude of guided wave modes in the transmitted
wave, which are similar to the wave structure of the inci-
dent wave, is larger [28-30]. Figure 2(c—e) illustrates the
similarity in wave structures between surface wave modes
and interface wave modes, suggesting that interface waves
remain dominant in the converted guided wave modes.
The transmitted interface wave propagates forward along
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Figure 3. Principles of generating interface waves and interface wave velocity measurements. (a) Transducer-to-transducer
propagation time measurement. (b) Interface wave propagation time measurement. (¢) Raw signals in interface wave velocity

verification experiments. (d) A surface wave transducer.

the interface and converts back into surface wave on the
other side.

In the velocity verification experiment, initially, the two
transducers are positioned opposite to each other, as in
Figure 3(a), and the propagation time of the guided wave
directly from one transducer to the other is measured as
t;. Subsequently, the two transducers are placed at the
two ends of the interface, as in Figure 3(b), and the total
propagation time of the guided wave is measured as f,.
The difference between ¢; and ¢, represents the propagation
time of the interface wave, as in Figure 3(c). The waveforms
in Figure 3(c) demonstrates high SNR and a single wave
peak in the received wave packet. This indicates the prop-
agation of a single guided wave mode in the experiment.

On this basis, this study systematically measured the
group velocity values of aluminum-steel interface waves
and the respective surface waves at different frequencies
in the near-non-dispersive region. Among them, the
measurement process of surface wave velocity is essentially
identical to that of interface waves. The distinction lies in
conducting the surface wave velocity measurement on a
single-layer aluminum or steel plate (replacing the double-
layer plate in Fig. 3(b) with a single-layer plate). The
results are shown in Figure 4.

The reason for measuring the wave speed in the disper-
sion range is to verify that the absolute value of the wave
speed and the trend of the wave speed change in the exper-
iment are simultaneously the same as those predicted by
the theory, and in this way to be sure that the guided wave
modes generated in the experiment are indeed the guided
wave modes depicted in the theoretical calculations. There-
fore, mirrored aluminum and mirrored steel plates with a

thickness of 3 mm, instead of 8 mm, were employed in
the wave velocity validation experiments, resulting in differ-
ent frequency coordinates in Figure 4 compared to Figure 2
(b). Meanwhile, a surface wave transducer with a center fre-
quency of 2.5 MHz was selected. In subsequent imaging
experiments, non-dispersive interface waves will be selected
for utilization.

It is essential to note that only the group velocity, rep-
resenting the energy propagation velocity of guided wave
modes, can be measured in the experiment. This differs
from the phase velocity in Figure 2(b). The group velocity
dispersion curve in Figure 4(a) is obtained by converting
the group velocity ¢, to the phase velocity ¢ through the
formula:

do . de)
=k ¢ (C_f§> (7)

Figure 4(b) zooms in on the experimentally measured
aluminume-steel interface wave velocities compared to theo-
retical predictions. The red curve represents the theoretical
group velocity profile of the interface wave, while the green
triangles represent the experimental wave velocity measured
at each frequency. The experimental wave velocity trend
aligns with the red theoretical curve, albeit with the overall
wave velocity absolute value slightly lower than the theoret-
ical prediction. This systematic error is attributed to the
epoxy bonding creating a thin layer at the interface with
different material properties from the metal plate, making
the experimental subject not exactly identical to the theoret-
ical model. In practice, the tighter the bonding of the metal
composite plate, the closer the experimental interface
wave speed aligns with the theoretical wave speed, albeit
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Table 1. Experimental Error Statistics for Wave Velocity Measurements.

Mode Frequency at maximum error(MHz)  Theoretical velocity (m/s)  Experimental velocity (m/s)  Error
Al surface wave 1.8 27814 2853.4 2.5%
Steel surface wave 3.0 2846.4 2890.3 1.5%
Interface wave 2.9 3029.8 2949.7 2.6%

consistently slightly lower. In imaging work, positioning
needs to be calibrated with the experimentally measured
wave speed to enhance imaging accuracy. Figure 4(c, d) pre-
sents the experimental results of the surface wave velocity
for aluminum and steel single-layer plates. These results
strongly demonstrate that the detection system used in
the study can excite pure surface and interface wave modes
(Table 1).

The aforementioned findings establish the groundwork
for advancing interfacial defect imaging through the utiliza-
tion of interface waves. The errors identified in the results
do not exert a substantial impact on imaging accuracy. This
is attributed to further calibration of the interface wave
speed in experiments, distinct from direct reliance on theo-
retical calculations. The comparative analysis of theoretical
and experimental wave speeds serves to confirm the pres-
ence, detection maneuverability, and purity of interface
wave modes within the experimental framework. This sys-
tematic approach, combining theoretical predictions and
experimental validations, ensures a robust understanding
of guided wave behavior in the studied bilayer Al-Steel
plate. The successful generation and detection of interface

wave modes pave the way for their application in interfacial
defect imaging.

3 Elliptic tangent imaging algorithms

This section elaborates on the algorithms design aimed
at imaging interfacial defect in a bilayer plate through the
analysis of reflected interface wave signals.

3.1 Elliptic tangent reconstruction method

Drawing upon the performance characteristics of the sur-
face wave transducer, this paper proposes an imaging
method tailored for interfacial defect detection in a bilayer
plate using reflected interface wave signals. Distinguished
from traditional methods, the proposed elliptic tangent
reconstruction method uniquely requires only two detection
points to ascertain the location and orientation of the defect.

The principle of the elliptic tangent method, as applied
in the experiment for synthesizing defect images, is illus-
trated in Figure 5. The surface wave transducer initiates
surface waves that transform into interface waves upon
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Figure 5. Principle of the elliptic tangent reconstruction method.

reaching the metal plates’ interface. When encountering
delamination defect, reflection and scattering occur, with
a portion of the interface wave reflected back towards the
reception transducer. This reflected signal, converted into
surface waves, carries information about the defect. The
time at which this wave peak occurs, adjusted by the inter-
face wave velocity, provides the total distance of the defect
from the two surface wave transducers:

d=c,-t

This distance d, regarded as the sum of elliptical focal radii,
is used to plot an ellipse, as depicted by the dashed line in
Figure 5.

The surface wave transducers in the test system exhibit
limited excitation or reception capabilities within a rela-
tively narrow effective detection range, as indicated by
the diagonal shading in Figure 5. Consequently, the
elliptical arc shown by the red bold dashed line is truncated
based on the transducers’ positions, confining the dashed
ellipse to the dark shaded area. This section of the elliptical
arc not only denotes the defect location but also reveals
its orientation: a fundamental concept of the elliptic
tangent method. By employing an array of transducers
and overlaying the elliptic tangents from numerous detec-
tion signals, the final defect image is generated.

Single signal
defect image

D

Excitation
transducer

The pixel value of each pixel point in the overlaid image
is calculated using the following formula:

N

I(c,y) =Y silti(x,9)) - Quix,y) - Qily)  (8)

i=1

Here, I(x,y) represents the pixel value of each pixel point;
x, y are the coordinates of the pixel points; s; is the time-
domain amplitude information of the ith detection signal;
t;(x, y) is the time for the surface wave to be sent out from
the excitation transducer to the reception transducer for the
ith detection signal, passing through the pixel points with
coordinates of x, y; Q,;(x,»), O,,(x,y) are the transmission
coefficients, which indicates the effective ranges of the
Oexcitation transducer and the reception transducer
corresponding to the ith detection signal, respectively.
The transmission coefficients are reflected in the data as
the weights for each pixel point, 0 < Q;(x,y) < 1.
0.(x,y) =1 when the pixel point is on the centerline of
the effective range. The more the pixel point deviates from
the centerline of the effective range, the more Q,(x,y) tends
to 0. The summation is performed over all signals, and the
transmission coefficients are applied based on the position
of the pixel point relative to the effective range centerline
(Table 1).
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The calculation of #;(x, y) is determined by the equation:

Vo5 + 0 —0) + =5 + =3,

c

ti(x>y) =
(9)

where x.;, y,; and x,;, y,,; represent the coordinates of the
excitation and reception transducers for the ith detection
signal, respectively, and c is the interface wave velocity.
The calibration of the transmission coefficient is identi-
fied as a fundamental a priori condition for the algorithm.
In this investigation, the transmission coefficient of the obli-
que incidence surface wave transducer is determined
through mutual correlation analysis, as depicted in Figure 6.
In the experimental setup, the excitation transducer is
fixed, while the reception transducers, positioned 200 mm
apart, are systematically shifted left and right to capture
direct wave signals at various offset positions. These signals
are then analyzed in correlation with the direct wave signals
obtained at the 0 offset position to ascertain the transmis-
sion coefficient of the transducer. Mathematically, the
cross-correlation between two signals is defined as:

+oo
CC = max </ Sairect (8)Sofpset (t +T) dt) (10)

o0

Here, 7 denotes the time offset between the two signals, and
CC represents the maximum correlation value attained
between the signals Sgec(f) and sy (¢). A higher CC value
indicates a greater similarity between the signals [31].

The blue curve in Figure 6 serves as the fitting curve
for the cross-correlation values between the direct path
signal and other signals. The abscissa in the figure
corresponds to the offset of the reception point in the verti-
cal direction. It is notable that the cross-correlation values
for offsets less than 70 mm exceed 0.8, with relatively minor
differences among them. Conversely, when the offset
exceeds 70 mm, the cross-correlation value experiences
a rapid decline. Considering the dimensions of the experi-
mental subject, the effective angle of the effective range

of surface wave transducers is estimated to be approxi-
mately £11°.

3.2 Pulse compression method

In subsequent imaging experiments, it was observed
that directly utilizing the unprocessed reflected wave
signals s,(¢) for elliptic tangent defect reconstruction does
not accurately capture the interfacial defect shape through
simple superimposition of signal amplitudes. Two primary
reasons contribute to this discrepancy:

1. In the experiment, to concentrate the frequency
domain of the trigger signal, a multi-period sinusoidal
modulation signal is employed to excite the guided
wave. However, this choice results in a wide time-
domain signal for the pulse signal. In the imaging out-
comes, this wideness manifests as a broad boundary of
the defect image, hindering the precise determination
of defect contour.

2. The actual direction and extent of defect vary, leading
to different scattering amplitudes for the interface
wave. Consequently, certain defect boundaries in the
imaging results appear excessively bright after super-
position, while others appear relatively dark. This
inconsistency complicates the judgment of defect
morphology.

In summary, the compression of the time-domain signal of
the guided wave is necessary to obtain a clear and distinct
moment of the defect echo. Achieving the most accurate
echo moments requires comprehensive information about
the number of cycles, phase, residuals, and other parame-
ters for each reflected wave packet during signal processing.
Pulse compression serves as a deconvolution technique
applied to enhance the resolution of received signals across
various applications [32]. In time-domain signals, as encoun-
tered in ultrasonic testing, the presence of multiple wave
packets is common. These signals can be expressed as the
convolution of an incident signal /() and a pulse sequence
x(t), accompanied by the inclusion of noise n(¢). This rela-
tionship is captured by the equation:

s(t) = x(¢)*h(t) + n(2) (11)

With direct measurements of s(¢) and n(¢), the pulse
compression method facilitates the recovery of x(¢). How-
ever, certain crucial details, including the matching residual
of the packets with the reference signals and their phase
information, are inevitably lost during this process.

To address these challenges, orthogonal matching
pursuit is employed as a method to process the raw signal.
The orthogonal matching pursuit algorithm is one of the
methods employed to derive sparse representations of
signals [33]. This algorithm involves constructing an over-
complete atom dictionary and matching the atoms in the
dictionary with the received signals. The weights of the
matched signals are then calculated using the least squares
method, enabling the capturing of multi-dimensional
information related to the wave packets. In this method,
for each peak at position p in x(#), the corresponding atom
is designed as:
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2nF (¢ — t,)
n

))sm@nFU—G)+¢)
(12)

Here, y = (F,n,t,, @). F represents the center frequency of
the wave packet, n denotes the number of cycles, #, signifies
the time shift parameter, and ¢ corresponds to the phase
parameter. This atom form is derived from the experimen-
tal trigger signal used to excite the interface wave in the
experiment. Because the interface wave is non-dispersive
in the high-frequency range, its waveform distortion during
propagation is minimal. Thus, the matching signal can be
directly constructed in the form of the trigger signal. The
discrete interval of equation (12) to construct the dictionary
should be chosen based on the actual experimental
sampling interval. The center frequency F of the wave
packet aligns with the excitation frequency, while the
number of cycles n is linked to the number of cycles in
the trigger signal. It is important to note that while the
interface wave is non- dispersive, meaning the number of
periods n remains unchanged during propagation, the
actual number of periods of the reflected wave packet
received in the experiment is larger than the number of
periods of the trigger signal. The selection of n should be
optimized based on the actual experimental signal. The
time shift parameter ¢, should span the entire time domain
to achieve an overcomplete dictionary. However, after the
signal undergoes pulse compression, the parameter is
limited to a range near the peak position p. The phase shift
parameter ¢ of the signal assumes values within the range
[0, 27].

The overcomplete dictionary constructed at the peak
position p is denoted as G, which encompasses a set of
g(?). In the process of matching pursuit, the approximate
signal and matching residual are initialized as s(0) = 0
and R(0) =s — s(0) = s, respectively. In the m-th itera-
tion, the orthogonal matching pursuit algorithm searches
for the atom in the dictionary with the largest inner product
with the residual from the previous iteration, as described
by the equation:

gﬂﬂ:05x(1—am(

8n = aVggEGInax |<R(M71)’g>’ (13)

Subsequently, the approximate signal can be calculated
using the least squares method:

s = arg min||s — G™z™)|| (14)
where G(m) represents the set of the first m atoms, and
z(m) is a vector comprising the first m coefficients. By
repeating the above iterations, the sparse representation
of wave packets in the received signals can be obtained.
Finally, signals can be reconstructed as depicted in
Figure 7.

The red curve in Figure 7 represents the signal recon-
structed using the orthogonal matching pursuit algorithm,
while the blue pulses denotes the exact timing information
x(t) of the reflected echoes extracted during the matching
process. In this study, the stopping criteria of the pulse com-
pression method are as follows:

0.08

—— Raw Signal
Processed Signal
—— Compressed Signal

0.04

Amplitude (V)
o
8

-0.04

-0.08 T T T 1
0.06 0.08 0.10 0.12 0.14
Time (ms)

Figure 7. Comparison of the reflected waveform before and
after the process of orthogonal matching pursuit.

1. The algorithm iterates until 3 atoms (waveforms)
have been selected, which limits a reflected wave sig-
nal to contain at most 3 damage-reflected wave pack-
ets; or

2. The maximum amplitude of the matching residual
R™ is less than 0.02 V, which is determined accord-
ing to the SNR of the actual experimental signals to
avoid too many interfering wave packets.

In the subsequent elliptic tangent defect reconstruction, x(¢)
is utilized instead of the raw signal s(¢) mentioned in the
previous subsection, as in equation (15):

Iﬂ(xay) = Z:xi(ti(x’y)) : er(x’y) : Qr,i(x’y) (15)

The pixel values of the image using compressed signals
I.(x,y) are then normalized according to equation (16):

1 if I.(x,y) > 1

. (16)
0 otherwise

umw:{

4 Interfacial defect imaging experiment

4.1 Experimental system and scheme

In this investigation, an automated detection system for
surface wave transducer arrays was designed to achieve
rapid transducer switching and the swift acquisition of a
multitude of guided wave signals with diverse paths,
enabling multiple repetitive measurements, as depicted in
Figure 8.

The schematic of the hardware connections in the test
system is illustrated in Figure 8(a), encompassing excitation
and reception transducers 1 (Doppler AIMHz-P14x 14-SW
surface wave transducers), RF coaxial switch sets 2-1 and
2-2, Piezo EPA-104 signal amplifier 3, Tek 5032B arbitrary
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Figure 8. Automated detection system for interfacial defect imaging. (a) Schematic of the hardware connections. (b) Testing devices.
(c) Transducers and relays arrangement. (d) An RF coaxial switch for high-frequency signals.

signal generator 4, PC 5, Tek TDS5032B oscilloscope 6,
Arduino Mega 2560 microcontroller 7. The devices are
shown in Figure 8(b). The system operates as follows: the
PC 5 regulates the signal generator 4 to transmit a pulse
signal, which is a 5-period sinusoidal wave modulated by
the Hanning window. This signal’s form aligns with the
atoms of the dictionary used in the signal compression
method. This signal is amplified by the signal amplifier 3,
controlled by the RF coaxial switch group 2-1, transmitted
to a surface wave transducer 1 for excitation, generating
surface waves. RF coaxial switch group 2-2 controls a sur-
face wave transducer 1 to receive the signal, transmitted
to the oscilloscope 6 for temporary storage, and subse-
quently entered into the PC 5 for centralized preservation
for subsequent imaging work. Simultaneously, the PC 5
generates TTL control signals to manage the on-off states
of the two sets of relays through the microcontroller 7.
The microcontroller 7 also receives the trigger signal from
the signal generator 4 as a clock signal to control the relay
switching frequency, achieving swift switching between
transducers.

In the lower right corner of Figure 8(c) is the transducer
array used in the experiment. The 16 transducers shown in
the figure are collectively secured by the fixture designed
and built for this study. This design allows for easy place-
ment, removal, and replacement of all transducers simulta-
neously. The advantages of this design are demonstrated in
this paper through multiple and rapid measurements.

For 1 MHz high-frequency electrical signals, ordinary
electromagnetic relays introduce numerous interference
components in the guided wave signals. To address this,
RF coaxial switches were further controlled by ordinary
relays. In this study, 32 single-pole, double-throw RF
coaxial switches (Fig. 8(d)) were employed to manage 16
surface wave transducers, as illustrated in Figure 8(c, d).
This configuration allows any transducer to function as
either an excitation or reception transducer.

Figure 9 delineates the experimental subject testing
scheme. In this illustration, 16 transducers sequentially
serve as excitation transducers, while other 15 transducers
sequentially fulfill the role of receivers. Consequently, each
test generates a total of 15 x 16 = 240 signals. Due to the
sparse transducer array used in this study and the substan-
tial area of interfacial damage, the potential imaging
enhancement from transmitted wave signals is minimal
[34]. To enhance the algorithm’s efficiency, this study does
not consider the information from the transmitted wave
packets in the imaging process; only the reflected wave
packets are considered.

The experimental subject used in this study comprised a
bilayer metal plate composed of a large and a small metal
plate bonded together. Figure 9(b) displays the material
before bonding. The larger plate measures 300 x 300 mm
and is a 6061 aluminum alloy. The smaller plate, sized
200 x 200 mm, is a 304 stainless steel plate. A milled defect
depth of 0.5 mm was precision-engineered on the surface of



J. Wang et al.: Acta Acustica 2024, 8, 23 11

(b)

m o
(|
(|

3mm m=10
Single transducer
. detection area
2mm U -1
1 mm . 12
Steel
Al 16 15 14 13

? Steel

(d)

A\

E

el

el

Figure 9. The tested Al-steel bilayer plate. (a) Configuration of transducers. (b) The two metal plates before bonding, featuring a
pre-fabricated defect. (c—e) Principles illustrating various defect orientations.

the smaller steel plate to simulate interfacial delamination
defect for imaging purposes. This artificially created defect
includes vertical, oblique, and circular arc patterns, encom-
passing various defect morphologies encountered in indus-
trial settings and effectively validating the imaging
method’s reliability (as depicted in Fig. 9(c)). Following
the processing, the two metal plates were bonded using
epoxy resin, and pressure was applied during solidification
to maintain a continuous stress-strain boundary condition
at the interface layer in line with the theoretical model.

Furthermore, a test subject of identical size and mate-
rial, but without any induced defect, was created for com-
parative purposes in this study. The imaging results of
the undamaged subject were compared to those of the
damaged subject to assess the sensitivity of the proposed
method in this paper.

4.2 Experimental results

The outcomes of the imaging experiments conducted on
specimens both with and without defect are illustrated in
Figure 10.

The results from multiple experiments employing this
method are depicted in Figure 10. In the figure, the red
dashed line delineates the actual interfacial defect contour,
while the white dashed line represents the arrangement of
the surface wave transducer, serving as a reference for
image observation and method performance analysis. These
experiments involved a 90° rotation of the specimen to

assess the robustness of the imaging method. Specifically,
in the experiment, variations in the coupling quality
may impact the results of multiple tests. Additionally,
rotating the measurement after 90° alters the spatial
relationship between the test system and the tested object.
This scenario is analogous to using the system to detect
different damage.

A comparison of the imaging effects in the left column of
the figure reveals the method’s effectiveness in detecting
delamination defect in the bilayer metal plate. The dam-
aged experimental objects exhibit a distinct and clearly
defined damaged area compared to the undamaged experi-
mental objects, and there is no occurrence of detection
leakage. Additionally, no artifacts are generated in the
undamaged group. This substantiates the sensitivity of
the imaging method to interfacial defect. However, utilizing
the raw signal amplitude information for direct superimpo-
sition results in a fuzzy and cluttered depiction of the defect
boundary, hindering the judgment of defect morphology.

Conversely, after compressing and processing the raw
signal using the orthogonal matching pursuit algorithm,
the defect reconstruction was re-executed, yielding the
imaging results presented in the right column of the figure.
In these results, the contrast between the presence and
absence of defect remains apparent. Importantly, there is
no occurrence of certain defect boundaries being markedly
brighter than others, and all curves effectively represent
the actual defect contour after combination. Furthermore,
the positions of the curves in the image align well with
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Figure 10. The imaging results of the interfacial defect. (a) and (e) Imaging results of undamaged test subjects. (a—d) Imaging
results using the Hilbert transform of the raw signals. (e-h) Imaging results using the signals processed by orthogonal matching
pursuit.
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the actual defect boundaries, indicating high localization
accuracy.

A detailed examination of each curve segment in the
defect image reveals that the imaging method in the paper
is most effective for oblique cracks (Fig. 9(d)), followed by
straight cracks (Fig. 9(c)). Circular arc cracks (Fig. 9(e))
exhibit the poorest imaging effect, a characteristic deter-
mined by the transmission coefficient of the surface wave
transducer. Under the transducer arrangement scheme
outlined in the paper, when the excitation and reception
transducers face different directions (Fig. 9(d)), their effec-
tive detection ranges have the largest overlap area, close to
the midline of the effective range. Conversely, when the
excitation and reception transducers are oriented in the
same direction (Fig. 9(c)), the overlap of the effective detec-
tion range is limited. Additionally, the arc curve scatters
the guided wave incident wave in all directions, diminishing
the amplitude of the received guided wave for each individ-
ual transducer, resulting in the worst imaging effect. It is
noteworthy that this paper’s method easily allows for the
addition of more transducers to form a denser transducer
array, enhancing imaging accuracy. Moreover, the method,
based on an economical guided-wave oblique incidence
technique, enables rapid imaging of interfacial defect in
layered metal plates with high accuracy, depicting the
tangential direction of the defect. These advantages show-
case the superiority of this imaging method over other
NDT methods in terms of accuracy and cost.

5 Conclusions

Addressing the challenge of detecting interfacial defect
in layered metal composite plates, this research introduces
an elliptic tangent imaging method for interfacial defect
assessment based on the interface wave modes of ultrasonic
guided waves. The interface wave mode exhibits high-
frequency non-dispersive characteristics, facilitating precise
defect localization. Its energy concentration in the interface
renders it particularly sensitive to interfacial defect. In
experimental settings, the conversion of interface wave
modes is achieved through the surface wave oblique inci-
dence technique. The elliptic tangent imaging method
leverages the transmission coefficient of the oblique inci-
dence technique, enabling the simultaneous determination
of defect location and orientation using only two
transducers.

Experimental validation of wave velocity confirms that
the guided wave mode generated corresponds to interface
waves. The errors in surface and interface wave velocities
do not exceed 2.6%, with the change trend aligning well
with theoretical predictions. The study establishes an auto-
matic detection system for interface waves, achieving the
rapid switching of multiple transducers. Several repetitive
experiments were conducted. In interfacial defect imaging
experiments involving bilayer aluminum-steel plates, direct
utilization of the Hilbert transform of the raw signal for
defect reconstruction proves feasible but lacks precision.
Conversely, employing the orthogonal matched pursuit

algorithm for sparse representation of the raw signal results
in a highly accurate detection of both the location and
orientation of the defect.
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