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Abstract

Pitting corrosion presents challenges for ultrasonic nondestructive evaluation due to the small pit dimension. Few Lamb
wave-based techniques have achieved the identification of individual pits as subwavelength wave scatterers that are den-
sely packed in a small cluster. In this article, noncontact laser vibrometry-based fence-like arrays with wavefield filtering-
assisted adaptive imaging algorithms are developed for detecting and identifying small pits in a cluster. Signals of back
scattering waves induced by a cluster of subwavelength scatterers are acquired by noncontact laser Doppler vibrometry
at sensing points and form a fence-like array surrounding the area of inspection. The signals are then processed by our
array imaging algorithms to construct inspection images which take advantage of three techniques, including the wave
mode and wave direction filters to extract single-mode back scattering Lamb waves induced by subwavelength scat-
terers, the pseudo-reversal propagation of back scattering waves to address the dispersion effect and improve the radial
imaging resolution, and the adaptive weighting to improve the angular imaging resolution. Moreover, this work intro-
duces the wave diffraction-related Rayleigh and Abbe limits that are conventionally used for characterizing optic lenses,
for characterizing the resolution limit of Lamb wave-based arrays, and optimizing the array configuration. To validate our
array imaging approach, a proof-of-concept experiment has been performed to detect a cluster of 3 X 3 pits with the
pit diameter of 2 mm and the interval of 2 mm in a 3.2-mm thick aluminum plate; the experimental imaging result shows
that our method can identify most pits except the one at the center of the pit cluster. We believe this study will benefit
the design, characterization, and optimization of Lamb wave-based arrays for subwavelength resolution imaging and
enable potential applications for the noncontact inspection of hidden pitting corrosion in civil, petrochemical, nuclear,
and aerospace structures.

Keywords
Lamb waves, fence array imaging, subwavelength wave scatterers, pitting corrosion, noncontact sensing

Introduction

P.1tt1r.1g corrosion 1s a Commorll ztype Of.locahzed COITO-  !Department of Aerospace Engineering, Mississippi State University,
sion in engineering structures. '~ For this type of corro-  Mississippi State, MS, USA

sion attack, small volumes of materials are removed by ’Department of Mechanical Engineering, University of South Carolina,
the chemical or electrochemical reaction to form pits, ~ Columbia, SC, USA

which may h§ve saucer-like, conical, hemispherical, or Corresponding author:

other shapes.” Although only a small amount of mate-  zhenhua Tian, Department of Aerospace Engineering, Mississippi State
rial is corroded, the growth of pitting corrosion may  University, Mississippi State, MS 39759, USA.

lead to through-thickness pinhole damage (complete —Email tian@ae.msstate.edu ' o o
perforation of a structure) and catastrophic situations; Lingyu Yu, Department of Mechanical Engineering, University of South

R Carolina, Columbia, SC 29208, USA.
for example, the leakage of hazardous chemicals and ;. yu3@cec.sc.edu


http://crossmark.crossref.org/dialog/?doi=10.1177%2F1475921720976926&domain=pdf&date_stamp=2020-12-15

2814

Structural Health Monitoring 20(5)

gases from pressure vessels in energy or petrochemical
industries.*> The pitting corrosion is also known to
initiate fatigue cracks in high-strength aluminum alloys,
which continues to be a serious concern in the aging
aircraft.®” Compared to the uniform corrosion, the pit-
ting corrosion is more difficult to be detected and quan-
titatively evaluated because pits have much smaller
sizes and may present in the form of a cluster.! To
detect large-size corrosion damage, imaging methods
based on wavefield and wavenumber analyses have
been developed.®* ' The local wavenumber information
of waves in the damage region allows for characterizing
both the corrosion size and depth. However, as found
in our recent study,'' the wavenumber-based method is
still difficult to resolve individual pits that are com-
pactly distributed in a cluster. The local wavenumber
information-based methods mainly use the wavenum-
bers of the waves from the region containing the dam-
age and are demonstrated to detect large-size corrosion
damage.

Guided waves are known for propagating long dis-
tances with low energy loss and high sensitivity to small
defects in plate-like structures, rods, and pipes.'*'*
These features allow guided wave-based structural
health monitoring (SHM) and nondestructive evalua-
tion (NDE) methods to inspect large structures effi-
ciently and detect small defects, such as pitting
corrosion. Fromme et al.'> demonstrated the applica-
tion of Lamb wave-based phased arrays to detect pit-
ting corrosion simulated by machined blind holes in a
steel plate. Chen et al.'® presented a sparse array using
Ay Lamb waves to identify localized corrosion simu-
lated by a small through-hole in a submerged aluminum
plate. Rathod and Mahapatra'’ demonstrated the
detection of pitting corrosion in an aluminum plate
using Lamb waves generated and acquired by a circular
array of piezoelectric (PZT) transducers. Besides using
Lamb wave-based inspection methods for plates,
guided waves have also been adopted to detect pitting
corrosion in other types of structures, such as pipes and
rods. Shivaraj et al.’ showed that circumferential guided
waves could be used for the detection of single pits
simulated by drilled blind holes in pipes. Satyarnarayan
et al.'® demonstrated the detection of pitting corrosion
in a pipe using circumferential higher-order guided
waves. Zhang et al.'” used the traveling time of scatter-
ing waves to localize pitting corrosion in rods. The
previous guided wave-based methods listed above for
detecting pitting corrosion are mostly based on
the analysis of scattering guided waves induced by the
pitting corrosion. Even though they can identify the
location of pitting corrosion, few are able to generate
high-resolution images to identify individual pits that
are distributed in a compact cluster.

Lamb wave-based arrays, such as phased arrays,”® 2°

sparse arrays,” > and tomography arrays® >’ among
others,**# use multiple sensors to acquire signals of
scattering, reflection, or transmission waves. By analyz-
ing the wave-damage interaction information in
acquired signals, inspection intensity images can be con-
structed to identify the location and to quantify the
damage. Previously, multiple Lamb wave-based
arrays were developed for the detection of pitting
corrosion.'>'7 However, those arrays were limited to
finding the location of the entire pit cluster; and they
did not resolve individual pits distributed in a com-
pact cluster. In fact, Lamb wave-based methods have
been challenged by multiple subwavelength scatterers
that are packed in a cluster with subwavelength spa-
tial intervals. Moreover, the performance of Lamb
wave-based arrays could suffer from the multimodal
and dispersive natures of Lamb waves. Although vari-
ous configurations of Lamb wave-based arrays and dif-
ferent imaging algorithms have been developed,®®>* few
techniques consider the isolation of individual modes,
mitigation of wave dispersion, and enabling high-
resolution adaptive imaging all together. In addition,
the following two aspects have not been considered in
previous Lamb wave-related studies to our best knowl-
edge. First, few studies consider the characterization of
Lamb wave-based arrays from the perspective of dif-
fraction limits and the diffraction limit-based array
optimization with the goal of improving the resolution
limit (i.e. the minimum resolvable distance between
multiple defects). Second, although noncontact Lamb
wave-based SHM and NDE methods using sensors,
such as laser Doppler vibrometers and air-coupled
transducers, recently attract great interests,*’ >* few of
them consider noncontact sensing in the frequency
range above 1 MHz.

This article presents noncontact laser vibrometry-
based fence-like arrays with wavefield filtering-assisted
adaptive imaging algorithms for detecting multiple
small pits compactly distributed in a cluster. In our
array design, four PZT actuators are arranged at lower,
upper, right, and left sides of the damage area (i.e. the
area with a pit cluster) to generate incident Lamb
waves from different directions. Using a scanning laser
Doppler vibrometer, signals of back scattering waves
induced by the pits are acquired at multiple points to
form the fence-like array. The array imaging algo-
rithms take advantage of three techniques: (1) the
wavefield filtering for extracting single-mode back scat-
tering waves from complex waves that contain multiple
wave modes and waves propagating in different direc-
tions; (2) the pseudo-reversal wave propagation based
on the frequency—wavenumber dispersion relation for
addressing the dispersion effect of Lamb waves and
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improving the imaging resolution in the radial direction
(i.e. radial imaging resolution); and (3) the adaptive
weighting for improving the imaging resolution in the
angular direction (i.e. angular imaging resolution). To
characterize the array imaging algorithms, the wave
diffraction-related Rayleigh and Abbe limits are intro-
duced, which are conventionally used for characterizing
the resolutions of optic lenses. The Rayleigh and Abbe
limits are also adopted for optimizing Lamb wave-
based arrays with the objective of reducing the resolu-
tion limit. A proof-of-concept experiment has been per-
formed to validate the imaging approach and visualize
pitting corrosion simulated by a cluster of 3 X 3 pits
(with the interval of 2 mm and the pit diameter of
2 mm) in a 3.2-mm thick aluminum plate. The remain-
der of this article is organized as follows: section
“Wavefield filtering-assisted adaptive array imaging”
presents the wavefield filtering-assisted adaptive array
imaging algorithms, the diffraction limit of Lamb
wave-based arrays, and the optimization of array con-
figurations; section “Laser vibrometry-based fence-like
arrays” presents the laser vibrometry-based fence-like
arrays with the related sensing and imaging procedures
for constructing damage inspection images; section
“Experiment of detecting a compact cluster of multiple
pits” presents an experimental study of detecting indi-
vidual pits in a compact cluster; and section
“Conclusion and discussions” concludes the article
with findings, discussions, and future work.

Woavefield filtering-assisted adaptive
array imaging

This section presents the development and characteri-
zation of a wavefield filtering-assisted adaptive array
imaging approach, which offers the capability for con-
structing high-resolution damage inspection images to
distinguish multiple subwavelength scatterers that are
placed close to each other. Three techniques are
adopted, including the wavefield filtering, the pseudo-
reversal wave propagation, and the adaptive weighting.
In addition, the array imaging is characterized using
data obtained through finite element simulations. The
array’s resolution limit (i.e. the minimum resolvable
distance between two subwavelength scatterers) is char-
acterized by introducing the Rayleigh and Abbe limits
that are typically used for the characterization of optic
lenses.>”

Algorithms of the wavefield filtering-assisted adaptive
array imaging

The algorithms are developed based on the configura-
tion in Figure 1(a), which is composed of one actuator

for generating incident Lamb waves and an array of
sensors for acquiring weak scattering Lamb waves
induced by subwavelength scatterers (defects) in an iso-
tropic plate. More details of the experimental setup
and array implementation can be found in the sections
“Laser vibrometry-based fence-like arrays and
Experiment of detecting a compact cluster of multiple
pits.” For the configuration in Figure 1(a), the actuator
can be selected from any types of transmitters (such as
round-shaped PZT wafers), which can generate
circular-wavefront Lamb waves. The actuator’s posi-
tion is denoted as p, in the x-y Cartesian coordinate
system. However, to receive Lamb waves, our config-
uration requires a sensing approach (such as a scanning
laser Doppler vibrometer), which is able to acquire a
time—space wavefield v(z, x) with the space resolution
smaller than a half of the minimum wavelength and the
time resolution smaller than a half of the minimum
time period to be used. From the region where the
time—space wavefield is acquired, multiple points at
locations of [p,]a (m = 1, 2, ..., M) are selected to
serve as the sensor array; for example, a linear array
shown in Figure 1(a). In addition to this simple linear
array, other array configurations can be designed as
well.

Figure 1(b) shows a flow chart of the array signal
processing steps that fall in two categories, the wave-
field filtering and the adaptive array imaging. Starting
from the acquired time—space wavefield v(¢, x) that usu-
ally contains complex waves, including waves of multi-
ple modes, incident waves, and damage scattering
waves, the Fourier transform is applied to derive a
frequency—space wavefield V(f, x). By further applying
wavefield filtering,’®>® a filtered frequency—space wave-
field can be obtained, which contains only the single-
mode back scattering waves; for example, a wavefield
Vs a0(f, X) only containing A, mode back scattering
waves. The filtering process is briefly explained here for
the completeness of knowledge. First, the original
frequency—space wavefield V(f, x) is transformed to a
frequency—wavenumber representation S(f, k) through
two-dimensional (2D) Fourier transform. S(f, k) is then
multiplied with a frequency—wavenumber window W(f,
k) to isolate the frequency—wavenumber information
Sp_ao(f, k), which contains the desired frequency band,
magnitudes of wavenumber vectors|k,| and angles of
wavenumber vectors arg(k) for retaining the back scat-
tering Ao waves. After the isolation, inverse 2D Fourier
transform is performed to transform S, 4(f, k) back to
a frequency-space wavefield V), 4o(f, x). The detailed
procedures for wavefield filtering can be found in our
previous studies.>® ®

For the 2D Fourier transform used for getting a
frequency—wavenumber representation S(f, k), the
wavenumber resolution is related to the spatial
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Figure |. Schematics for illustrating the wavefield filtering-assisted adaptive array imaging approach. (a) A schematic of a sensing
configuration composed of one actuator (brown circle) and an array of sensors (black circles) for detecting two small scatterers (blue
circles) in an isotropic plate. The brown grid represents the area for acquiring a time—space wavefield that contains both incident and
back scattering waves. M points located at coordinates [p,,]um are selected from the wavefield to construct a sensor array. The linear
sensor array shown in the schematic is for illustration purpose; sensors distributed in other configurations can also be used. (b) A
flow chart of the array signal processing steps that fall in two categories, the wavefield filtering and the adaptive array imaging.

dimension of the input wavefield. If the space dimen-
sion is larger (i.e. the area size for wavefield acquisi-
tion), the wavenumber resolution after transformation
will be higher. Accordingly, the isolation of wavenum-
bers for single-mode backscattering waves will be easier
to perform with higher accuracy. Based on our previ-
ous experiences in frequency—wavenumber analysis, ®"
% we suggest that the distances (from any element of
the sensor array to the boundary of the region of wave-
field acquisition) are set to be at least a wavelength, as
illustrated in Figure 1(a). With this sensing configura-
tion, the wavenumber resolution is high enough for
extracting good quality signals containing single-mode
backscattering waves. However, if the area for wave-
field acquisition is too small, the wavefield filtering
method may have poor wavenumber resolutions and
further affect the quality of extracted signals and the
final array imaging result.

The frequency-space wavefield V; 4(f, X) obtained
through wavefield filtering is used as the input for the
adaptive array imaging process. The frequency spectra
[VE(f)],, at predefined sensing positions (p,,)s are
extracted using the equation V2(f) =V, _4(f,p,). The
extracted frequency spectra only contain the informa-
tion of single-mode back scattering waves induced by
defects. The processing of [V,ﬁ (1)],, for constructing an
inspection image has two key steps: (1) the construction
of time-space wavefields (z,,(z, x));s through pseudo-
reversal propagation of extracted single-mode back
scattering waves and (2) the construction of an image
I(x) by summing up all the weighted wavefields at the
time 7. (time center of the input excitation signal for the
actuator).

To construct a time—space wavefield z,,(f, x) that
corresponds to the pseudo-reversal propagation of back
scattering waves received by the mth receiver, we first
construct the frequency—space field Z,(f, x) by apply-
ing a phase shift —¢,,(f, X) that depends on the location
and the wave frequency to the extracted frequency spec-
trum VZ (f) of the single-mode back scattering waves,
as

Zn(f,X) = szz (f)efmm (f.x) (1)

with

¢, X) = = k()(|x —p,|+|x —p,|) (2)

Here —¢,(f, x) represents the phase shift for the
pseudo-reversal propagation of received scattering
waves, and k(f) is the Lamb wave frequency—
wavenumber dispersion relation. For Lamb waves gen-
erated by the actuator at p,, as the waves travel from
the actuator to the defect and then scattered waves pro-
pagate back to the mth receiver, a phase shift ¢,,(f, x)
occurs. Thus, by applying —¢,,(f, X) to the scattering
waves spectrum V2(f) through equation (1), the
pseudo-reversal propagation for the mth receiver can
be performed. Since the phase term ¢,,(f, x) includes
the frequency-dependent wavenumber k(f), the disper-
sion effect (frequency-dependent wave propagation)
can be mitigated and the final imaging resolution in the
radial direction can be improved, as proved in our pre-
vious work.>’

Through the inverse Fourier transform, frequency—
space fields (Z,,(f, X))ar are transformed to time—space
fields (z,.(z, X))a, which can be considered as the
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Figure 2. Schematics for characterizing the array imaging algorithm. (a) A schematic of the finite element model for simulating
Lamb wave interaction with two subwavelength scatterers (circles in the blue box). The inset image shows the meshes in the area
with two scatterers. The diameter of two scatterers is 0.2A = 3.19 mm. The depth of scatterers is 0.125A = 2 mm. The distance
between two scatterers is denoted as d,. As shown in the inset, two actuators attached on the top and bottom surfaces of a 3.2-mm
thick aluminum plate are used to generate an incident Ag mode with a wavelength A of 15.95 mm at a frequency of 100 kHz. Sensors
(black circles) distributed in (b) linear and (c) fence-like array configurations are used to detect two subwavelength scatterers (blue
circles) with a spacing of d. For simplicity, the characterization study considers arrays that are symmetric with respect to the y axis.

wavefields for the pseudo-reversal propagation of
received scattering waves. At the time center ¢, of the
input excitation signal, the energy center of pseudo-
reversal waves is supposed to be at the center of the
defect, as proved in our previous work.” By summing
weighted wavefields at time ., we can construct an
image by

1(x) = ‘Zf::l W;;Zm(tc’ X) ’ (3)

where w; represents the complex conjugate of the
weighting factor w,. The constructed imaging result
I(x) is expected to show a high-intensity region to indi-
cate the defect position. For simplicity, equation (3)
can be written in the matrix format, as

I1(x) =w/ () RX)W(x) (4)

where “H’ indicates the Hermitian transpose opera-
tAion, and R(x) is a pseudo-covariance matrix defined as
R(x) =z(x)z" (x) in which the vector z(x) is composed
of z,,(t.,x). The term w(x) is a weighting vector com-
posed of w,,. The weighting vector plays an important
role for enhancing the imaging resolution in the angular
direction. In this study, the minimum variance (MV)
weighting vector is used, which is determined by

A—1

R ()1

TA_iIX (5)
1'R (x)1

w(x) =

Detailed derivations for the MV weighting vector
can be found in our previous work.®® Note that the
mode conversion at the defect and the amplitude decay

induced by 2D energy spreading are not considered in
the imaging algorithm.

Minimum resolvable distance between two scatterers

To characterize the performance of our imaging
method, we examined our method with signals obtained
from a finite element model with two subwavelength
scatterers in COMSOL Multiphysics. Figure 2(a) shows
a schematic of the simulation model, which is a 3.2-mm
thick aluminum plate with two PZT actuators (dia-
meter 7 mm, thickness 0.2 mm) bonded on the top and
bottom surfaces of the plate. By applying 100 kHz exci-
tation signals with a phase difference of 7 to the two
actuators, an incident Ay mode with a wavelength A of
15.95 mm can be generated in the plate. To reduce the
reflections by plate edges, a perfectly matched layer®'-®2
surrounding the plate is used. The top surface of the
plate has two small circular-shaped blind holes as weak
scatterers with the same subwavelength-scale diameter
of 0.2\ (3.19 mm) and the same subwavelength-scale
depth of 0.125A (2 mm). The distance between the cen-
ters of two scatterers is denoted as d,. Simulations are
performed for three cases with d; = 0.55A (8.77 mm)
in Case 1, d; = 0.61A (9.73 mm) in Case 2, and d;, = A
(15.95 mm) in Case 3.

The array imaging algorithm presented in the previ-
ous subsection is used for detecting the two subwave-
length scatterers. To characterize the minimum
resolvable distance between two subwavelength scat-
terers and optimize the distribution of array points,
three different array configurations are designed,
including (1) a linear array with 8 elements and an
observation angle 20 of 47.3°, (2) a linear array with 15
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Figure 3. Imaging results generated by a linear array with eight elements and an observation angle 26 of 47.3°. (a—c) Imaging results

“w

for the three cases with d; = 0.55A, 0.61\, and A, respectively. The white circles indicate locations of sensors. The “x” markers
indicate actual locations of scatterers. (d—f) Distributions of image intensities with respect to x positions along the liney = 50 mm
for the three cases, respectively. For each case, the corresponding scatterer spacing, Rayleigh limit, and Abbe limit are listed on the
top of imaging results. From the results, it can be seen that the two scatterers are unresolved in the three cases.

elements and an observation angle 26 of 82.4°, and (3)
a fence-like array with 15 elements and an observation
angle 20 of 180°. Note that this study limits the investi-
gation to simple cases that arrays are symmetric with
respect to a line from the actuator to the center
between two scatterers. As shown in the schematics of
linear and fence-like arrays (Figure 2(b) and (c)), the
observation angle 26 is defined as the maximum open-
ing angle of the array with respect to the center
between two subwavelength scatterers. This definition
of observation angles for Lamb wave arrays is inspired
by the way that is typically for defining the observation
angle of an optic lens. In optics, the observation angle
is one of the key parameters for determining the resolu-
tion of a lens, that is, the minimum resolvable distance
between two light sources.”> With the observation angle
of 20, the Rayleigh and Abbe resolvable limits related
to the diffraction barrier can be defined, which are
Lg = 0.61A/sind and L, = 0.5A/sinf, respectively.
These limits are usually used for characterizing the res-
olution of an optic lens or severing as the criteria in the
design of an optic lens. In this study, we introduce the
Rayleigh and Abbe limits to the Lamb wave-based
arrays to characterize the minimum resolvable distance
between two subwavelength scatterers and optimize the
array configuration.

Figure 3(a) to (c) present the intensity images gener-
ated by a linear array with eight elements and an obser-
vation angle 20 of 47.3° for the three cases with the

scatterer spacing being 0.55A, 0.61A, and A, respec-
tively; Figure 3(d) to (f) plot the intensity distributions
extracted along a line y = 150 mm (passing through
the centers of two scatterers) for the three cases. From
the comparison among those results, we have the fol-
lowing findings: (1) each image shows a high-intensity
spot at the center between two scatterers; (2) as the dis-
tance between two scatterers increases, the width of the
high-intensity spot becomes larger; and (3) the two
scatterers cannot be resolved for the three cases when
the spacings between two scatterers are smaller than
the Rayleigh and Abbe limits.

A linear array with 15 elements and an observation
angle 26 of 82.4° is also used for detecting the two scat-
terers. The imaging results for the three cases with the
scatterer spacing being 0.55A, 0.61A, and A are given in
Figure 4(a) to (c), respectively. The corresponding
intensity distributions along a line y = 150 mm are
given in Figure 4(d) to (f). From these results, we have
the following findings: (1) the two scatterers with a
spacing of A are resolved with a threshold of 0.3 as
shown in Figure 4(f), as the spacing between scatterers
is larger than the Rayleigh limit; and (2) the two scat-
terers with subwavelength spacings (0.55A and 0.61A)
are still not resolved as shown in Figure 4(a) and (b), as
the spacings are smaller than the Rayleigh and Abbe
limits.

To further improve the imaging resolution and
resolve two subwavelength scatterers with a
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Figure 4. Imaging results generated by a linear array with |5 elements and an observation angle 26 of 82.4°. (a—c) Imaging results

for the three cases with d; = 0.55A, 0.61A, and A, respectively. The white circles indicate locations of sensors. The “x

“

markers

indicate actual locations of scatterers. (d—f) Distributions of image intensities with respect to x positions along the line y = 150 mm
for the three cases, respectively. For each case, the corresponding scatterer spacing, Rayleigh limit, and Abbe limit are listed on the
top of imaging results. Only in Case 3 with d; = A, the two scatterers can be resolved with a threshold of 0.3.

subwavelength spacing, the array configuration is opti-
mized to reduce the Rayleigh limit to its minimum
value. According to the equation of Rayleigh limit
Lr = 0.61A/sinf, for a fixed wavelength A, the mini-
mum value of Ly presents at sinf = 1. Hence, a fence-
like array with 15 elements and an observation angle 26
of 180° is designed, as illustrated by the white circles in
Figure 5(a). The imaging results for the three cases
with the scatterer spacing being 0.55A, 0.61A, and A
are given in Figure 5(a) to (c), respectively. The corre-
sponding intensity distributions along a line
y = 150 mm are given in Figure 5(d) to (f). The ima-
ging results show that the two scatterers can be
resolved in all the three cases. By comparing all the
images, we have the following findings: (1) when the
spacing between the two scatterers is larger than or
equal to the Rayleigh limit (Lp < d,), the two scat-
terers can be clearly distinguished with a low threshold
of 0.3; (2) when the spacing is between the Rayleigh
and Abbe limits (L, < d, < Lp), the two scatterers are
still distinguishable with a high threshold around 0.9.

Our characterization study in the above covers three
scenarios: dy < Ly < Ly, Ly <d, < Lg, and L,y <
Lr < d;. These imaging results given in Figures 3 to 5
prove that the minimum resolvable distance of a Lamb
wave array highly depends on the observation angle 26.
This finding provides a guidance for designing Lamb
arrays with high imaging resolutions to resolve multiple
small scatterers that are close to each other.

Laser vibrometry-based fence-like arrays

This section presents the implementation of the array
imaging algorithms developed in section “Wavefield
filtering-assisted adaptive array imaging” and the devel-
opment of laser vibrometry-based fence-like arrays that
take advantage of noncontact laser-based Lamb wave
sensing. Moreover, the array arrangements presented in
section “Wavefield filtering-assisted adaptive array
imaging” are further improved by introducing four
actuators arranged at the lower, right, upper, and left
sides of the region of interest (area with defects) and a
fence-like sensor array that is surrounding the region of
interest, as shown in Figure 6. This array configuration
allows to achieve the maximum observation angle and
high imaging resolutions in both x and y dimensions.
In addition to the array configuration, the sensing and
imaging procedures for the laser vibrometry-based
fence-like arrays are presented in detail.

Configuration of laser vibrometry-based fence-like
arrays

The array design presented in section “Wavefield
filtering-assisted adaptive array imaging” has been
proved to distinguish subwavelength scatterers that are
horizontally arranged along the x direction. However,
for practical scenarios, the positions of scatterers usu-
ally remain unknown and the scatterers could form a



2820 Structural Health Monitoring 20(5)
» Scatterer spacing d; = 0.55A « Scatterer spacing d; = 0.61A * Scatterer spacing d;= A
» Rayleigh limit L, = 0.61A « Rayleigh limit Lg = 0.61A » Rayleigh limit L, = 0.61A
+ Abbe limit L, = 0.5\ «+ Abbe limit L, = 0.5A + Abbe limit L, = 0.5A
1
Two scatterers Two scatterers Two scatterers
&F  are resolved areresolved © areresolved © 0.8 %
(La<ds<Lg) (La<dy=Lg) (La< Lg<dy) S
3 2 Ml | 106 E
E o
= 04 8
£
025
2
0
(a) (c)
> 1 Resolved
b= 1\ i
g 08 [ Threshold=0.9 | | Resatved | S
= 06 | \| ‘
k=] | ‘
N o4 ‘ I Threshold = 0.3 ‘ ||
g 02 # | 1= ” ‘
g A o U .
-100  -50 0 50 100 -100  -50 0 50 100 -100 -50 0 50 100
x (mm) X (mm) X (mm)
(d) (e) )]

Figure 5. Imaging results generated by a fence-like array with 15 elements and an observation angle 26 of 180°. (a—c) Imaging

results for the three cases with d; = 0.55A, 0.61A, and A, respectively. The white circles indicate locations of sensors. The “x

“

markers indicate actual locations of scatterers. (d—f) Distributions of image intensities with respect to x positions along the line
y = 150 mm for three imaging results in (a—c). For each case, the corresponding scatterer spacing, Rayleigh limit, and Abbe limit are
listed on the top of imaging results. For all three cases, the two scatterers are successfully resolved.

complex cluster. A sensing method that can address
such general situations while achieving high imaging
resolutions in both the x and y dimensions is desired.
Therefore, an improved array configuration is designed
(Figure 6) and implemented with a PZT—scanning laser
Doppler vibrometry (SLDV) system that can generate
incident Lamb waves and acquire complex time—space
wavefields of Lamb waves in the test structure.

As shown in Figure 6, four PZT actuators T,
Thights Tup» and Tieq at the lower, right, upper, and left
sides of the region of interest are adopted for generat-
ing interrogation waves from four different directions.
However, a noncontact SLDV (model: Polytec PSV-
400-M2) is adopted to acquire out-of-plane displace-
ments/velocities of Lamb waves propagating the in-test
structure based on the Doppler effect by setting the
laser beam normal to the test structure. More informa-
tion about the noncontact laser Doppler vibrometry
can be found in our previous study.”® Through point-
by-point measurement at multiple scanning points in a
customized area (brown-gridded region in Figure 6), a
time—space wavefield v(¢z, x) in that area can be
acquired. During the wavefield acquisition, the spatial
scanning resolution should be smaller than a half of the
minimum wavelength, to capture the wavenumber
information of Lamb waves to be used. The time sam-
pling rate should be at least twice of the maximum fre-
quency of Lamb waves to be adopted, to capture the
wave frequency information. On completion of

d Actuator T,
l._a,l =] SLDV Scanning area
L ] L L] L] [ ] [ ]
° e °
. r /'/%LS;'\\‘ .
/ Y \ a
% / %% )
- ! S, O -
5 ° '; % Cofiiinng L 5
5@ '. B : *5
g %1 Cluster of ' Y 2
< . Scatterers i <
L ] i : L ]
° e i °
y * L ] L ] L ] L ] L ] -
X
Actuator T. One element of the
Ll fence-like array

Figure 6. Configuration of a laser vibrometry-based fence-like
array. Four actuators Tiow, Trighe Tup» and Tiegc are arranged at the
lower, right, upper, and left sides of the scanning area to generate
incident waves. The region of interest with a cluster of scatterers
is surrounded by the SLDV scanning area (brown-gridded area).
The black circle inside the scanning area represents a possible
selection of scanning points for constructing a fence-like array.

acquiring a time—space wavefield v(¢, x) in the scanning
area, multiple scanning points (illustrated by black cir-
cles in Figure 6) are selected from the scanning area to
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Figure 7. A flow chart for showing the sensing and signal processing procedures to construct a fused inspection image using a laser
vibrometry-based fence-like array. (a) Four transducers are sequentially excited. (b) Time—space wavefields in the scanning area are
acquired by the SLDV, and then Fourier transform is applied to obtain frequency—space wavefields. (c) Frequency—space wavefields of
back scattering Ag waves are extracted by applying wavefield filtering to the wavefields in (b). (d) Frequency spectra for all the array
points are extracted from the frequency—space wavefields of back scattering Ag waves. (e) Individual inspection images are
constructed for the four cases with Tiow, Trighes Tup and Tiere at ON state. (f) The final imaging result is constructed through image

fusion.

form a fence-like array surrounding the region of inter-
est (area with multiple scatterers in Figure 6). We sug-
gest that the distances from any element of the array to
the boundary of the SLDV scanning area are set to at
least a wavelength.

Sensing and imaging procedures for laser vibrometry-
based fence-like arrays

To construct an inspection image with the laser
vibrometry-based fence-like array, Figure 7 presents a
flow chart of the sensing and signal processing proce-
dures, which have six key steps from (a) wave genera-
tion to (f) construction of a fused inspection image. As
shown in Figure 7, in the Step (a), one of the four PZT
actuators is turned ON for generating incident waves.
Let us use the first row with Ty, at the ON state as an
example. When the actuator Ty, is turned ON, all the
other actuators will be at the OFF state. In the Step
(b), the frequency—space wavefield V'°V(f, x) in the pre-
defined scanning area is obtained by acquiring a time—
space wavefield VOV (2, x) through noncontact laser
Doppler vibrometry and then applying Fourier trans-
form to the acquired time—space wavefield. In the Step
(c), the frequency—space wavefield V,'f’j,vo(f ,Xx) for back
scattering A, waves induced by defects is extracted by
applying wavefield filtering®® on the frequency—space
wavefield obtained in the Step (b). Through the Step
(d), one can further extract the frequency spectra
[Vblow(f)],, for the selected array points located at
[,y from the filtered frequency—space wavefield using

the relation V2-1°%(f) = V}°% (f,p,). In the Step (e), an
intensity image I°¥(x) can be constructed using the
array imaging algorithm presented in section
“Wavefield filtering-assisted adaptive array imaging”
and the extracted frequency spectra [V2-°¥(f)],,. By
repeating the Steps (a—e) for rest cases that the PZT
actuators Tyighe, Tyup, and Tieg are set to the ON state
one by one, we can construct individual intensity
images I"®"(x), I'’(x), and I"'(x). In the last Step (f)
of the flow chart, one can construct the final inspection
image I/(x) by fusing the four individual images.
From the constructed final image through fusion in the
Step (), we will be able to characterize defects in the
area surrounded by the fence-like array.

Experiment of detecting a compact
cluster of multiple pits

In this section, an experiment is performed to demon-
strate and validate the developed noncontact laser
vibrometry-based fence-like array and the wavefield
filtering-assisted adaptive array imaging algorithms.
The experimental study also demonstrates the capabil-
ity of the array for resolving multiple small pits that
are distributed in a compact cluster.

Experimental setup for detecting a pit cluster

A schematic and a photograph of the experimental
setup are shown in Figure 8(a) and (b), respectively.
The test specimen is an aluminum 6061 T6 plate
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Figure 8. Experimental setup for detecting a pit cluster using a laser vibrometry-based fence-like array. (a) A schematic of the
overall experimental setup for imaging a compact cluster of 3 X 3 identical pits hidden in the bottom side of a 3.2-mm thick
aluminum plate. Four PZTs Tiq,, Trighes Tups and Tiefe are bonded on the top side of the plate for generating incident waves. The SLDV
is used to acquire a time—space wavefield in the scanning area. (b) A photograph of the experimental setup. (c) The layout of a fence-
like array (black circles) surrounding the area of interest with a cluster of small pits. (d) Top: a schematic of the plate cross-section
with multiple pits; Bottom: a photograph taken from the bottom side of the plate showing 3 X 3 pits. Each pit has a hemispherical
shape with a diameter of 2 mm and a depth of | mm. In the x and y directions, the interval between adjacent pits is 2 mm.

(610 X 610 X 3.2 mm®) with a cluster of 3 X 3 small
pits in the bottom side of the plate to simulate pitting
corrosion. Each pit has a hemispherical shape with a
diameter of 2 mm; the intervals between edges of adja-
cent pits are 2 mm in both x and y directions, as shown
in Figure 8(d). The diameter and interval are very close
to the wavelength of 1.8 mm for the 1.6 MHz Ay mode
that is used for this experiment. Four round PZT
actuators (APC 851 by American Piezo, diameter of
7 mm, thickness of 0.2 mm) are bonded on the plate to
generate incident Lamb waves at the frequency of
1.6 MHz. An arbitrary function generator (Tektronix
AFG3022C) is adopted to generate the excitation sig-
nal, which is amplified to 40 Vpp by a voltage amplifier
(NF HAS4014). An SLDV (model: Polytec PSV-400-
M?2) is used to measure the out-of-plane displacements
of Lamb waves over a customized scanning area in the
front surface of the plate. The space resolution of the

SLDV scanning is 0.4 mm and the time sampling rate
is 12.8 MHz.

Figure 8(c) shows the sensing layout of the fence-like
array surrounding the area of interest with a 3 X 3
cluster of small pits. A Cartesian coordinate system
with the origin O at the center of the actuator Ty, is
chosen as a reference for the sensing layout in Figure
8(c). In this Cartesian coordinate system, the coordi-
nates for the four actuators Tiow, Trights Tiop, and Tiep
are (0, 0), (60, 60), (0,120), and (—60, 60) mm, respec-
tively. The center of the pitting cluster is at (0, 60) mm.
The sensing points of the fence-like array are distribu-
ted on the boundary of a 40 X 40 mm? square with the
center at (0, 60) mm. The SLDV scanning area is
defined as a 10 mm wide band (brown gridded region).
The center of the scanning band falls on the boundary
of the 40 X 40 mm?” square. Please note that only the
shaded band area is scanned for wavefield acquisition
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Figure 9. Acquired original and filtered wavefields in the scanning area at the frequency of 1.6 MHz. (a—d) Acquired wavefields by
the SLDV, when Tio, Trighes Tup» and Tier are at the ON state, respectively. These wavefields contain both incident and back
scattering waves. (e—h) Wavefields of back scattering Ay waves obtained by applying wavefield filtering to the four wavefields in (a—d),
respectively. The black dots indicate locations of sensors in a fence-like array.

since our array imaging algorithm does not need to use
the wavefield inside the band area (i.e. the inside white
region without shading in Figure 8(c)) for the sake of
reducing data acquisition time.

Detection and imaging results

Using the laser vibrometry-based fence-like array and
the Steps (a) and (b) in Figure 7, four wavefields
plow(x), pright(x), P (x), and V*ft(x) at the excitation
frequency 1.6 MHz are obtained, as shown in Figure
9(a) to (d). These wavefields contain both the incident
and scattering Lamb waves induced by the pit cluster.
By applying wavefield filtering to the obtained wave-
fields through the Step (c) in Figure 7, the wavefields
Viou (x), ViR (x), VP, (x), and V)" (x) of back scat-
tering Ay waves are obtained as shown in Figure 9(e) to
(h). The filtered wavefields clearly show weak back scat-
tering waves induced by the pit cluster. From the fil-
tered wavefields, four sets of wave spectra [V2-1oV()],
VA ()] V2P (O] and [VE1(0)], are then
extracted at multiple points (black dots in Figure 9),
which are distributed along the boundary of a
40 X 40 mm? square with an interval of 1 mm. These
selected points form a fence-like array, and their corre-
sponding extracted spectra are further processed for the
construction of individual inspection images through
the Step (e) in Figure 7.

Figure 10(a) to (d) present the four intensity images
that are constructed with the extracted four sets of
spectra [V (0], [V (D] [V *P()]y. and
[VE-eit(£)],,, respectively. These four intensity images
correspond to the four cases with Tiow, Trights Ttops
and Ty at the ON state, respectively. When the
actuator T,y is at the ON state, the imaging result in
Figure 10(a) shows three high-intensity spots, whose
positions agree well with the locations of three pits in
the third row of the 3 X 3 pit cluster (represented by
red circles in the Figure 10(a)). However, the rest six
pits in the first and second rows are hard to be seen
from the imaging result in Figure 10(a), for the reason
that incident and scattering wave pathways for those
six pits are affected by the three pits in the third row.
On one hand, the energy of incident waves that can
arrive to the first and second rows of pits is very low,
as the incident energy has been reduced by the third
row of pits by wave scattering. On other hand, it is dif-
ficult for back scattering waves induced by pits in the
first and second rows effectively propagating to the
sensor array, due to the influence of pits in the third
row. Therefore, four actuators arranged in the lower,
right, upper, and left sides of the damage area are used.
By fusing the corresponding array imaging results
shown in Figure 10(a) to (d), the intensity image in
Figure 10(e) is constructed. Compared to individual
imaging results, the fused imaging result shows more
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Figure 10. Constructed imaging results using a fence-like array. (a—d) Individual imaging results when Tiow, Trighes Tups and T are
used, respectively. (e) The final imaging result constructed through the fusion of images in (a—d). The 3 X 3 brown circles represent

actual locations of pits in a cluster.

pits. Most pits except the one at the center of the 3 X 3
pit cluster are detected in the fused imaging result. A
reason for missing the center pit is that the scattering
waves induced by the center pit are further scattered by
the eight pits surrounding the center pit. Although the
center pit in the cluster is not detected, the imaging
result of our experimental study proves the capability
of our fence-like array for resolving multiple small pits
that are closely distributed in a cluster.

Conclusion and discussions

This study presents noncontact laser vibrometry-based
fence-like arrays with wavefield filtering-assisted adap-
tive imaging algorithms for constructing high-
resolution inspection images that can resolve multiple
small pits that are densely packed in a cluster. In our
array design, four PZT actuators arranged at the lower,
upper, right, and left sides of the area containing a pit
cluster are sequentially fired to generate incident Lamb
waves from different directions. However, a noncontact
laser Doppler vibrometer is used to acquire time—space
wavefields of back scattering waves induced by multi-
ple pits. From the laser scanning area, multiple sensing
points are selected to construct a fence-like array sur-
rounding the area containing the pit cluster. By further
applying our developed wavefield filtering-assisted
adaptive imaging algorithms to signals acquired by the
laser vibrometry-based fence-like array, an inspection
image can be constructed for the identification of indi-
vidual pits in a cluster.

To validate our array imaging approach, a proof-of-
concept experiment has been performed through the
detection of simulated pitting corrosion, that is, a clus-
ter of 3 X 3 pits with the pit diameter of 2 mm and the
interval of 2 mm. Our result (Figure 10(a)) shows that
when one actuator (such as T),y) is used, the three pits
in the third row of the corrosion cluster can be detected.
The rest six pits in the first and second rows are hard to
be seen from the imaging result (Figure 10(a)), as the
pathways of incident and scattering waves for those six
pits are affected by the three pits in the third row.
Therefore, it is necessary to use multiple actuators, such
as Tiow, Trights Tupper» and Ty arranged in the lower,
right, upper, and left sides of the damage area, to con-
struct multiple imaging results using back scattering
waves in multiple directions. Through the fusion of four
imaging results corresponding to the four actuators, the
final fused intensity image clearly shows most pits
except the one at the center of the 3 X 3 pit cluster.

Compared to previous studies of Lamb wave-based
array imaging, this work has contributions in multiple
aspects. First, our array imaging approach is able to
detect multiple pits (or scatterers) distributed in a
compact cluster; however, none of the previous Lamb
wave-based arrays have successfully demonstrated this
capability. Second, this study presents a new imaging
method, which takes advantage of the wavefield filter-
ing to address the multimodal issue of Lamb waves, the
pseudo-reversal wave propagation to address the disper-
sion effect and improve the radial imaging resolution,
and the adaptive weighting to improve the angular
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imaging resolution. Third, this study pushes the fre-
quency of noncontact Lamb wave-based NDE to
1.6 MHz; however, the majority of previous studies** '
are limited in the frequency range below 1 MHz.

In addition to the contributions summarized in the
above, this study introduces the Rayleigh and Abbe
limits that are commonly used for characterizing optic
lenses,”” for characterizing the resolution limit, and
optimizing the configurations of Lamb wave-based
arrays. Our characterization study shows that the mini-
mum resolvable distance between two subwavelength
scatterers highly depends on the observation angle 26
of an array. When the observation angle 26 is 180°, the
Rayleigh limit (Lz = 0.61A/sinf) has the minimum
value of 0.61A in the subwavelength scale and, accord-
ingly, the resolvable distance between two scatterers
has the minimum value. For example, the imaging
result (Figure 5) constructed with simulation data
shows that two subwavelength scatterers with a subwa-
velength spacing can be clearly resolved when the used
fence-like array has an observation angle of 180°. In
the perspective of array configuration design, our study
unveils the inherent limitation of linear arrays that the
array span (length of the array) needs to be very long
to achieve a large observation angle. For example, to
realize the 180° observation angle, the span of a linear
array needs to be infinite. In contrast, fence-like arrays
surrounding the inspection area can casily achieve the
180° observation angle; therefore, these fence-like
arrays are able to achieve subwavelength-scale resolva-
ble distance. We believe the array resolution characteri-
zation presented in this article can be used as a
guidance for designing high-resolution arrays that are
based on Lamb waves. Overall, with multiple contribu-
tions to the Lamb wave-based array imaging, we
believe this article can shed new light on the design and
characterization of Lamb wave-based arrays and offer
great potentials for visualization and quantitative eva-
luation of pitting corrosion in civil, petrochemical,
nuclear, and aerospace structures.

Although our array imaging approach can resolve
multiple pits in a cluster, some limitations still need to
be addressed. First, the laser vibrometer used in our
approach has a high cost and thus limits the wide usage
of our approach. To address this limitation, in the
future, we will replace the laser vibrometer with a low-
cost air-coupled transducer. Second, from each wave-
field of back scattering waves (Figure 9(e) to (h)), it can
be seen that the back scattering waves mainly present
in a half of the scanning area that is close to the actua-
tor. This means we could likely reduce the region for
wavefield acquisition and the number of array ele-
ments. In the future, we will optimize the scanning area
and the array configuration to reduce the signal acqui-
sition and post-processing time. Third, our imaging

approach is still not able to detect the center pit of the
3 X 3 pit cluster, as shown in Figure 10(e). A possible
reason is that the scattering waves induced by the cen-
ter pit are further scattered by the rest eight pits sur-
rounding the center one. Fourth, the experimental
study uses milled hemispherical dents to simulate pit-
ting corrosion; the quantitative evaluation of realistic
pitting corrosion still needs to be investigated in the
future.
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