Smart Structures and Systems, Vol. 25, No. 3 (2020) 301-310
DOI: https://doi.org/10.12989/sss.2020.25.3.301

Crack localization by laser-induced narrowband
ultrasound and nonlinear ultrasonic modulation

Peipei Liu, Jinho Jang and Hoon Sohn*

Department of Civil and Environmental Engineering, Korean Advanced Institute for Science and Technology,
291 Daehak-ro, Yuseong-gu, Daejeon 34141, Republic of Korea

(Received October 30, 2019, Revised December 24, 2019, Accepted December 27, 2019)

Abstract. The laser ultrasonic technique is gaining popularity for nondestructive evaluation (NDE) applications because it is a
noncontact and couplant-free method and can inspect a target from a remote distance. For the conventional laser ultrasonic
techniques, a pulsed laser is often used to generate broadband ultrasonic waves in a target structure. However, for crack detection
using nonlinear ultrasonic modulation, it is necessary to generate narrowband ultrasonic waves. In this study, a pulsed laser is shaped
into dual-line arrays using a spatial mask and used to simultaneously excite narrowband ultrasonic waves in the target structure at
two distinct frequencies. Nonlinear ultrasonic modulation will occur between the two input frequencies when they encounter a
fatigue crack existing in the target structure. Then, a nonlinear damage index (DI) is defined as a function of the magnitude of the
modulation components and computed over the target structure by taking advantage of laser scanning. Finally, the fatigue crack is
detected and localized by visualizing the nonlinear DI over the target structure. Numerical simulations and experimental tests are
performed to examine the possibility of generating narrowband ultrasonic waves using the spatial mask. The performance of the
proposed fatigue crack localization technique is validated by conducting an experiment with aluminum plates containing real fatigue
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cracks.
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1. Introduction

The laser ultrasonic technique is gaining popularity for
nondestructive evaluation (NDE) applications because of its
versatility. The laser ultrasonic technique allows inspection
of moving objects (Park et al. 2013) and micro devices
(Hurley et al. 2001), inspection in extremely harsh (hot
(Dewhurst et al. 1988), cold (Mikesell et al. 2017) or
underwater (Pistone et al. 2013)) environments, and long
range inspection of areas that are difficult to reach (Yang et
al. 2015, Park et al. 2017). The laser ultrasonic technique
consists of ultrasonic generation and sensing. When a laser
beam is directed at a target structure, localized heating of
the surface causes thermoelastic expansion of the material
and creates ultrasonic waves (Scruby and Drain 1990).
Laser ultrasonic generation has been achieved using a
pulsed laser (Davies et al. 1993), a modulated continuous-
wave laser (Pierce et al. 1998, Prada et al. 2005) or laser
arrays (Deaton et al. 1990, Noroy et al. 1995). Laser
ultrasonic sensing has been performed using a laser
interferometer (Monchalin et al. 1989) or laser Doppler
vibrometer (LDV) (Staszewski et al. 2004, An et al. 2013a)
and by measuring the reflectivity change caused by
ultrasound-induced strain (Saito et al. 2010). The excitation
and sensing lasers can further incorporate scanning mirrors
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so that wavefield images with a high spatial resolution can
be constructed (An et al. 2013a).

Fatigue cracks have been detected by line scanning a
pulsed laser excitation over metal sheets and measuring the
ultrasonic responses with an electromagnetic acoustic
transducer (EMAT) (Dixon et al. 2011). The interaction
between ultrasonic waves and cracks was observed from
ultrasonic wavefield images obtained by scanning a pulsed
laser excitation and employing a fixed contact-type
transducer for sensing (Yashiro et al. 2008). Similar
ultrasonic wave propagation images were constructed by
scanning a sensing laser interferometer (or LDV) and a
fixed piezoceramic actuator or a pulsed laser for the
excitation (Staszewski et al. 2007, An et al. 2013b).

The aforementioned techniques rely on linear features
such as variations in the amplitude, phase, and mode
conversion of ultrasonic waves either transmitted or
reflected from a crack. It has been reported that the changes
in these linear features become prominent only when a
fatigue crack grows towards the intermediate and end stages
(phase 11 and 111 in the stress-life (S-N) curve) of the useful
fatigue life (Jhang 2009). Because a fatigue crack grows at
an alarming rate once the crack size reaches the
intermediate and end stages of the fatigue life, it is
important to detect a fatigue crack in its early stage.

Recent studies have shown that a fatigue crack and its
precursor often serve as a source for generating nonlinear
waves such as the accompanying harmonics, modulations
between different frequencies, and resonance frequency
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shifts as a function of the input amplitude (Jhang 2009).
The sensitivity of the extracted nonlinear features to a
fatigue crack has been shown to be much higher than that
which can be achieved with linear features (van den Abeele
et al. 2000, Yim et al. 2016, Lim et al. 2017). Among the
different nonlinear ultrasonic techniques, the nonlinear
ultrasonic modulation technique has been shown to be less
influenced by the unwanted nonlinearity of data acquisition
systems. A pair of air-coupled transducers (ACTs) was used
to generate two distinct frequency inputs, and the responses
were scanned with an LDV for fatigue crack detection
based on nonlinear ultrasonic modulation (Lim et al. 2015).
Alternatively, the intensities of two continuous-wave lasers
can be modulated to generate ultrasonic waves at two
distinct frequencies for nonlinear ultrasonic modulation
(Mezil et al. 2016). In addition, various signal processing
methods have been proposed to extract nonlinear
modulation features from broadband ultrasonic responses
induced by a pulsed laser (Liu et al. 2015, 2018).

This paper uses the irradiation pattern of a line array to
generate narrowband ultrasonic waves from a pulsed laser
and develops a fatigue crack detection and localization
technique based on nonlinear interaction between two laser-
induced narrowband ultrasonic waves. The uniqueness and
advantages of the proposed technique include the following:
(1) the effects of the line laser array on the dispersion and
multimodal characteristics of the generated narrowband
ultrasonic waves in a plate-like structure are numerically
and experimentally investigated; (2) a spatial mask with
dual-line arrays is designed to simultaneously generate two
narrowband ultrasonic waves with distinct central
frequencies; (3) using two narrowband ultrasonic waves, the
nonlinear ultrasonic modulation created by a fatigue crack
in a target structure is identified; and (4) through
synchronized scanning of both the excitation and sensing
laser beams, the fatigue crack is detected and localized.

The rest of this paper is organized as follows. Section 2
numerically and experimentally investigates whether a line
laser array can effectively generate narrowband ultrasonic
waves. Section 3 describes the nonlinear ultrasonic
modulation phenomenon between two laser-induced
narrowband ultrasonic waves and develops a fatigue crack
localization technique. In Section 4, the test results from
aluminum plates with fatigue cracks are presented and
discussed. Finally, a conclusion is provided in Section 5.

2. Narrowband ultrasonic generation using aline
laser array

2.1 Numerical simulation

An equivalent 2D plane strain model of a 3-mm-thick
aluminum plate was designed using the commercial finite
element software COMSOL Multiphysics. As shown in Fig.
1, the x-axis denotes the wave propagation direction along
the plate, whereas the y-axis represents the plate thickness
direction. The material properties of the aluminum used for
the simulation are listed in Table 1. When the plate is
illuminated by a pulsed laser, the surface of the plate
absorbs the electromagnetic radiation from the laser, and the

resulting thermal conduction can be expressed as follows
(Xu et al. 2004)

JdT(x,y,t
pcp% =V(kVT(x,y,8)) +Q @
Where T(x,y,t) represents the time-dependent

temperature variation along the x and y directions. p, C,
and k are the density, specific heat capacity at a constant
pressure, and thermal conductivity, respectively. In this
model, the pulsed laser is treated as a heat flux and applied
onto the top surface of the plate at x = 0. When the laser is
treated as a heat flux rather than a heat source (@ = 0), Eq.
(1) can be simplified as

oT(x,y,t 10 oT(x,y,t
pcwz__(ka

Poat x 0x ox
RLNALLCRY) @)
dy dy
The normal boundary conditions are as follows
oT(x,y,t)
—k 5y | = If (x)g(®)
y=e 3)
oT(x,y,t) _ 0
dy et

where [ is the peak power intensity of the pulsed laser, and
f(x) and g(t) are the spatial and temporal distributions
of the laser, respectively. h is the thickness of the plate.
The spatial distribution of the laser, f(x), has 6 parallel
lines with a gap of A1 (Fig. 1). Note that A dominates the
wavelength of the generated ultrasonic waves in the plate.
The thermal conduction produced by the pulsed laser
generates thermal waves in the plate and consequently
ultrasonic waves. For a typical Q-switched pulsed laser (12
ns pulse duration in this simulation), the induced thermal
waves can propagate only a few micrometers from the laser
source, even in highly conductive materials (Scruby and
Drain 1990). This thermal wave region results in a stress
redistribution and produces a transient displacement field

Pulsed laser
with a line array pattern

v
JA * T Sensing point

110 pm
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40 mm

3 mm

Thermal wave region
Ultrasonic wave region

130 mm

200 mm

Fig. 1 Schematic of a 2D FEM plate model irradiated by
a line laser array
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Table 1 Material properties of the aluminum used for the numerical simulation

Densit Youna’s modulus Poisson’s ratio Coefficient of thermal Thermal Heat capacity at
(k /n¥3) Eg (GPa) expansion conductivity ~ constant pressure

p{Kg v @, (KY) K (WImK) €, (U(kg-K))
2700 68.9 0.33 2.34x10° 170 900

(ultrasonic wave region) throughout the plate, as illustrated
in Fig. 1. In an aluminum plate, the displacement satisfies
(Xu et al. 2004)

A+20V(V-U(x,y,t)) — uV x V x U(x,y,t)

2 4
—a, (31 + 2uW)VT (x,y,t) = p% @
where U(x,y,t) is the time-dependent displacement, A
and u are the Lamé constants, and «; is the thermoelastic
expansion coefficient of the material. To enhance the
computational efficiency, a multiscale element strategy was
used for the thermal and ultrasonic wave regions. A detailed
explanation of the multiscale element strategy can be found
in Liu and Sohn (2016). Within the thermal wave region,
one thermal degree of freedom and two mechanical degrees
of freedom are assumed for each node of the element.
Within the ultrasonic wave region, each node has only two
mechanical degrees of freedom.

Unit: K

A=26 mm

Time (ps)

0 10 20 30 40
Distance in the x direction (mm)

@)

In the simulation, the line gap A of the input line laser
array was varied from 1 mm to 2, 2.6, 3, 4 and 5 mm. A
uniform heat flux with a power intensity of 2.5 x 10°
MW/m? was assumed within the laser illumination area for
12 ns. The initial temperature and displacement field values
att = 0 were set to T = 293.15 K and U = (0, 0),
respectively. The simulation was performed for 150 ps with
a time step of 1 ns for the first 12 ns and 200 ns for the rest
of the simulation.

Taking A = 2.6 and 4 mm as examples, Fig. 2 shows
the time histories of the temperature variation on the top
surface along the x direction. It is observed that the
temperature increase is confined within the line array area
where the simulated laser heat flux is exerted. Fig. 3 shows
the out-of-plane (along the y direction) velocity signals and
the corresponding frequency responses measured at the
sensing point in Fig. 1. Due to the dispersion and
multimodal characteristics of ultrasound in a thin plate, two
dominant wave packages with different central frequencies

Unit: K
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Fig. 2 Temporal and spatial profiles (on the top surface, y = 0) of the temperature response irradiated by a line laser

array with (a) A = 2.6 mm,; and (b) A =4 mm
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Fig. 4 Dispersion curves with respect to wavelength and
group velocity for a 3-mm-thick aluminum plate

are identified in Fig. 3.

Fig. 4 shows the dispersion curves with respect to
wavelength and group velocity for a 3-mm-thick aluminum
plate. Here, only the zero-order wave modes are shown for
simplicity. As mentioned above, the value of A determines
the wavelength of the generated ultrasonic waves. When 1
= 2.6 mm, zero-order antisymmetric (AO) and symmetric
(S0) wave modes are generated at 1.097 and 1.203 MHz,
respectively, as plotted in Fig. 4. These frequencies are in
good agreement with those (1.091 MHz for the A0 wave
mode and 1.198 MHz for the SO wave mode) estimated
from the simulation shown in Fig. 3(a). Additionally, the
group velocities of the A0 and SO wave modes (3.074 m/ms
for the A0 wave mode and 2.500 m/ms for the SO wave
mode) shown in Fig. 4 match well with the arrival times of
the two wave packages shown in Fig. 3(a) (3.059 m/ms
estimated for the AO wave mode and 2.378 m/ms for the SO
wave mode). Similar trends can be found when A =4 mm,
as shown in Figs. 3(b) and 4. The simulations illustrate that
narrowband ultrasonic waves can be effectively generated
using a line laser array. Moreover, it has been reported that
the signal-to-noise ratio for laser-induced ultrasonic waves
can be improved using a line laser array for the excitation
(Wagner et al. 1990). The frequencies of the A0 and SO
wave modes obtained from both analytical dispersion
curves and numerical simulations are summarized in Table
2and Fig.5for 4 =1,2,2.6,3,4and 5 mm.

Peipei Liu, Jinho Jang and Hoon Sohn

o

0% SO

o

* Analytical SO

Numerical AO

‘ Numerical SO
Experimental AO
Experimental SO

‘ * Analytical AO

Wavelength (mm)
N w -

=)

0 05 1 15 2 25 3
Frequency (MHz)

Fig. 5 Analytical, numerical and experimental dispersion
curves corresponding to various wavelengths (line
gaps), 4 =1,2,2.6,3,4and 5mm

Sensing unit ! Spatial mask
| Laser Doppler vibrometer :

Excitation unit
Q-switched Nd:YAG pulsed laser

—

Optical
Lens

Target specimen

Fig. 6 Experimental setup for narrowband ultrasonic
generation with a custom-made spatial mask

2.2 Experimental validation

To experimentally validate the effect of the line laser
array on ultrasonic generation, a 3-mm-thick circular
aluminum plate with a radius of 150 mm was prepared. Fig.
6 shows an overview of the experimental setup. The
excitation was applied at the center of the aluminum plate,
and the sensing point was located 130 mm away from the
center. A diode pumped Q-switched Nd:YAG pulsed laser
(Quantel Centurion+) was used for the excitation. The
Nd:YAG pulsed laser has a wavelength of 532 nm, a pulse
duration of 12 ns and a maximum pulse energy of 25 mJ. In
this experiment, a pulse energy of approximately 20 mJ was
used, and an optical lens was installed in front of the pulsed
laser. The optical lens adjusts the laser beam size and aims
the laser beam at a custom-made spatial mask. Here, the
spatial mask illuminates the target surface with a desired\

Table 2 Comparison of the A0 and SO wave mode frequencies obtained by the analytical dispersion curve,

numerical simulation and experiment

Frequency components (MHz)

A (mm) Dispersion curve Numerical simulation Experiment
A0 SO A0 SO A0 SO

2.790 2.790 2.768 2.768 2.745 2.745

2 1.464 1.482 1.421 1.467 1.376 1.403
2.6 1.097 1.203 1.091 1.198 1.086 1.207

3 0.930 1.077 0.914 1.069 0.927 1.065
0.677 0.900 0.682 0.890 0.701 0.893

5 0.507 0.803 0.498 0.783 0.504 0.789
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Fig. 7 Ultrasonic responses obtained in the experiment by a line laser array with (a) 4 =2.6 mm; and (b) 4 =4 mm

shape (Wagner et al. 1990, Baldwin et al. 1999). This
custom-made spatial mask, made of polyether ether ketone
(PEEK), has 6 parallel line patterns identical to those in the
simulation. The gap between two adjacent line patterns
illuminated on the aluminum plate, A, can be adjusted by
changing the distance between the optical lens / spatial
mask and the plate surface. Identical to the simulation, line
laser array excitations with 4 =1, 2, 2.6, 3, 4 and 5 mm
were tested. Note that line laser array patterns can also be
created by adopting multiple laser sources (Murray et al.
1996) or using diffractive optical elements (DOEs) (Huang
et al. 1992). The out-of-plane ultrasonic responses at the
sensing point were measured by a commercial LDV
(Polytec MSA-100) with a sampling frequency of 6.25
MHz for 150 ps. To improve the signal-to-noise ratio, the
responses were measured 100 times and averaged in the
time domain.

Figs. 7(a) and (b) show the velocity responses
corresponding to A = 2.6 and 4 mm in the time and
frequency domains, respectively. The comparison of the
simulation and experimental results in Figs. 3 and 7 shows
that, using a spatial mask, narrowband ultrasonic waves can
be effectively generated, and their central frequencies can
be controlled by adjusting A. Note that the difference
between the time-domain signals in Figs. 3 and 7 is mainly
attributed to the fact that the length of the parallel laser lines
is infinite in the simulation while it is limited and finite in
the experiment. The central frequencies of the A0 and SO
wave modes obtained by the experiment are summarized in
Table 2 and Fig. 5. Good agreement can be found among
the frequencies obtained from analytical dispersion curves,
numerical simulations and experiments.

3. Fatigue crack detection using dual-line laser
arrays

3.1 Generation of nonlinear ultrasonic modulation
using dual-line laser arrays

Nonlinear ultrasonic modulation has been shown to be
an effective indicator of fatigue crack formation at its early
stage, assuming that the inherent material nonlinearity is
weak and negligible (Zaitsev et al. 2009). Normally, two

sinusoidal ultrasonic inputs with distinct frequencies are
applied to a target structure for nonlinear modulation
inspection. When the structure is intact (linear), the
structural response contains frequency components only at
the input frequencies. Once the structure is damaged, the
response will include not only the input frequency
components but also their harmonics (multiples of the input
frequencies) and modulations (linear combinations of the
two input frequencies) (Zaitsev et al. 2009). Note that the
generation of nonlinear ultrasonic modulation needs to
satisfy certain conditions that depend on the selection of the
two ultrasonic inputs. The conditions can be summarized as
follows (Lim et al. 2014, Lim and Sohn 2017): (1) the strain
(displacement) at the damage location should oscillate in
response to both inputs; and (2) the motion induced by one
of the two inputs should modulate the other input at the
damage location. Although both the A0 and SO wave modes
will be generated in the aluminum plate when using a line
laser array for the excitation, only the SO wave mode can
satisfy the conditions for the generation of nonlinear
ultrasonic modulation in a plate-like structure (Lim and
Sohn 2017). Therefore, only the induced SO wave mode
will be considered for the following fatigue crack detection.

3.2 Fatigue crack detection using nonlinear
ultrasonic modulation

By taking advantage of the narrowband ultrasonic waves
induced by dual-line laser arrays, a nonlinear ultrasonic
modulation technique is developed. As shown in Fig. 8, the
dual-line laser arrays consist of two line laser arrays with
different line gaps. In Fig. 8, the A0 wave mode and higher-
order modes are omitted for simplicity. When dual-line laser
arrays with line gaps of A; and A, are illuminated on a
target structure, SO wave modes with central frequencies f;
and f, will be generated. Then, nonlinear ultrasonic
modulation between these two SO wave modes will occur
when these modes encounter a fatigue crack at the same
time. Finally, the fatigue crack is identified by detecting the
crack-induced nonlinear modulation components.

Analogous to the classic nonlinear index (van den
Abeele et al. 2000), a nonlinear damage index (DI) is
defined here by considering the modulation component at

fz_f1
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where Ay and Ay, are the amplitudes of the linear
responses at f; and f,, respectively, and Ag_. is the
amplitude of the modulation component at f, — f;. The DI
can be interpreted as the amplitude of the modulation
component normalized by the product of the responses at
the input frequencies. Note that among the various
modulation components, only the first-order modulation
component at f, — f; is considered in this study because
the other modulation components (e.g., f, + f;) may
overlap with higher-order modes in the frequency domain.

3.3 Fatigue crack localization using synchronized
laser scanning

As shown in Fig. 9, a fatigue crack is localized by
simultaneously scanning the excitation and sensing laser
beams with a fixed pitch-catch distance over the entire
inspection area. The dual-line laser arrays are adopted for
generating two SO wave modes with different central
frequencies, and the corresponding response is measured at
the sensing point using a sensing laser. As each sensing
point, the resulting time response is stored, and the
proposed DI value is computed. By controlling the gap
between two sequential sensing points, the spatial resolution
of the scanning process can be adjusted. Here, the layout of

the dual-line laser arrays and the pitch-catch distance are
selected so that the mixing of the two SO wave modes can
occur only at the sensing point and hence a fatigue crack
can be localized by searching for relatively large DI values
within the inspection area. The proposed scanning strategy
does not require any baseline data obtained from the intact
condition and minimizes the false alarms caused by varying
operational and environmental conditions (Liu et al. 2015).

4. Experimental validation
4.1 Experimental setup

To examine the performance of the proposed fatigue
crack localization technique, three 3-mm-thick aluminum
plate specimens, fabricated using 6061-T6 aluminum alloy,
were prepared. All the geometrical information of the
specimen can be found in Fig. 10(a). A notch was
introduced in the middle of one edge of the specimen so
that a fatigue crack could initiate from this notch. Cyclic
loading tests were carried out using a universal testing
machine (INSTRON 8801) with a 10 Hz cycle rate, a
maximum load of 25 kN, and a stress ratio of 0.1 to initiate
a fatigue crack from the notch in two specimens, named D1
and D2. The introduced fatigue cracks are approximately 15
mm long. The crack width is less than 15 pm near the crack
tip and less than 50 pm overall (Fig. 10(b)). The remaining
intact specimen is labeled 11.

The measurement system is identical to the one
presented in Section 2. The only difference is that a spatial
mask with dual-line arrays was used, as shown in Fig. 11.
The dual-line laser arrays in this experiment direct the
pulsed laser to the target surface with two different line
gaps, ;=4 mmand A, =2.6 mm. The layout of the dual-
line laser arrays and the distance from the sensing point
were selected to be approximately 45 mm so that the two
induced SO wave modes could simultaneously arrive at the
sensing point, as shown in Fig. 10(a). A5 mm x 5 mm
square area shown in Fig. 10(a) was defined as the target
inspection area covering the fatigue crack tip. A total of 400
(20 x 20) sensing points were assigned within this
inspection area, achieving a spatial resolution of 0.25 mm.
In this experiment, scanning was realized by placing the
specimens on an XY-positioning table integrated into the
sensing LDV (Polytec MSA-100). The rest of the
experimental setup is identical to that in Section 2.

4.2 Test results

First, the responses obtained from two separate single-
line laser arrays with A; = 4 mm and A, = 2.6 mm are
plotted for the intact specimen (I11) in Figs. 12(a) and (b),
respectively. The induced SO wave modes in Fig. 12(a) and
(b) have central frequencies of 0.896 MHz and 1.209 MHz,
respectively, and almost simultaneously arrive at the
sensing point. In Fig. 12(c), the two SO wave modes are
simultaneously generated using dual-line laser arrays.

Fig. 13 compares the responses obtained from an intact
sensing point far from the crack tip (Fig. 13(a)) and another
sensing point near the crack tip (Fig. 13(b)) of the damaged
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Further signal/image processing can be introduced to
improve and automate the fatigue crack detection and
localization. For example, a sequential outlier analysis is
introduced in this experiment (Liu et al. 2014, Sohn et al.
2007). The basic premise is that the DI values from sensing
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(b)
Fig. 13 Representative ultrasonic signals obtained from (a) an intact sensing hpgpoint and (b) a sensing point near the crack

(b)
Fig. 14 Fatigue crack detection results using the proposed nonlinear DI: (a) 11; (b) D1; and (c) D2

(b)

Fig. 15 Fatigue crack localization results after signal/image processing: (a) 11; (b) D1; and (c) D2. A sequential outlier
analysis was applied to the results in Fig. 14. The DI values of the identified outliers were normalized with respect
to the largest DI values, and the remaining DI values, which were not classified as the outliers, were set to zero
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points located near the fatigue crack will be significantly
larger than the DI values obtained from the intact sensing
points. First, all the DI values within the inspection area
were arranged in ascending order. Second, a normal
distribution was fitted to the first (smallest) half of the DI
values (the 200 smallest DI values among 400 DI values in
this experiment). Here, it was assumed that the first half of
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the DI values were obtained from the sensing points far
from a fatigue crack. Third, a threshold corresponding to a
99% confidence interval was established from the fitted
normal distribution. Fourth, if the 201st smallest DI value
was larger than the threshold, the 201st smallest DI values
and all the other larger DI values would be classified as
outliers. Otherwise, the above procedure was repeated by
including the 201st smallest DI value into the fitting of a
new normal distribution and testing if the next (202nd in
this experiment) smallest DI value was an outlier or not.
This outlier process was repeated until the outlier(s) were
detected or the largest DI value was tested. In the end, the
DI values of the identified outliers were normalized with
respect to the largest DI values, and the remaining DI
values, which were not classified as outliers, were set to
zero. The results of the image processing are shown for
specimens 11, D1 and D2 in Fig. 15.

5. Conclusions

In this study, a noncontact fatigue crack localization
technique is developed using dual-line laser arrays and
nonlinear ultrasonic modulation. First, two narrowband
ultrasonic waves with distinct central frequencies are
generated using dual-line laser arrays. Here, the central
frequency of each narrowband ultrasonic wave is controlled
by adjusting the line spacing, and the dual-line laser arrays
are designed so that the mixing of these two ultrasonic
waves occurs at the sensing point. Then, the excitation and
sensing laser beams are scanned simultaneously with a
fixed pitch-catch distance over the entire inspection area,
and the fatigue crack is identified by extracting the
nonlinear ultrasonic modulation components induced by the
crack. The uniqueness and advantages of the proposed
technique are as follows: (1) the effects of the line laser
array on the dispersion and multimodal characteristics of
the generated narrowband ultrasonic waves are numerically
and experimentally investigated; (2) a spatial mask with
dual-line arrays is designed to simultaneously generate two
narrowband ultrasonic waves with distinct central
frequencies; (3) using two narrowband ultrasonic waves, the
nonlinear ultrasonic modulation created by the fatigue crack
in an aluminum plate is identified; and (4) through
synchronized scanning of both the excitation and sensing
laser beams, the fatigue crack is detected and localized.

The performance of the proposed technique is examined
by detecting microscale fatigue cracks in aluminum plate
specimens. The average length of these fatigue cracks is
approximately 15 mm, and their width is less than 15 pm
within the selected inspection area. Note that the minimum
wavelength of the narrowband ultrasonic waves generated
in this study is limited to the mm-scale, but this limitation
can be overcome by using DOEs. A future study is
warranted to generate various laser illumination patterns
using DOEs, study their effects on ultrasonic generation,
and apply the proposed technique to various targets such as
silicon wafers.
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