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This paper reports the effectiveness of a novel imaging system, piezoelectric and laser ultrasonic system (PLUS), for the three-dimensional (3D)
imaging of fatigue cracks with a high-resolution. The PLUS combines a piezoelectric transmitter and the two-dimensional (2D) mechanical
scanning of a laser Doppler vibrometer, enabling the 2D matrix array with an ultra-multiple number of receiving points for 3D phased array imaging.
After describing the principle and 3D imaging algorithm of PLUS, we show the fundamental 3D imaging capability of the PLUS in a flat-bottom-hole
specimen with varying the number of receiving points under a fixed large receiving aperture. We then demonstrate that the PLUS with 4275
receiving points (i.e. 75 x 57) achieves high-resolution 3D imaging of a fatigue crack with a high signal-to-noise ratio, providing the outline of the
fatigue crack geometry. We also discuss the effectiveness of the ultra-multiple receiving points for suppressing grating lobes and random noise.

© 2022 The Japan Society of Applied Physics

1. Introduction

Fatigue cracks are severe defects since the generation of
fatigue cracks can significantly decrease the material strength
of aging structures and mechanical components. The accurate
nondestructive measurement of fatigue cracks is indispen-
sable to ensure safety and reliability. Among various non-
destructive testing (NDT) methods, ultrasonic testing un'?
is one of the most powerful techniques for practical applica-
tion since ultrasound is highly sensitive to cracks. Recently,
ultrasonic phased array (PA) has been widely employed to
image internal defects, such as cracks, in industrial fields.>¥
As illustrated in Fig. 1(a), typical PAs employ a linear array
transducer” composed of multiple rectangular piezoelectric
elements, of which the number ranges from 32 to 128. Such
PAs produce a two-dimensional (2D) image, which is
referred to as a B-scan image. One of the benefits of PAs
is that one can intuitively recognize defects from B-scan
images. Since crack depth is a critical parameter for the
maintenance management of aging infrastructures, the accu-
rate measurement of crack depth has been intensively
studied."'” On the other hand, fracture mechanics'® in-
dicates that crack depth can change in the crack-length
direction.'”?” However, B-scan images obtained by a linear
array transducer give a spatially-averaged crack geometry
over the elevation aperture of the linear array transducer.'?*"
Hence, such devices cannot obtain the detailed 3D geome-
tries of fatigue cracks. To overcome this difficulty and
develop a more sophisticated maintenance management of
infrastructures, the high-resolution three-dimensional (3D)
imaging method has long been desired. Such 3D imaging
would also play a vital role in elucidating the mechanisms of
crack initiation and propagation®'? in infrastructures and
achieving the concept of digital twins in NDE4.0.%

To achieve this, the 3D PA system using a 2D matrix array
transducer” has been a promising technology. As illustrated
in Fig. 1(b), a 2D matrix array transducer typically comprises
small square piezoelectric elements. Given that linear array
transducers have elements ranging from 32 to 128, a 2D
matrix array transducer should have more than 32 x 32
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(i.e. 1024) elements to obtain high image resolution.
However, such a PA system encounters prohibitive costs
and technical difficulties. Hence, a piezoelectric 2D array
transducer typically has the elements of less than 256 for
NDT application,>* " although state-of-the-art medical ul-
trasonic imaging has used the piezoelectric matrix array
transducer with ultra-multiple elements, e.g. 1024
elements.*®*)

To achieve high-resolution 3D imaging for NDT, we
previously proposed a novel PA system, the piezoelectric
and laser system (PLUS).’” The PLUS combines a piezo-
electric transmitter and the 2D scanning of an LDV to
simulate a 2D matrix array with ultra-multiple elements.
This enables 3D PA imaging without using a piezoelectric
2D matrix array transducer. We examined the importance of a
large receiving aperture in the PLUS for high-resolution 3D
imaging.***" We also demonstrated the fundamental perfor-
mance of the PLUS for stress corrosion cracking. However,
the effect of the number of receiving points under a fixed
large receiving aperture and the usefulness of the PLUS for
fatigue cracks have yet to be clarified.

This study investigates the importance of ultra-multiple
receiving points in the PLUS for high-resolution 3D imaging.
After the fundamental experiment in a specimen having a flat
bottom hole (FBH), we demonstrate the effectiveness of the
PLUS for the high-resolution 3D imaging of a fatigue crack.
We also discuss the effectiveness of ultra-multiple receiving
points and the exciting future applications of the PLUS.

2. Principle of PLUS

Figure 2 shows the schematic of the PLUS. In the PLUS, a
2D matrix array receiver based on the 2D scanning of an
LDV is combined with a monolithic piezoelectric transmitter.
A monolithic piezoelectric transducer on a wedge emits an
ultrasonic wave into a specimen. The incident angle of the
ultrasonic wave can be selected using a suitable wedge.
When a region irradiated by the ultrasonic wave contains
defects, the ultrasonic scatterings at the defects occur. An
LDV that can measure an out-of-plane vibration receives the
scattered waves at a small laser irradiation spot on the top

© 2022 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematics of phased array imaging. (a) 2D imaging with a linear array transducer. (b) 3D imaging with a 2D matrix array transducer.
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Fig. 2. (Color online) Schematic illustration of the PLUS.
surface. The received wave is transferred through an oscillo-
scope to a PC. By repeating this acquisition process at each to(r) = Irr — 1l + Iry — rf + ﬂ, (1)
receiving point over a scan area, a complete dataset of the Vw Vi Y

received waves is stored on a PC. Subsequently, the dataset is
post-processed to create the 3D image within a 3D imaging
volume based on the imaging algorithm described later. Note
that a 2D matrix array receiver based on the LDV scan can
realize ultra-multiple receiving points (i.e. the order of
thousands) with an arbitrary pitch, which is impossible for
piezoelectric array transducers. Additionally, the PLUS using
a monolithic piezoelectric transmitter can obtain a higher
signal-to-noise ratio (SNR) than laser ultrasonics®>> > be-
cause of the difference in the emission powers. Furthermore,
the broad reception bandwidth of an LDV enables us to use
an arbitrary frequency by selecting a suitable piezoelectric
transmitter.

We describe the imaging algorithm for the PLUS. As
shown in Fig. 2, we defined the origin in x—y—z Cartesian
coordinates at the center of the LDV scan area. The
propagation time from the transmitter through a point r to
origin is given by
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where rr is the center of the piezoelectric disk, ry is the
incident point at the interface between the wedge and the
specimen’s top surface, Vyy is the longitudinal wave speed in
the wedge, and V; and V; are the speeds of the incident and
scattered waves, respectively, in a specimen. Depending on
an imaging condition, i and j are either L for a longitudinal
wave or T for a transverse wave. Note that 7, (r) is used as a
reference. Likewise, the propagation time from the trans-
mitter through r to the receiving point r,,,, is calculated as

rr—r r—r [Ty — T
tnx’ny(r) — | T Il + | Il + nx,ny ,
Vw Vi V;

@)

where nx and ny are the indices of the receiving point in the
x- and y-directions, respectively. The delay law for each
receiving point is obtained by subtracting #(r) from 7, ,, (r);

© 2022 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 61, SG1044 (2022)

Y. Ohara et al.

|rnx,ny - l‘l - |r|

3
7 3)

Al‘n)c,ny(r) - tnx,ny(r) - IO(r) -

As the imaging algorithm, delay-and-sum processing is used
here. Assuming that the wave uy, ,,(¢) is received at r,,, ,, the
waveform after delay-and-sum processing for r is calculated
as

Nt NV
N N Z Z unx,ny(t - Atnx,ny(r))7 (4)

XYY nx=1ny=1

U, t) =

where N, and N, are the numbers of receiving points in the x-
and y-directions, respectively. We then extract the scattering
intensity for a voxel as the root mean square (RMS) of
U(r, t) using

1 to(r)+ AT 1/2
Ir)=|— U%(r, Hdt| 5
(r) (Awa) ( )) )

where A7 is the temporal window for calculating the RMS
value and is proportional to the length of the incident wave.
By performing the above postprocessing for all r within a 3D
imaging volume, we obtain a volumetric 3D image.

3. Experimental results

3.1. FBH specimen

For high-resolution 3D imaging, it is vital to select an
appropriate imaging condition of the PLUS. We previously
demonstrated that a large receiving aperture is indispensable
to achieve high-resolution 3D imaging.*>*" This is reason-
able given the theoretical prediction of the lateral resolution
of the images from Fourier optics;””

Ax o 22, ©)

a

where \ is the wavelength, d is the distance from the top
surface, and a is the size of the receiving aperture. On the
other hand, the importance of the number of receiving points
on imaging results has yet to be clarified for a fixed receiving
aperture in the PLUS. The small number of receiving points
(i.e. a large scan pitch) can shorten the time required for the
acquisition and postprocessing, whereas it causes the gen-
eration of grating lobes”™ and may deteriorate the quality of
imaging results for other reasons.

To investigate the influence of the number of the receiving
points on image quality in the PLUS, we made an FBH
(¢3 mm, 10mm height) in an aluminum-alloy (A5052)
specimen. The thickness of the specimen was 39 mm. As
shown in Fig. 3, we fixed a monolithic piezoelectric
transmitter (S MHz, ¢12.7 mm) on an acrylic wedge to emit
transverse waves at a refracted angle of 45°. Note that the use
of a transverse wave can obtain a higher spatial resolution
than that of a longitudinal wave since the wavelength of a
transverse wave is shorter than that of a longitudinal wave.*”
The transmitter was set at the position 40 mm away from the
center of an LDV scan area in the negative x-direction. The
excitation voltage was a two-cycle square wave with a
negative voltage of 200 V. We employed an LDV (OFV
505, Polytec) to receive the scattered waves at the top surface
of the specimen. Note that the reception bandwidth of the
LDV is flat between 0 and 20 MHz. The received signals
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digitized at a sampling rate of 250 MS s~ ' were averaged five
times with an oscilloscope and then transferred to the PC
for the postprocessing. We carried out this acquisition
process while scanning the LDV over a scan area of
31.5mm x 31.5 mm, which corresponds to a large receiving
aperture. We covered the scan area with a thin retroreflective
tape to obtain sufficient laser reflectivity. In this study, we
varied the scan pitch from 2 to 0.5 mm while the large
receiving aperture of 31.5mm x 31.5 mm was fixed. The
number of receiving points were 256 (i.e. N, = N, = 16)
[Fig. 3(b)], 462 (i.e. N, = N, = 22) [Fig. 3(c)], 1024 (i.e.
N, = N, = 32) [Fig. 3(d)], and 4096 (ie. N, = N, = 64)
[Fig. 3(e)] for the scan pitch of 2.0, 1.5, 1.0, and 0.5 mm,
respectively. Note that the 4096 receiving points are much
more than the maximum number of elements for piezoelectric
2D matrix array transducers. After the data acquisition, we
applied the postprocessing to the received waveforms to
obtain 3D imaging results. The transverse wave speed Vr in
the specimen was measured to be 3165 m s~ ', which was
used as V; and V; in Egs. (1)-(3). A 3D imaging volume was
set to 26 mm X 26 mm x 26 mm with 0.5 mm steps in the x-,
y-, and z-directions.

Figures 4(a), 4(c), 4(e), and 4(g) show 3D views of the
imaging results obtained by the PLUS with 256, 462, 1024,
and 4096 receiving points, respectively. Here, the responses
of scattering intensity above a threshold were displayed. Note
that we selected a threshold of 2.5 x 107 [i.e. a half of the
maxmium value of the color scale for Figs. 4(b), 4(d), 4(f),
and 4(h)] given the visibility of the 3D images. We also
superimposed the semitransparent B-scan (yz-plane at
x = —21 mm) images, which were extracted from the 3D
imaging results and correspond to the plane in which the
FBH existed. The B-scan images are also shown as opaque
images in Figs. 4(b), 4(d), 4(f), and 4(h).

Regardless of the receiving points, the top of the FBH was
visualized at the correct position. The spatial resolutions were
comparable in all the imaging results. This is reasonable since
the spatial resolution is determined by the receiving aperture
and wavelength, as shown in Eq. (6). Also, a grating lobe was
not prominent in the 3D imaging volume, even for the large
scan pitch of 2 mm. This is because the position of the FBH
was at the center of the 2D matrix array receiver in the
y-direction, which is a position less sensitive to the genera-
tion of grating lobes,” and the 3D imaging volume was
limited to 26 mm x 26 mm X 26 mm. On the other hand, the
SNR markedly changed depending on the number of
receiving points. Specifically, the noise level increased with
decreasing the number of receiving points, although the
response of the FBH was almost constant. In the FBH
specimen, we could identify the response of the FBH from
the imaging results. However, the decrease in SNR due to the
small number of the receiving points would be a problem for
visualization of cracks since the scatterings at cracks are
much weaker than those at the FBH.

3.2. Fatigue-crack specimen

To demonstrate the usefulness of PLUS for the high-
resolution 3D imaging of fatigue cracks, we performed a
three-point bending test in an aluminum alloy (A7075)
specimen to prepare a fatigue crack. The fatigue condition
selected in this study was a maximum stress intensity factor
of 5.3MPa-m'? and a minimum stress intensity factor of

© 2022 The Japan Society of Applied Physics
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Fig. 3.
31.5mm x 31.5 mm: (b) 256, (c) 462, (d) 1024, and (3) 4096.

0.6 MPa-m"2.® Under this fatigue condition, we extended
the fatigue crack from a starting notch to a depth of
approximately 20mm [Fig. 5(a)]. According to fracture
mechanics,lg) the crack depth is not constant in the crack
length direction (i.e. the y-direction). This is because of
the change in the stress—strain fields around a crack tip in
the crack length direction. The stress—strain fields can be
approximated as plane-strain and plane-stress states in
the center of the crack length direction and in the vicinity
of the side surfaces, respectively. As a result, the tensile stress
is larger in the center than in the vicinity of the side surfaces.

SG1044-4

(Color online) Experimental conditions for imaging the FBH by the PLUS. (a) Experimental configuration. Receiving points within the scan area of

Hence, the crack is deeper in the center than around the side
surfaces, as schematically illustrated in Fig. 5(b).

Figure 5 shows the experimental conditions for imaging
the fatigue crack. As shown in Fig. 5(a), we used the same
transmitter employed in the experiment for imaging the FBH
[Fig. 3(a)]. The transmitter was set at the position 38 mm
away from the center of the LDV scan area in the negative
x-direction. By exciting it by a square wave at a negative
voltage of 150V, an obliquely incident transverse wave was
irradiated onto the fatigue crack. The scattered waves were
received at the top surface of the specimen by the LDV. The

© 2022 The Japan Society of Applied Physics
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Fig. 4. (Color online) 3D imaging results of the FBH specimen obtained by the PLUS. (a) 3D view for 16 x 16 (i.e. 256 receiving points). (b) B-scan (yz-
plane at x = —21 mm) image extracted from (a). (c) 3D view for 22 x 22 (i.e. 462 receiving points). (d) B-scan (yz-plane at x = —21 mm) image extracted
from (c). (e) 3D view for 32 x 32 (i.e. 1024 receiving points). (f) B-scan (yz-plane at x = —21 mm) image extracted from (e). (g) 3D view for 64 x 64 (i.e.
4096 receiving points). (h) B-scan (yz-plane at x = —21 mm) image extracted from (g). The white dotted squares are the areas selected for obtaining the

intensities of random noise.

received signals digitized at a sampling rate of 250 MS s~
were averaged 64 times with an oscilloscope and then
transferred to a PC for the postprocessing. We repeated this
acquisition process while scanning the LDV over a scan area
of 37 mm x 28 mm, which corresponds to a large receiving
aperture. The scan area was covered with the retroreflective
tape. Here, we varied the scan pitch from 2 to 0.5 mm while
the large receiving aperture was fixed. The number of
receiving points were 270 (i.e. N,= 18, N, = 15)
[Fig. 5(c)], 475 (i.e. N, =19) [Fig. 5(d)], 1102 (.e.
N, = 38, N, =29) [Fig. 5(e)], and 4275 (i.e. N, =175,

SG1044-5

N, = 57) [Fig. 5(f)] for the scan pitch of 2.0, 1.5, 1.0, and
0.5 mm, respectively. We applied the postprocessing to the
received waveforms to obtain 3D imaging results. The
transverse wave speed Vr in the specimen was measured to
be 3080 m s~ !, which was used as V; and V;in Egs. (1)-(3).
A 3D imaging volume was set to 26 mm X 26 mm X 26 mm
with 0.5 mm steps in the x-, y-, and z-directions.

Figures 6(a), 6(c), 6(e), and 6(g) show 3D views of the
imaging results obtained by PLUS with 270, 475, 1102, and
4275 receiving points, respectively. In the same manner as
Fig. 4, we displayed the responses of scattering intensity

© 2022 The Japan Society of Applied Physics
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(Color online) Experimental conditions for imaging the fatigue crack by the PLUS. (a) Experimental configuration. (b) Schematic illustration of the
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Fig. 6. (Color online) 3D imaging results of the fatigue-crack specimen obtained by the PLUS. (a) 3D view for 18 x 15 (i.e. 270 receiving points). (b) B-
scan (yz-plane at x = —23 mm) image extracted from (a). (c) 3D view for 25 x 19 (i.e. 475 receiving points). (d) B-scan (yz-plane at x = —23 mm) image

extracted from (c). (e) 3D view for 38 x 29 (i.e. 1102 receiving points). (f) B-scan (yz-plane at x = —23 mm) image extracted from (e). (g) 3D view for
75 x 57 (i.e. 4275 receiving points). (h) B-scan (yz-plane at x = —23 mm) image extracted from (g).

above a threshold of 0.75 x 10_6, which is a half of the
maxmium value of the color scale for Figs. 6(b), 6(d), 6(f),
and 6(h), with the semitransparent B-scan (yz-plane at
x = —23mm) images, which were extracted from the 3D
imaging results and correspond to the plane in which the
fatigue crack existed. The B-scan images are also shown as
opaque images in Figs. 6(b), 6(d), 6(f), and 6(h). Note that
typical B-scan images obtained with a linear array transducer
are for xz-plane and are perpendicular to the plane in which
crack faces exist.”'>'>'” Such B-scan (xz-plane) images
cannot resolve the crack in the y-direction because of the
elevation aperture of a linear array transducer. In contrast,

SG1044-7

arbitrary planes within the 3D imaging volume can be
extracted from the 3D imaging results since PLUS utilizes
the 2D matrix array receiver.

For the matrix array with 270 receiving points, much noise
concealed the crack response in Fig. 6(a). In the B-scan
image [Fig. 6(b)], the collection of strong responses was
observed around the center, whereas the identification of the
crack responses was impossible because of the low SNR. For
the matrix array with 475 receiving points, the SNR in the 3D
image [Fig. 6(c)] was improved from that in Fig. 6(a).
However, the SNR in the B-scan image [Fig. 6(d)] was still
too low to identify the crack tip and measure the crack

© 2022 The Japan Society of Applied Physics
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geometry. By increasing the receiving points to 1102, the
SNR was further improved, as shown in Figs. 6(e) and 6(f).
The responses of the fatigue crack around the center were
obvious, whereas the measurement of the crack-depth dis-
tribution in the y-direction is still challenging because of the
weak responses of the crack tips. For the 2D matrix array
with 4275 receiving points, the noise was suppressed well,
and thereby, the fatigue crack was visualized with a high
SNR, as shown in Figs. 6(g) and 6(h). Notably, the outline of
the fatigue crack geometry was obtained by connecting the
responses at the fatigue-crack tips in the y-direction, as
denoted by a white dotted curve in Fig. 6(h). The geometry
showed the maximum depth around the center in the
y-direction. This result was in good agreement with fracture
mechanics.'® Thus, we demonstrated that the PLUS with
ultra-multiple receiving points is useful for high-resolution,
high-SNR 3D imaging of fatigue cracks.

4. Discussion

In the previous section, we demonstrated the usefulness of
the PLUS with ultra-multiple receiving points for the high-
resolution 3D imaging of the fatigue crack. Specifically, the
SNR was strongly dependent on the number of receiving
points. To understand the importance of the ultra-multiple
receiving points in more detail, we discuss the suppression of
grating lobes and random noise as below.

To avoid grating lobes perfectly, the scan pitch should be
less than approximately half the wavelength.” The wave-
length used in this study was approximately 0.3 mm, which
was smaller than the minimum scan pitch of 0.5 mm. Note
that the condition for avoiding grating lobes can be mitigated
by restricting an imaging volume. In this experiment, the
imaging volume was 26 mm X 26 mm X 26 mm. If we only
suppose the yz-plane for simplicity, the maximum angle
between the line connecting from the origin to the edge at a
depth of 20 mm is approximately 33°. Under this condition,
the grating lobe does not appear for the scan pitch of 0.5 mm.
However, when the scan pitch is more than or equal to
1.0 mm, the effect of grating lobes can appear as artifacts.
This implies that Figs. 6(a)-6(f) contained the artifacts due to
grating lobes.” Such artifacts can cause the inaccurate
measurement of crack geometry. Hence, the ultra-multiple
number of receiving points is vital to avoid the artifacts due
to grating lobes.

We also examined the dependence of the random noise on
the number of receiving points. The random noise intensity
Iy was calculated as a mean value of I(r) in the region
surrounded by white dotted squares in Figs. 4(b), 4(d), 4(f),
and 4(h). Figure 7 shows the dependence of Iy on the
receiving points. As a result, it was found that Iy decreased
with increasing the number of receiving points. This is
strongly related to the delay-and-sum processing for 3D
imaging. As shown in Eq. (4), this processing involves not
only the extraction of scattering intensity for a voxel but also
the random noise suppression due to the averaging. The
number of averaging due to the delay-and-sum processing is
equal to the number of receiving points (i.e. Ny x N,). This
suggests that the averaging with both an oscilloscope in the
acquisition and the delay-and-sum processing after the
acquisition can suppress the random noise. In this study,
we intentionally selected the small numbers of averaging, i.e.
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5 for the FBH and 64 for the fatigue crack, for an
oscilloscope to shorten the acquisition time. Even for such
small numbers of averaging with an oscilloscope, the 3D
imaging results [Figs. 4(g), 4(h), 6(g), and 6(h)] for more
than 4000 receiving points showed high SNRs. If necessary,
the SNR could be further enhanced by increasing the number
of receiving points and the number of averaging with an
oscilloscope. An appropriate condition would be determined
by the compromise between the acquisition time and the
SNR. Note that the averaging with an oscilloscope cannot
eliminate the artifacts due to grating lobes. Thus, the 2D
matrix array receiver with ultra-multiple receiving points is
indispensable for realizing a high-resolution and high SNR in
3D imaging.

In Fig. 6(h), the fatigue crack was visualized as the
multiple responses. The outline of the crack geometry was
extracted by connecting the responses of the crack tip. While
the upper half of the fatigue crack was successfully visua-
lized, the lower half was invisible. To visualize the crack
faces entirely, a half-skip or one-skip mode of using reflected
waves will be promising, as reported in 2D PA imaging.*®*~%
Combining such skip modes with the PLUS would be an
exciting topic for future work.

For the imaging of the FBH and fatigue crack, we selected
a single excitation voltage, respectively. By increasing the
excitation voltage with a frequency of f, the PLUS may be
able to capture the nonlinear signals,*” such as higher
harmonics (2f, 3f, ..)"™ and subharmonics (f/2,
113, ...), "4 generated at closed cracks since the LDV has
a flat reception bandwidth between 0 and 20 MHz. However,
much higher SNR may be required when nonlinear signals
are very weak. On the other hand, it has been reported that
the fundamental response at f can exhibit nonlinearity against
incident wave amplitude because of the nonlinear interaction
between closed cracks and ultrasound.*” The combination of
the nonlinearity of the fundamental responses against in-
cident wave amplitude has also been proposed for 2D PA
imaging.”!1+16:17:2048:49) This concept can be extended to 3D
PA imaging using the PLUS. This would open up a new
avenue to 3D PA imaging based on nonlinear ultrasonics.

While the PLUS has strong potential as a new tool to
achieve high-resolution 3D imaging, the acquisition time was
long for the 2D mechanical scan of the LDV. For instance, it
took more than 6 h for the acquisition process of the PLUS
with approximately 4000 receiving points. The acquisition
process can be accelerated with a high-speed digitizer
installed on a PC instead of an oscilloscope. On the other
hand, we used the He—-Ne LDV with a 632.8 nm red He—Ne
laser source in this study. The output power is limited to
1 mW to stay in a safe laser class 2. In contrast, an infrared
LDV operated at a wavelength of 1550 nm allows a higher
output power of 10 mW in laser class 1 since the laser at the
wavelength is absorbed in water very quickly and does not
reach the retina of the human eye.’” The use of an infrared
LDV can decrease the number of averaging to shorten the
acquisition time. Furthermore, large-amplitude ultrasonic
incidence could increase the response of the defects. To
this end, the special transmitters’'>® that have been devel-
oped for nonlinear ultrasonic measurement would be pro-
mising and can be used as the transmitter for the PLUS. Thus,
the above improvements could markedly enhance the SNR,
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Fig. 7. Dependence of the intensities Iy of random noise on the receiving points, which were calculated as the mean intensity values in the region surrounded

by white dotted squares in Figs. 4(b), 4(d), 4(f), and 4(h).

shortening the acquisition time significantly for industrial )
applications. 7)
5. Conclusions 8)
In this paper, we demonstrated the effectiveness of a novel 9)
PA imaging system, PLUS, for the high-resolution 3D
imaging of fatigue cracks. The PLUS combines a piezo- 10)
electric transmitter and the 2D mechanical scan of an LDV, 11
. . . . )
enabling the 2D matrix array with thousands of receiving
points. After confirming the fundamental performance of the  12)
PLUS in the FBH specimen, we visualized the fatigue crack i3
by the PLUS with varying the number of receiving points for )
a large receiving aperture. By increasing the number of 14
receiving points, the SNRs in the 3D imaging results were
significantly improved. Using a matrix array with 4275 19
receiving points, we succeeded in a high SNR, high-resolu- 16)
tion 3D imaging of the fatigue crack, providing the 3D
geometry of the fatigue crack. We also discussed the 17)
importance of ultra-multiple receiving points for suppressing
. . 18)
grating lobes and random noise. Thus, we demonstrated that
the PLUS with ultra-multiple receiving points is effective in ~ 19)
achieving both high-resolution and high SNR in the 3D
imaging of fatigue cracks. 20)
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