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The authors have previously validated defect imaging using stacked plate buffer and a phased array probe by
numerical simulations. This study experimentally verifies the feasibility of this approach. A stacked plate buffer
created by considering the dispersion of the SO mode of Lamb waves was used for the first experiments, which
showed that high intensity spurious areas appeared and defect images were blurred. Numerical analysis of the
propagation of SO modes in the plate revealed that trailing waves cause the high intensity spurious areas.

Theoretical and numerical analyses indicated that the trailing waves can be removed by increasing the width of
the plate. Finally, experiments using wider plates verified that a phased array probe with a stacked plate buffer
can eliminate the high intensity spurious areas and clarify the defect images.

1. Introduction

All plants, including nuclear and thermal power plants, steel plants,
and chemical plants, require regular inspections to ensure their safe
operation. These inspections range from visual inspections during plant
operation to ultrasonic and radiological inspections during plant
downtime, and cover a wide variety of components such as pipework,
tanks and electrical equipment. In particular, a large number of pipes are
stretched throughout the plant, and stress corrosion cracking (SCC) and
fatigue cracking can occur in pipes depending on the type of content and
changes in pressure [1-7].

The heat-affected zones (HAZs) near welds in pipes are often the
starting point of pipe collapse due to SCC and fatigue cracks. In the in-
spection of HAZs in nuclear power plants, for example, ultrasonic in-
spection is used to precisely locate the crack tip position to assess the
remaining service life in consideration of the operating environment
[8-18].

Ultrasonic Phased Array (PA) technique has become widely used in
the field of NDT such as crack sizing in HAZs, in which many piezo-
electric elements arranged at equal intervals emit and receive ultrasonic
signals and the ultrasonic signals are converted into a defect image by an
imaging algorithm. Commonly used data acquisition and imaging
techniques are Plane Wave Imaging (PWI) and Full Matrix Capture/
Total Focusing Method (FMC/TFM). The former method incidents ul-
trasonic waves into a tested material from N elements at once, where the
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number of elements is assumed to be N, and processes N signals received
at N elements. In the latter method, N x N signals are collected by
switching the incident element and receiving with N elements, and a
defect image is created from the N x N signals [19-24].

Although the ultrasonic PA imaging is becoming a standard method
for defect imaging of solid materials, it may be problematic when
considering its use for monitoring high temperature in-service piping.
For example, the use of liquid sodium as a coolant is being considered for
new nuclear power plant, where the pipelines for transporting the
coolant are often working in high temperature around 500 °C. To
maintain the function of a PA transducer, the working temperature of
the probe should be kept up to 60 °C.

A buffer rod can be a solution for ultrasonic testing in high temper-
ature. Other than transmitting the ultrasonic waves, the buffer rod can
also keep the contact region with the ultrasonic probe in a tolerable
temperature range by being cooled with coolant such as water and air.
Although a buffer rod can be used for single ultrasonic probe in ultra-
sonic pulse echo technique, it has never been used for the PA imaging.
This is because images cannot be obtained due to the diffraction limit,
where beam forming by a PA probe cannot be achieved using a buffer
rod [25-27].

In our previous papers, a stacked plate structure was considered to
instead of a bulk buffer rod as a solution for the PA imaging with a
buffer. Fukuchi. et al. numerically investigated the ultrasonic focusing
by a stacked plate structure and showed that ultrasonic focusing is
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possible by stacked thin plate structure beyond the diffraction limit
[28]. Based on the numerical analyses of the wave propagation in the
stacked plate structure, the next paper showed numerically that the
defect imaging with a PA probe with a stacked plate buffer is possible
but is limited due to the multiple reflections from the buffer ends [29].
The purpose of this research is to confirm the feasibility of the PA
imaging with a stacked plate buffer experimentally. In Section 2, the
principle of the PA imaging with a stacked plate buffer is explained.
Section 3 describes the experimental conditions, including the infor-
mation of PA probe, specimen, buffer and the imaging algorithms used
in the experiment. The results of the first experiment are also provided in
this section. In Section 4, the cause of the spurious images obtained in
the first experiments are investigated both theoretically and numeri-
cally. Based on the analyses, defect imaging is improved in Section 5.

2. Phased array imaging with a stacked-plate buffer

Our previous work proved by numerical simulations that PA tech-
nology such as beam focusing and defect imaging can be used within the
solid material when a stacked-plate buffer is attached to a PA probe, as
shown in Fig. 1 [29]. In this section, the principle of the PA imaging with
a stacked plate buffer is briefly explained using Lamb wave dispersion
curves.

A stacked plate buffer consists of a series of thin flat plates, the pitch
and thickness of which are adjusted so that each piezoelectric element of
the PA probe corresponds to an end of single thin plate. When the PA
probe is brought into contact with the end of the stacked-plate buffer,
the vibrations of the individual piezo elements propagate directly
through the plate to the opposite end. In other words, even in the
presence of a buffer, the object in contact with the buffer can be
vibrated, just as if the PA probe were in direct contact with the object.
This makes use of the nature of the SO mode of Lamb wave propagating
through the thin plate.

The individual vibrating elements of the PA probe emit longitudinal
waves with displacements perpendicular to the vibrating surface, so that
vibrations in the longitudinal direction of the thin plate are incident on

E—=

Signals applied
to the piezo-elements

S=PA probe

Vibration
direction

Piezoelectric
elements

Pulse waves ———~—_1
(S0 mode) in plates

-

PA Focusing e

Fig. 1. Schematic diagram of phased array focusing with a stacked-plate buffer.

NDT and E International 151 (2025) 103316

the edge surface of the thin plate. Because this vibration resembles the
vibration distribution of the SO mode in the cross-section of the thin
plate, most of the Lamb modes propagating in the thin plate are the SO
mode. Fig. 2 shows the group velocity dispersion curve of Lamb waves
for a stainless-steel plate of thickness d with longitudinal and transverse
wave velocities of ¢, = 5790 m/s and ¢y = 3100 m/s, respectively,
where the horizontal axis is represented by the product of frequency f
and plate thickness d and the vertical axis by the group velocity. The SO
mode is less dispersive in the low fd region and approaches plate velocity

(Cptate = 2¢7/1 — (CT/CL)2 = 5236 m/s) at fd—0. Considering the SO
mode in the low fd range, the propagating pulse wave reaches the
opposite end of the plate with a small change in shape. When these ends
are in contact with the object and delays are given to the elements in the
PA probe as shown in Fig. 1, for example, the delays given are main-
tained and the ultrasonic pulses propagate almost unchanged. Result-
ingly ultrasonic focusing can be achieved in the object as shown in
Fig. 1. Other than the focusing, numerical calculations have shown that
PWI and TFM/FMC can also be used to image defects even with a
stacked plate buffer [29]. In other words, it is expected that ultrasonic
PA technology can be used almost without modification by using a thin
plate buffer.

3. Defect imaging experiments using a PA probe attached with a
stacked-plate buffer

This section describes the experimental set-up and test specimen for
the imaging experiment using a PA probe with the proposed stacked
plate buffer, and then presents the first results of the imaging experiment
on a test specimen with artificial defects.

A linear array PA probe consisting of 64 elements with an element
size of 15 mm x 0.9 mm, a pitch of 1 mm, an element gap of 0.1 mm, and
a total aperture of 15 mm x 63.9 mm, is used to collect the experimental
data by PWI and FMC. All elements exhibit nearly identical bandwidths
with a center frequency of 1.0 MHz and a full width at half maximum of
about 1.0 MHz. The array was driven by PA equipment (The Phased
Array Company, Explorer). The system uses a 14 bit and 64-channel
architecture and can perform the acquisition of all the 64 channels in
parallel at a sampling frequency of 50 MHz. In these experiments, the
controller was driven from a PC using the LabVIEW interface. Each
element of the PA probe can apply longitudinal force on the edge of each

Small dispersion in low fd range
of SO mode

Group velocity (m/s)

L | L | L
0O 1 2 3

Frequency x thickness fd (MHz-mm)

Fig. 2. Group velocity dispersion curves of Lamb wave in the low fd range for
the plate with longitudinal and transverse wave velocities of 5790 m/s and
3100 m/s, respectively, and the velocity of SO mode at fd = 0, called plate
velocity, is 5236 m/s.
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buffer plate and incident an ultrasonic pulse wave with the center fre-
quency of 1 MHz into each buffer plate which each piezoelectric element
paired with.

Fig. 3 shows a picture of the stacked plate buffer and a single
stainless-steel (SUS304) plate used in the experiments in this section.
The SUS304 plate is 0.9 mm thick, the same thickness as the piezo
element of the PA probe, and 100 mm long, the same length of the buffer
used in the previous numerical verification. The width of the buffer was
50 mm. 64 plates were assembled using a double-sided tape with a
nominal thickness of 0.09 mm, which is the closest to 0.1 mm, the gap
between the piezoelectric elements of the PA probe, among commer-
cially available double-sided tapes. The gap between the elements of the
PA probe and the thickness of the tape was slightly different, but the
aperture did not have a large error after assembly. The double-sided tape
was 5 mm wide and was applied to the upper side where the PA trans-
ducer contacts and the bottom side where the object to be inspected
contacts, as shown in the figure. In addition to the purpose of attaching
the plates, the tape was also used to prevent the couplant applied to the
upper and lower edges from penetrating between the thin plates. The
area where the double-sided tape is attached to the plate was small to
minimize crosstalk, which is the propagation of waves through the
double-sided tape to the plate next to it. Since a longitudinal wave with a
center frequency of 1 MHz was incident on the upper surface of the
plate, SO mode of Lamb waves, which has a similar vibration form to the
longitudinal wave, propagates significantly in the thin plate. Consid-
ering that the plate thickness is 0.9 mm, and fd = 0.9 MHz-mm, the SO
mode propagates in the small dispersion range as shown in Fig. 2 [29].

As shown in Fig. 4, the aluminum alloy (A5052) specimen is a 100
mm x 100 mm x 50 mm rectangular solid having three side drilled holes
(SDH). The SDHs #1, #2, and #3 located 20 mm, 25 mm, and 30 mm
from the upper surface, and 20 mm, 40 mm, and 60 mm from the left
surface, respectively. The diameter of # 1 and #3 are 3.0 mm, while that
of #2 is 3.5 mm.

Waveforms were collected and processed in two-different ways, PWI
and FMC/TFM, for defect imaging. Assuming that a PA probe with N
elements, for PWI, all piezo elements excite the signals simultaneously
and all the elements collect waveforms. As a result, 1 x N waveforms are
collected in one measurement. For FMC/TFM, in each testing period,
one element emits the signal and all the elements receive the echo from
the specimen. Repeating such pulse emission from a single element and

@
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Fig. 4. A picture of the specimen with three side-drilled holes as internal re-
flectors to test the effectiveness of the stacked plate buffer.

signal acquisition with all elements collect N x N waveforms. Then the
delay and sum processing based on the TFM are applied to all the
waveforms. Expected delay is used to calculate the intensity of each
specific position in the imaging area [21].

Before imaging experiments with a stacked plate buffer, imaging
experiments were done by the PA probe without the buffer as shown in
Fig. 5 (a). After confirming defect images can be obtained with the PA
probe, imaging experiments with a stacked plate buffer were done as
shown in Fig. 5 (b). In all experiments, a regular couplant for longitu-
dinal waves was applied between the PA probe and specimen, PA probe
and buffer, and buffer and specimen. In actual inspections at high
temperatures, it is necessary to use adhesives or couplant that can be
used at the high temperatures expected. The imaging areas, called

(b)

Fig. 3. Pictures of (a) a stacked plate buffer hat has been formed by buffer plates, and (b) a single buffer plate attached by tapes before attached with other

buffer plate.



M. Xia et al.

regions of interest (ROI), were the squares of 60 mm x 60 mm shown in
the figures. The upper and lower edges of the stacked plate buffer were
attached to the PA probe and the upper surface of the specimen,
respectively. A coupling medium for longitudinal wave probes was
applied to these contact surfaces.

Fig. 6 shows the defect images in the first experiments using the PA
probe with and without the buffer shown in Fig. 3. Defect images were
obtained using the PWI and FMC/TFM without buffer as shown in Fig. 6
(a) and (b), respectively. Then, the defect images were obtained using
the PA probe with the buffer as shown in Fig. 6(c) and (d). These im-
aging processes were performed assuming that the SO mode with a phase
velocity of 5100 m/s propagate in the buffer and longitudinal waves
with a velocity of 6400 m/s propagate in the aluminum specimen. The
colors of the images represent intensities calculated by the PWI or TFM,
normalized by the maximum intensity of each figure.

In (a) and (b) without a buffer, clear SDH images were obtained at
the appropriate positions. However, in (c) and (d) using the buffer, the
SDH images were blurred because high intensity areas appear around
40 mm from the top. The reason for this high intensity areas is discussed
in the next section using numerical calculations.

4. Numerical analysis to investigate the cause of spurious
images

To investigate the cause of the high intensity areas, numerical cal-
culations of wave propagation in a thin plate were carried out in this
section. Considering the plate is thin, two-dimensional calculations were
done under the plane stress condition by COMSOL Multiphysics®.
Although this assumption may not adequately represent the dispersion
of Lamb waves, it was sufficient to identify the cause of the problem
here, saving significant computation time and memory. Firstly, the wave
propagation in a 100 mm x 50 mm plate was investigated. Two-
dimensional plane stress calculation was performed by applying the
vertical dynamic normal force to the width of 15 mm at the upper end of
the plate with a center frequency of 1 MHz to simulate the dynamic force
from the PA probe used in the experiments. All boundaries around the
rectangular thin plate were assumed to be traction free boundaries.
Fig. 7 shows the snapshots of the propagating waves at four different
time steps: (a) 9 ps just after the dynamic normal force is applied at the

NDT and E International 151 (2025) 103316

(b)

Fig. 5. Pictures of the experimental devices and specimen when (a) phased array probe without a stacked plate buffer, and (b) with the stacked plate buffer.

upper end, (b) 19 ps when the incident wave arrives at the lower end of
the plate, (c) 39 pus when the main straight wave packet reaches the
upper end of the plate, (d) 52 ps when a trailing wave reaches the upper
end of the plate. As shown in Fig. 7 (a), the incident wave from the top of
the plate spreads as it propagates. Then the spreading incident wave
reflects and generates mode converted shear horizontal (SH) waves at
both side edges, and the mode converted SH waves appear as oblique
lines from both side edges behind the main straight propagating wave
packet, as shown in Fig. 7 (b). At the end of the oblique lines, the hor-
izontally straight wave can be seen, as shown in (c). This is known as a
trailing pulse [30], which appears with the interval from the main
straight wave described as the following equation.

At

w w
= tan a (€8]
CrCOS & Cplare

where w, cr, ¢yiq are the width of the plate, transverse wave velocity (SH
wave velocity), a plate wave velocity, respectively, and a is the
sin~! (¢ /Cpiase) - In the case of the bulk wave propagation in a plate with
the thickness of w and the infinite width, longitudinal wave velocity c;,
should be used instead of cpiq [30]. In Fig. 7 (c), this trailing wave ar-
rives at the upper end approximately 13 ms after the first main straight
wave packet, which agrees well with Eq. (1). This travelling time cor-
responds to a propagation distance of about 80 mm inside the test
specimen, which indicates the cause of the high intensity areas in Fig. 6
(c) and (d) is the trailing wave that behaved as if the reflectors were
located 40 mm from the upper surface of the test specimen.

To solve the problem of high intensity areas caused by the trailing
wave shown in Fig. 7, buffer plates with different widths were used to
investigate the relation between the width of the buffer plate and the
travelling time of the trailing wave. Two-dimensional plane stress cal-
culations were performed under the same conditions as in Fig. 7, except
the width of the plates. Calculations were carried out for 30 mm, 70 mm,
and 100 mm wide plates. Fig. 8 shows the snapshots of the wave
propagation in three buffer plates with different widths at the time step
when the main straight wave packet reaches the upper end of the plate.
As shown in Fig. 8 (a) for a 30 mm wide plate, the trailing wave arrives
at the upper end about 8 ms after the first main straight wave, which
corresponds to a propagation distance of about 50 mm inside the test
specimen and can produce a high intensity area located about at 25 mm
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-1.0

)

#3

High intensity area

Fig. 6. Defect images when using the PA probe with and without the stacked plate buffer. (a) PWI and without buffer. (b) FMC/TFM without buffer. (c) PWI with

buffer. (d) FMC/TFM with buffer.

from the upper surface of the test specimen. As shown in Fig. 8(b) and
(c), for 70 mm and 100 mm wide plates, respectively, the trailing waves
were not observed in the snapshots when the main wave straight packet
reaches the upper end of the plate. In this condition, the time of the
trailing wave arrives at the upper end of the buffer plate will be more
than 18 ms after the main straight wave packet. Comparing the snap-
shots shown in Figs. 7 (¢) and Fig. 8, we can draw the conclusion that the
time gap between the main wave packet of the reflected wave and the
trailing wave becomes larger by expanding the width of the buffer plate,
where the high intensity area shown in Fig. 6 (c) and (d) can be farther
away from the ROIs.

5. Experiments using stacked plate buffers with different widths

To test the performances of the stacked plate buffers consisting of 30
mm, 70 mm, and 100 mm wide plates, imaging experiments were con-
ducted. All the buffer plates have 100 mm long and 0.9 mm thick. The
preparation of the stacked plate buffers and the experimental process are
the same as done in 50 mm width buffer, described in Section 2. The
same specimen was used in the experiments.

Fig. 9 shows the imaging results: (a) and (b) for 30 mm wide plate, (c)
and (d) for 70 mm wide plate, and (e) and (f) for 100 mm wide plate,
respectively, and (a), (c), (e) were created by PWI, and (b), (d), (f) were

created by FMC/TFM, respectively. For 30 mm wide plate in Fig. 9(a)
and (b), high intensity areas are shown in the ROIs around 25 mm and
50 mm from the top. Defect images cannot be observed due to the high
intensity areas. The high intensity areas around 25 mm from the top
were created by the trailing wave as described in the previous section,
that is, At = 8 ps for a 30 mm wide plate and this corresponds to the
roundtrip distance of 25 mm in the test specimen. Because the trailing
waves appears repeatedly at intervals of At [30], the high intensity areas
around 50 mm from the top were created by the second trailing wave.

Comparing (a) and (b), it can be seen that the high intensity area in
(a) of PWI is wider and greater than that in (b) of FMC/TFM. This is due
to the difference in signal processing between PWI and FMC/TFM. In
PWI, pulse waves are incident simultaneously from all piezoelectric el-
ements and received by all of them, where all of the received signals
include the trailing waves reflected from the buffer plate end, and the
signals including these trailing waves are processed to obtain an image
of the inside of the test specimen. On the other hand, FMC/TFM repeats
the measurements in which the incident wave outputs from one piezo-
electric element and all piezoelectric elements receive the reflected
waves. When the incident element and the receiving element are the
same, the received signal contains trailing waves in the buffer plate, but
the other received signals, in which the incident and receiving elements
are different, contain very small trailing waves that have come around
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Main straight
wave packet

Trailing wave

Main straht
wave packet

(a) (b) (c) (d)

Fig. 7. Snapshots of wave propagation in a plate with 100 mm x 50 mm plate at (a) 9 ps after the dynamic normal force is applied at the upper end, (b) 19 ps when
the incident wave arrives at the lower end of the plate, (c) 39 ps when the main straight wave packet reaches the upper end of the plate, (d) 52 ps when a trailing
wave reaches the upper end of the plate. The color represents the displacement in the vertical direction. The black arrow represents the direction of the wave
propagation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Main straight Main straight Main straight
wave packet wave packet wave packet

(a) (b) (c)

Fig. 8. Snapshots of the wave propagation for (a) 30 mm, (b) 70 mm and (c) 100 mm wide plates. All the snapshots show the waveforms at 39 ps when the main
straight wave packet reaches the upper end of the plate.

through the test specimen. The influence of trailing waves is reduced in small horizontal area can be seen at the bottom of the ROIs, due to the

FMC/TFM because these received waveforms are processed and imaged. trailing wave. In this condition, the influence from the trailing wave to

When the width of the buffer plates expanded to be 70 mm, shown in the imaging result decreases compared with results for narrower plates.
Fig. 9(c) and (d), the images of the SDHs are clearer compared with the For 100 mm wide plate, as shown in Fig. 9(e) and (f), the high in-
imaging results for 50 mm wide plate shown in Fig. 6(c) and (d). Only tensity areas caused by the trailing wave are totally removed from the
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Fig. 9. Defect images using the PA probe with the stacked plate buffer with different widths and different imaging processes. (a) 30 mm wide buffer and PWI. (b) 30
mm wide buffer and FMC/TFM. (c¢) 70 mm wide buffer and PWI. (d) 70 mm wide buffer and FMC/TFM. (e) 100 mm wide buffer and PWI. (f) 100 mm wide buffer and
FMC/TFM.
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ROIs. and therefore, images of the SDHs are clearer than those using
narrower plates.

Summarizing the experimental results in Fig. 9, the high intensity
spurious areas caused by the trailing waves in the stacked plate buffer
can be removed using wider buffer plates.

6. Conclusion

The feasibility of defect imaging using a PA probe attached with a
stacked plate buffer was experimentally investigated. SDHs in an
aluminum specimen were imaged using a linear array probe with 64
elements at a center frequency of 1 MHz and a stacked plate buffer
consisting of a 0.9 mm thick, 100 mm long SUS plate. In the case of the
buffer with a 50 mm wide plate, large spurious images appeared in the
defect image. Numerical simulations proved that this was caused by
trailing waves originating from SH waves due to mode conversion at the
both sides of the plate, and the results agreed well with previous theo-
retical studies. In order to reduce the influence of the trailing waves on
defect images, a wider plate was used, and a very clear defect image was
obtained. The imaging technique using a PA probe with the stacked
plate buffer is expected to be used to inspect high-temperature objects.
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