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Micro-Sized Pinhole Inspection
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Modes Cluster Lamb Waves Based on EMATs
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Abstract

Pinhole corrosion is difficult to discover through conventional ultrasonic guided waves inspection, particularly for
micro-sized pinholes less than 1 mm in diameter. This study proposes a new micro-sized pinhole inspection method
based on segmented time reversal (STR) and high-order modes cluster (HOMC) Lamb waves. First, the principle of
defect echo enhancement using STR is introduced. Conventional and STR inspection experiments were conducted
on aluminum plates with a thickness of 3 mm and defects with different diameters and depths. The parameters of
the segment window are discussed in detail. The results indicate that the proposed method had an amplitude four
times larger than of conventional ultrasonic guided waves inspection method for pinhole defect detection and could
detect micro-sized pinhole defects as small as 0.5 mm in diameter and 0.5 mm in depth. Moreover, the segment win-
dow location and width (5—10 times width of the conventional excitation signal) did not affect the detection sensitiv-
ity. The combination of low-power and STR is more conducive to detection in different environments, indicating the
robustness of the proposed method. Compared with conventional ultrasonic guided wave inspection methods, the
proposed method can detect much smaller defect echoes usually obscured by noise that are difficult to detect with a

Electromagnetic acoustic transducer

lower excitation power and thus this study would be a good reference for pinhole defect detection.
Keywords Pinhole corrosion, High-order modes cluster, Lamb waves, Segmented time reversal inspection,

1 Introduction

The unreachable areas of plates and pipes are often more
likely to produce pinhole-type pitting corrosion, such
as the bottom regions of pressure vessels and support
locations where liquids, air, and local stress are coupled.
With increasing service time, pitting corrosion leads to
through-thickness pinhole damage and increases leakage
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risk. Pinhole corrosion smaller than 1 mm are difficult to
detect, even on the visible surfaces of plates and pipes.
As for the defects in inaccessible regions, it is more dif-
ficult to evaluate. These kinds of structures are usually
used to store and transport hazardous chemicals and
gasses, the leakage or rupture may lead to tremendous
accidents. Therefore, it is critical to accurately detect and
evaluate pinhole corrosion to ensure the safe operation of
equipment.

Fortunately, the ultrasonic guided waves have long
range propagation ability and can detect defects at inac-
cessible regions that cannot be detected by ultrasonic
body waves [1, 2]. However, low frequency guided waves
are often used for long-range rough inspection and are
unsuitable for pinhole defect detection because of its low
resolution due to long wavelength [3—-5]. The high-order

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10033-023-00853-1&domain=pdf

Zhou et al. Chinese Journal of Mechanical Engineering (2023) 36:27

modes cluster (HOMC) consists of higher order Lamb
wave modes that travel together with similar group
velocities to form a cluster and remain practically non-
dispersive at long distances [6].

Furthermore, compared with that of the piezoelectric
method [7-9], the electromagnetic acoustic transducers
(EMATS) are non-contact, free of couplants and require
no surface polishing, especially easier to excite differ-
ent guided waves modes. Flexible modes excitation of
EMATS is more applicable to special areas such as plates
and pipes support regions. Hence, a HOMC based on
EMATs at high frequencies has high resolution, which is
a potential effective method for detecting small pinhole
corrosion.

The key issues of HOMC are high frequency modes
selection and operating point determination of guided
waves. For high-frequency guided waves, Ratnam et al.
[10] detected hole defects with a diameter of 10 mm
and a depth of 2 mm in aluminum plates using 1.3—2.2
MHz EMATs. Nurmalia et al. [11] conducted higher
order mode detection on 3 mm thick aluminum tubes
with diameters of 25 mm and found a defect with a 0.5
mm depth and 12.6 mm diameter. Through simulations
and experiments, Liu et al. [12] found that defects could
be detected selectively by changing the magnet polariza-
tion angle to excite A1 mode-guided waves in a plate at
2.25 MHz. Related work has mainly focused on the analy-
sis of the constituent modes in the HOMC. Reddy et al.
[13] used DISPERSE to obtain the displacement profile
of individual modes across a plate thickness and used a
genetic algorithm to optimize the weights of each mode.
High order modes, such as center frequencies at 1.0 MHz
and 2.25 MHz and frequency x thickness products of 18
MHz-mm and greater than 20 MHz-mm, respectively,
were used for these small defects. Defects as small as 1.5
mm in diameter, 0.5 mm in depth and 0.8 mm? in area
were detected. However, no detections of 0.5 mm x 0.5
mm (diameter x depth) pinhole corrosion defects have
been reported. In this situation, the SNR and accuracy
will be low. From another perspective, EMAT inher-
ent low effectiveness also causes lower SNR and makes
micro-sized pinhole detection difficult. This calls for a
reliable detection technique capable of using signal pro-
cessing methods.

The time-reversal (TR) method has a spatio-tem-
poral focusing effect and can be used to enhance the
micro-sized defect inspection. Gangadharan et al. [14]
proved the effectiveness of Lamb waves in TR detec-
tion by detecting a 10 mm x 2 mm defect. Zhang et al.
[15] used the 700 kHz L(0, 2) mode for the TR detec-
tion of 1-mm deep defects and obtained a clear echo,
improving the detection ability of pitted corrosion. Har-
ley et al. [16] used the TR method to detect artificial
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defects with dimensions of 1 mm x 1 mm x 25 mm
(depth x width x length). Guan et al. [17] tested a 2-mm
diameter defect in a 1-mm thick aluminum plate using
the TR method and obtained a higher precision than tra-
ditional methods. Xu et al. [18] used the focusing effect
of the TR inspection to detect and locate a 2 mm x 3 mm
(width x depth) notch defect. Zhang et al. [19] used the
focusing principle of TR on Lamb waves to detect dam-
age 15 mm in diameter. Although these methods can
detect small defects to varying degrees, no method can
effectively detect micro-sized pinhole defects less than 1
mm in size, which often occurs in inaccessible structures.
Furthermore, the methods used in the above conven-
tional TR studies did not combine their methods with the
HOMC technique and take advantage of high-frequency
technology.

In contrast to conventional TR methods, some
improvements have been made to enhance the SNR of
defect detection techniques [20-23]. Much research has
investigated TR operators using comprehensive theoreti-
cal and experimental methods, such as extracting nar-
rowband responses by wavelets [24] and controlling the
frequency bandwidth of narrow excitation signals [25].
Moreover, the relationship between the parameters and
reconstructed quality was investigated through excita-
tion frequency, bandwidth and piezoelectric geometry
[26]. Some studies have analyzed the effects of adhe-
sives, tone burst count and piezoelectric thickness [27].
However, they did not provide a compensation method.
Huang et al. [28] proposed a frequency-dependent com-
pensation method by placing a weight vector on its spec-
trum. In addition to alleviating the frequency-dispersion
impact, some researchers have focused on the use of
multiple frequencies [29] and combining the TR opera-
tor with a multiple-signal classification method to yield
a pseudo-spectrum [30]. These methods can achieve
super-resolution imaging and can be applied to medical
imaging. Therefore, the TR focusing method is an effi-
cient method for locating and sizing defects.

In pinhole corrosion applications, the information
of micro-sized defects contained in a structure is often
submerged in noise and is difficult to identify. The TR
method does not need to scan point-by-point, but it
needs to judge the approximate location of defects in
advance. Deng et al. [31, 32] performed TR detection for
different types of cracks by studying the interception of a
60—180 us TR-window width. They found that the ampli-
tude of the defect echo first increased and then decreased
with an increase in TR window width. Therefore, a wide
TR window is not conducive to detection. When the TR-
window is set to a small width, the approximate posi-
tion of the defect must be determined in advance, and
an appropriate starting point of the TR-window must
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be set to ensure that the window contains an echo from
the defect. Combining the above two focusing methods,
a new method of segmented time reversal (STR) detec-
tion is proposed in this study. First, the detection interval
is divided into some segments, and then the TR signal of
each interval is re-excited to obtain the TR detection sig-
nal of each segment. The STR method aims to solve the
problem that normal TR methods are difficult to deter-
mine the starting point of a narrow TR window.

In this study, a new micro-sized pinhole detection
method with HOMC Lamb waves and STR based on
EMATs is proposed to detect the defects of less than 1
mm. The advantage of the proposed method is first pre-
sented in theory, and HOMC Lamb waves at 2.87 and
3.96 MHz were selected. A detection test on aluminum
plates with several artificial pinhole defects is conducted
to prove the superiority and high sensitivity of proposed
method compared with that of the conventional inspec-
tion method used to detect micro-sized defects (0.5
mm X 0.5 mm). Subsequently, the effects of the seg-
mented window location and width on the inspection
results are analyzed to reveal the robustness of this highly
sensitive (high SNR) method. Finally, the parameters of
the excitation power are tested by using the proposed
method to deal with the EMATSs scenario with a lower
SNR.

2 Theory

2.1 Basic Theory of STR Method

According to theoretical studies of conventional TR Lamb
waves in plate-like structures [33], the STR method for
the HOMC is illustrated in Figure 1. Two EMATSs were
attached to the surface of the plate in a pitch-catch con-
figuration. The transmitting transducer (Transducer T)
was excited by the signal from the experimental system to
generate guided waves that were transmitted to the receiv-
ing transducer (Transducer R) through the inspected speci-
men. Then, the response signal at Transducer R was divided
into several segments in the time domain and reversed for
application to Transducer R. The roles of the transmitting
and receiving transducers were interchanged. The STR
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Figure 1 Diagram of STR method
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signals were used as the excitation signal and transmitted
from the Transducer R to Transducer T. The TR response
signal collected from Transducer T was used to reconstruct
the signal and identify the defect.

As shown in Figure 1, when an excitation signal V. (w)
was applied to Transducer T, the response signal V}, (w) at
Transducer R in the frequency domain after guided waves
propagation in the inspected specimen can be expressed as:

Vr(w) = Vr(W)KrKpH (d, w), (1)

where w is the angular frequency; K, and Kj are the
energy conversion efficiencies of the transmitting and
receiving transducers, respectively, and d and H (d, w)
are the distance and guided waves transfer functions
between Transducers T and R, respectively.

When V{(w) has a certain frequency bandwidth and each
frequency component on the dispersion curve produces
a phase difference, the response signal inevitably exhibits
frequency dispersion. Reversal of the response signal in the
time domain is equivalent to the complex conjugation in
the frequency domain. The TR response signal is:

Vi(w) = VEWKEKEH* (d, w), )

where X* represents the conjugation complex of X. When
the TR signal is applied to Transducer R, it is treated as
a new transmitting transducer. According to the reci-
procity principle of acoustic wave propagation, as the
structure and position of Transducers R and T remain
unchanged, the frequency response of the transfer func-
tion remains. Then, the response signal received by
Transducer T after the TR inspection process is:

Vi(w) = Viw)KrKpH (d, w)
= VFWKEKiKr KpH* (d, w)H(d,w)  (3)
= Vi(W)KrrH7r(d, W),

where K7 = KKKy K and Hr(d, w) = H*(d, w)H (d, w).

According to Eq. (3), the response signal received by
Transducer T does not contain a phase delay factor, which
means that TR process can compress the guided waves fre-
quency dispersion and focus the frequency on the opera-
tion points. KypHp, is the multiplication of conjugate
complex numbers and is a real, even, positive function. The
inverse Fourier transform at the zero point in time is an in-
phase superposition.

For the segmented signal, H (d, w) can be written as:

H(d,w) = BA(d, w)e k4 (4)

where f is reflection coefficient for the defect echo, A (d,
w) is the amplitude function of the guided waves mode,
k (w) is the wave number of the guided waves mode, and
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e~*d j5 the phase delay factor of the guided waves mode.
Then, the transfer function in the TR inspection H, can

be presented as:
Hrr(d,w) = B|A(d, w)[*. (5)

If the TR window contains defect echoes, its coeffi-
cient changes to 8% and the energy of the TR signal at the
defects is enhanced because of |A(d, w)|2. If the TR win-
dow does not contain defect echoes, there is only noise
in the excitation waveform. Therefore, the SNR of TR
inspection signal is very low, and no effective signal can
be distinguished.

2.2 Principle of HOMC Lamb Waves Excited by EMATs
Because the group velocities between neighboring
HOMC Lamb waves are almost the same, various modes
generated at the specific frequency will form a unique
wave packet. The HOMC Lamb waves mode with a short
wavelength has sub-millimeter resolution and sensitiv-
ity suitable for identifying micro-sized pinhole defects.
When Lamb waves were excited at improper frequency,
multiple modes could be generated simultaneously,
which leads to the overlap of inspection signals and make
the mode separation very difficult. Therefore, the selec-
tion of appropriate Lamb wave modes and specific oper-
ating points of guided waves on dispersion curves should
be considered, and the principle of HOMC excitation by
EMATSs should be considered systematically.

The Lamb wave modes used in this study were gener-
ated by the EMATs with meander-line coils. The design
of meander-line coils in an EMAT should satisfy the rela-
tionship among the phase velocity, excitation frequency,
and line spacing of the coils, which are:

A Cp
d=—-,=—,A=P,
where d is the line spacing of the coils, A is the wave-
length, Cp is the phase velocity, fis the frequency of oper-
ating point, and P is the spatial period of the coil which is
the same as A.

3 Experiment Setup

3.1 Excitation Frequency Selection

To determine the inspection frequency of the Lamb wave
mode in an aluminum plate with a thickness of 3 mm, the
relationship between frequency and phase velocity was
first calculated as shown in Figure 2. A black line with a
slope of wavelength A was added in Figure 2 to generate
a lot of intersection points with the Lamb waves mode.
The intersection points are the potential excitation points
of the Lamb waves due to inner structure and characteri-
zation of the designed EMATs. However, many modes
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Figure 2 Dispersion curve and excitation region of Lamb waves
phase velocity for 3 mm aluminum plate

exist in the high-frequency region. Even if the frequency
at the intersection points is used as the excitation fre-
quency, other modes will also be excited. When selecting
the excitation frequency, the degree of frequency disper-
sion should be considered. The point with low frequency
dispersion, which is the segment with a low slope in the
phase velocity curve, should be preferentially selected
owing to the high focus rate on the mode.

Assuming a coil spacing of 1 mm, the wavelength of
Lamb waves is 2 mm. Based on the dispersion curve in
Figure 2, a wave of 2.87 MHz was selected as the excita-
tion signal. When the main energy of the excitation signal
spectrum declines to half, the decided frequency band-
width range and wavelength bandwidth are 2.67—3.06
MHz and 1.73—-2.19 mm respectively. The intersec-
tion area of the frequency and wavelength bandwidth
marked in gray in Figure 2 is the excitation area of Lamb
waves, which mainly includes the S, mode. The exci-
tation frequency is dominated by the S, mode. At the
same time, modes A,, A; and S, generated at the edge
of the excitation interval have smaller signals because of
the frequency mismatch. These modes and the S, mode
together form an HOMC that propagates forward.

To demonstrate the different frequency effect on the
inspection results, a higher frequency of 3.96 MHz was
selected from Figure 2 to excite mainly the S; mode
and demonstrate the frequency effect on the inspection
results. The excitation region is shown in gray. To gen-
erate the S; mode, a double-layer rectangular coil with a
0.75-mm coil spacing was designed and fabricated to per-
form the tests.

3.2 Experimental System

Figure 3 shows the experimental system for the HOMC
Lamb waves inspection of pinhole defects using EMATs.
Nine-cycle sine waves were generated by a waveform
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generator (Agilent 33500B) and then amplified to 500
V using a power amplifier (Model 75A250A, Arworld,
USA) to drive the transmitting transducer. The Lamb
waves excited by the transducer propagated through the
specimen and reached the receiving transducer to form
a response signal. The response signal was amplified
using a self-developed signal amplifier (North University
of China, China) and recorded using a signal collector
(HandyScope HS5, TiePie Engineering, USA). All the sig-
nals analyzed in this study were acquired at a sampling
rate of 200 MHz. The transmitting and receiving EMATSs
were the same and consisted of a square permanent mag-
net and meander-line coils. The permanent magnet mate-
rial was NdFeB dimensions of 30 mm x 30 mm x 30 mm
(length x width x height). The meander-line coils were
printed on a PCB board with spacing of 1.0 and 0.75 mm
for the 2.87 and 3.96 MHz, respectively. The excitation
voltage was 500 V for both the conventional and STR
inspections.

3.3 Specimen Preparation

Artificial micro-holes were machined to simulate actual
corrosion defects. The inspected specimen used in this
study was an aluminum plate with the dimensions 1000
mm x 600 mm x 3 mm (length x width x thickness).
The transmitting and receiving transducers were located
at the straight line parallel to the length direction of the
plate. The distances from the transmitting and receiv-
ing transducers to the left boundary of the aluminum
plate were 250 and 400 mm, respectively. All pinhole
defects were aligned in a vertical line 500 mm from the
left boundary. Two specimens, named as Specimens #1
and #2, were inspected as shown in Figure 4. The pin-
hole defects were machined by a micro-milling process
to guarantee the accuracy of the size and position. In
Specimen #1, five pinholes were machined with decreas-
ing diameters from 5 to 1 mm in steps of 1 mm. The
3-mm depth of the pinholes was used to test the sensi-
tivity of the STR inspection of the Lamb waves mode to
the defect size. Hole #3 was located at the extension line

Function ~ Signal
PC generator amplifier

oscilloscope

Signal collector Power amplifier

(a) (b)
Figure 3 Experimental setup: a Overview of the system and b
configuration of the EMATs and specimen
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Figure 4 Configuration of the transducers and pinhole positions

between the transmitting and receiving transducers, and
the distance between holes was 100 mm. Specimen #2
had six pinholes with 0.5-mm diameters (Holes #6—#11)
with the decreasing depths from 3 to 0.5 mm, which is
used to test the sensitivity of the STR inspection of Lamb
waves mode on defect depth. For Specimen #2, Hole #9
was located at the extension line between the transmit-
ting and receiving transducers. The detailed positions
and sizes of the pinholes are presented in Table 1 and
Figure 4.

3.4 Experimental Procedure

To demonstrate the effectiveness of the STR higher order
Lamb waves mode in the pinhole inspection, both the
conventional and proposed methods were used to detect
the defects in Specimens #1 and #2. The testing process is
described as follows:

(1) Conventional inspection. A nine-cycle sine sig-
nal with a center frequency of 2.87 or 3.96 MHz
is applied in the transmitting transducer to excite
acoustic waves in the specimens. After the acoustic
propagates to the receiving transducer, the inspec-
tion signal is received by the receiving transduc-
ers and recorded by the computer. Conventional
inspection signals are processed using Gaussian fil-
tering to remove noise for the defect identification
and STR inspection.

Table 1 Pinhole size of two specimen

No. Specimen #1 No. Specimen #2

1 d5mm x 3mm 6 ®0.5 mm x 3mm

2 P4 mm x 3mm 7 P05 mm x 2.5 mm

3 d3mm x 3mm 8 ®05 mm x 2mm

4 P2 mm x 3mm 9 ®05 mm x 1.5 mm

5 ®1mm x 3mm 1 D05 mm x 1T mm
1

- O

®0.5 mm x 0.5 mm
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(2) STR inspection. The signals received by conven-
tional inspection are divided into several segments.
The segmented signal is a TR used to generate a
new excitation signal. The new excitation signals are
then emitted to the receiving transducer, and the
echo signal received by the transmitting transducer
is saved in the computer for the defect inspection.
The inspection signals are processed by Gaussian
filtering to remove noise and avoid any influence on
defect identification.

(3) Defects identification. The position of the defect
echo is located, and the amplitude is extracted to
compare the sensitivity and feasibility of the inspec-
tion methods.

A comparison of conventional and STR inspections
for different defect sizes are discussed, and the effects
of the segment window location and width on the STR
inspection robustness are presented. Finally, the results
from different excitation frequencies and powers are
compared.

4 Results and Discussions

4.1 Comparison of Conventional and STR Inspections
Conventional inspection and STR inspection were car-
ried out for Specimen #2 pinhole defects with a depth
of 0.5 mm and a diameter of 0.5 mm. The smallest hole
size chosen in this test was used to confirm the sensitiv-
ity of the STR inspection for pinhole detection. The fil-
tered signals obtained using Gaussian filtering are shown
in Figure 5. As shown in Figure 5(a), when using the
conventional inspection method, the direct wave and
left boundary echo were directly identified based on the
structure of Specimen #2. According to the configura-
tion of pinhole and transducer location, the pinhole echo
signal was estimated to be in the range of 90—150 ps, as
shown in the expanded area in the middle of Figure 5(a).
The pinhole echo signal amplitude was small, obscured
by noise, and difficult to distinguish. The amplitude of the
pinhole echo was 0.03722 V, and the inspection effective-
ness was poor.

The conventional inspection signals from 75 to 150 s,
which include the defect signal, were divided into three
segments indicated by red, green, and blue rectangles
(Segments 1, 2, and 3, respectively) for the STR inspec-
tion. The signal in Segment 1 contained only white noise.
The signal in Segment 2 contained both white noise and
defect echo information, and the signal in Segment 3 con-
tained white noise and an unknown noise (possibly from
the measurement instrument). Each segment of a sig-
nal is a TR to obtain a new excitation signal. The results
are shown in Figure 5(b), (c), and (d), where the picture
on the left is the signal after TR, the regional amplified
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signal in the middle, and the time reversal factor (TRF)
for each segment on the right. After zooming in on the
TR signal by Segment 1 of Figure 5(b), a defect echo
signal appeared with an amplitude of 0.06823 V, which
was larger than that of the conventional inspection. This
defect echo was generated by the TR signal transmitted
through the pinhole, and the increased amplitude was
the result of the enhanced noise signal overlapping the
defect echo. The identified defect echo signal from the
STR inspection by Segment 2 shown in Figure 5(c) had
an amplitude of 0.1139 V. Compared to the conventional
inspection, the defect echo amplitude increased by 206%
owing to the focusing performance of the TR inspection
method. For the unknown noise in Segment 3, the noise
amplitude was also enhanced as shown in Figure 5(c);
however, the wave package was dispersed and easily
recognized as noise. From the above comparisons, the
STR inspection enhanced the defect echoes and facili-
tated defect echo detection, even if the noise was also
enhanced to some degree.

Figure 5(e) shows the STR inspection results using the
conventional inspection signal from 75 to 175 ps, which
is the entire truncation window without segmentation.
The defect echo amplitude was 0.136 V and was 20%
larger than the 0.1139 V amplitude of the STR in Fig-
ure 5(c). Moreover, the SNR of the entire truncation win-
dow inspection result without segmentation was 19.31
dB and was no better than the 20.30 dB of the STR. This
result indicates that the segmentation process in STR
inspection does not affect the inspection sensitivity and
accuracy. Furthermore, each STR inspection can save
2/3 opening time for high-power amplifiers compared to
conventional TR inspection. If the segmentation is N, the
opening time of high-power amplifier is only 1/N. Thus,
the STR can achieve high duty cycle, which is very impor-
tant for minimizing instrument volume and power con-
sumption. More importantly, the STR method does not
need to know the approximate location of defect echo in
the signal in advance. This advantage will be explained in
detail in Section 4.2.

After completing the inspection of pinhole defects
in Specimens #1 and #2 by both the conventional and
STR methods, the amplitudes of the echo peaks were
extracted and compared as shown in Figure 6. When the
pinhole depth changed from 0.5 to 3 mm at the same 0.5
mm diameter, the pinhole amplitudes from both con-
ventional and STR inspections increased. This phenom-
enon indicates that the smaller the defect, the harder it
is to detected. However, the pinhole amplitudes of the
conventional inspection were in the range of 0.02—0.08
V and were easily obscured by 0.01 V white noise. The
superiority of STR inspection is obvious for micro-
sized defects, in which the defect echo amplitude was
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Figure 5 2.87 MHz detection results: a Conventional inspection, STR inspection with b Segment 1, c Segment 2, d Segment 3, and e unsegmented

time reversal method

increased by approximately four times and the SNR range
increased from 2—8 dB to 10—30 dB. The STR inspection
results for pinhole defects with a 3 mm depth and differ-
ent diameters were similar to those for pinhole defects
with a 3 mm diameter and different depths. STR inspec-
tion improves defect detection, particularly for micro-
sized defects with very low defect echo amplitudes easily
obscured by noise.

4.2 Influence of Segment Window Location

When setting an STR window, the conventional defect
echo may be included in one segment or separated by
two adjacent segments. When a conventional defect
echo is completely within a window, as shown in Fig-
ure 5, the TR defect echo is only effectively enhanced
in the segment window including the defect echo. The
segment window without the conventional defect echo
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Figure 6 Comparison of conventional and STR methods under
different defects a in depth and b in diameter

enhanced only the noise. When a defect echo is sepa-
rated by two adjacent segments, three assumptions are
made:

Assumption A: Most of the defect echo signal is in
the former segment;

Assumption B: The defect echo signal is separated by
two segments equally;

Assumption C: The majority of the defect echo signal
is in the later segment.

Figure 7 shows the STR inspection results for
Assumption A. A strong defect echo was found by the
STR inspection by Segment 1 that contained most of
the conventional defect echo signal. The amplitude of
the defect was 0.1203 V and was similar to the results
of the conventional defect echo shown in Figure 5(c).
The STR result processed by Segment 2 also had a
visible defect echo owing to part of the conventional
defect echo, as shown in Figure 7(b). The amplitude was
0.05221 V and was 40% larger than that of the conven-
tional defect echo. Figure 7(b) shows the enhancement
of noise because Segment 3 contains the noise of the
conventional inspection signal. An envelope compari-
son is shown in Figure 7(c).

Figure 8 shows the STR inspection results under
Assumption B, in which the conventional defect echo
was equally separated by two adjacent windows. As
shown in Figure 8(a), the direct defect echo was sepa-
rated into Segments 1 and 2. The STR results by Seg-
ments 1 and 2 presented in Figure 8(b) show that the
echo signals were enhanced in both conditions. The
amplitudes of the defect echoes were 0.08814 and
0.07702 V, increases of 136% and 106%, respectively,
compared with the conventional inspection. The STR
signal by Segment 3 was slightly larger than that of the
conventional inspection results because the enhanced
noise signal overlapped with the defect echo in the
reversal pinhole echo information.

The STR inspection results when the majority of
the conventional defect echo signal was in Segment
2, which is Assumption C, are shown in Figure 9. The
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defect echo of the STR by Segment 1 was slightly
enhanced as shown in Figure 9(b). The STR signal by
Segment 2 detected the pinhole, and the echo signal
amplitude was enhanced to 0.07705 V. The defect echo
signal amplitude increased by two times compared with
that of conventional inspection. Segment 3 showed no
change in the enhancement of noise.

Based on the above results, regardless of whether the
conventional defect echo was in one segment window or
separated by two adjacent windows, the STR inspection
signal was enhanced compared to that of conventional
inspection. When one segment contained complete
defects, STR Lamb waves focused on the defect and
enhanced the echo energy of the defect. When a defect
was located on two adjacent segments, both STR sig-
nals detected the defect echo and enhanced the ampli-
tude. The more defect echo contained in a segment, the
higher the defect echo amplitude detected by the STR
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inspection; even when a conventional defect echo was
divided into two adjacent segments, the inspected defect
still had a larger amplitude.

4.3 Influence of Segmented Window Width
When setting the window width, a larger window width
consumes more opening time of the high-power ampli-
fier. An unnecessary window width reduces the SNR
because the noise signal is enhanced. In contrast, a
smaller window width may lose some useful information
and reduce the sensitivity of the signal. The selection of
the segmented window width increases the difficulty of
the detection tasks and the requirements of inspectors.
Figure 10 illustrates the effect of the segmented win-
dow width on inspection results. The SNR was chosen
as the parameter to assess the segmented window width
effect. The segmented window widths were increased
from 5 to 35 ps with an interval step of 5 ps. The STR
inspection signal of a pinhole ©0.5 mm x 0.5 mm was
used to calculate the SNR. With an increase in the
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segmented window width, the SNR first increased from
5 to 25 ps and then decreased when the width was larger
than 25 ps. The maximum SNR was 20.30 dB with a 25
us segmented window width. The SNR discrepancy of
10-25 ps was very small (less than 10%) and acceptable.
The SNR of window widths less than 10 ps or larger than
25 ps decreased by more than 20% compared to those in
10-25 ps range. Time duration of conventional excitation
signal used in this experiment was 3.13 ps. Considering
the superposition of the energy of multiple modes and
the frequency dispersion of the modes, when using the
TR method, a short TR window width includes a small
energy and the function of the TR method cannot be
effectively applied, while a long TR window width leads
to significant noise and is not conducive to detection.
Combined with the experimental results, the window
width of the TR method was 5-10 times that of the con-
ventional excitation signal, and a signal duration of eight
times was selected for detection in this study.

4.4 Comparison of Different Excitation Frequencies
and Power Detection

The HOMC method shows high sensitivity to micro-
sized defects. To optimize the detection processes, the
excitation frequency can be increased to determine the
consistency of the HOMC method. Figure 11(b) shows
the detection results obtained by setting a central fre-
quency of 3.96 MHz. The amplitudes of the conventional
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and STR inspections were 0.03322 and 0.198 V, respec-
tively. Only the enhanced segment result was considered.
The signal of the STR inspection increased by six times
compared to that of the conventional inspection, further
proving the versatility of the STR inspection at higher
frequencies. Compared with the result at 2.87 MHz in
Figure 5(a), the pinhole amplitudes increased by approxi-
mately 20% and 54% for conventional and STR inspec-
tion, respectively. These results indicate that a higher
excitation frequency combined with the TR method
improved the inspection sensitivity and enhanced the
ability to detect micro-sized defects. However, a higher
excitation frequency increases the bandwidth demand of
inspection system and needs to be further investigated in
future work.

Excitation power is another variable in the inspection.
Theoretically, a higher excitation power can yield a bet-
ter defect echo signal because more energy is transferred
to the inspection system. However, high excitation power
requires a powerful amplifier which may not be available
in practice. Moreover, a high excitation power is not fea-
sible for the containers with inflammable and explosive
medium. An amplifier with a lower output power can
reduce the difficulty of instrument development, save
energy on specific occasions, and is more practical in
industrial applications for safety reason.

Figure 12(a) and (b) show the conventional
and STR detection result of ®0.5 mm x 0.5 mm
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Figure 11 Inspection signals of ®0.5 mm x 0.5 mm defects: a Comparison at 2.87 MHz and frequency spectrum, b comparison at 3.96 MHz and

frequency spectrum
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(diameter x depth) pinhole defects at 500 V and 2.87
MHz without and with artificial noise, the results show
that the STR method had an obvious focusing effect and
strong suppression effect on noise under high voltage
scenario. Figure 12(c) shows the detection result of ®0.5
mm X 0.5 mm (diameter x depth) pinhole defects at 250
V and 2.87 MHz. Pinhole defects echoes are obscured
by noise and cannot be detected by conventional detec-
tion when the excitation voltage is 250 V. After STR
inspection, the pinhole defect echoes were enhanced and
detected with an amplitude of 0.0551 V and SNR was
22.16 dB. In addition, compared to the detection result at
500 V and 2.87 MHz as shown in Figure 5(a), SNR at 250
V was increased by 1.86 dB.

(a) Conventional inspection
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Time(us)
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Time reversed inspection
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(C) Conventional inspection
Time reversed inspection
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Time(us)

Figure 12 Pinhole defect detection: a Comparison at 500V, b
comparison of segmented method at 500 V with noise, and ¢ STR
detection at 250V
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Figure 12(c) was a convincing and meaningful experi-
mental result. Because low power excitation lead to low
SNR. However, it’s not an additive noise but system-
atic electrical noise. The reduction of voltage affects the
energy conversion of the whole system. Especially for
EMATSs detection system, the instrument noise gener-
ated by low energy conversion efficiency is unavoidable
and difficult to process. The result indicates that the STR
can deal with different kind of noise even for micro-size
defects and the performance is better than normal high
voltage. So, the STR method can improve the sensitivity
and robustness of low-power detection and reduce the
requirements for hardware performance of testing instru-
ments to benefit practical applications. The STR-HOMC
inspection is more suitable for micro-sized corrosion and
has good stability and adaptability, particularly under low
power safety scenario.

5 Conclusions

An STR detection method based on the HOMC method
was proposed and the effectiveness was verified in exper-
imentally. The conclusions drawn are as follows:

(1) The HOMC is an effective method to detect inac-
cessible areas with high resolution. And EMATSs
is beneficial to exciting higher order modes of dif-
ferent frequencies. Also, focusing method can
improve the SNR for EMATSs. The combination of
these methods with specific design for excitation
frequency and TR window improves the detection
sensitivity and enhances the ability to detect minor
defects, which proves the consistency and effectiv-
ity of the HOMC method.

(2) Innovative STR detection can achieve spatio-
temporal focusing and obtain two obvious advan-
tages. First, STR detection enhances the ability to
detect smaller defects with four times performance
improvement. Second, STR method overcomes the
shortcomings of the normal TR methods that are
difficult to determine the starting point of a narrow
TR window. No matter the defect signal is divided
by STR window at any position, the window con-
taining defect signal can always achieve the focus-
ing effect at the defect. So the selection of window
width position has no influence on the defect detec-
tion.

(3) The segmented method is more suitable for low
power scenario from two perspective views. From
one perspective, it can improve the sensitivity and
robustness of detection even for systematic noise.
Another one is that, the opening time of amplifier
can be significantly reduced. This benefit reduces
hardware and power requirements of testing instru-
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ments, which is more suitable for micro-sized cor-
rosion detection in safety critical industrial applica-
tions.
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