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Abstract: This paper proposes a non-contact nondestructive evaluation (NDE) technique that
uses laser-induced ultrasonic waves to visualize corrosion damage in aluminum alloy plate
structures. The non-contact, pulsed-laser ultrasonic measurement system generates ultrasonic waves
using a galvanometer-based Q-switched Nd:YAG laser and measures the ultrasonic waves using
a piezoelectric (PZT) sensor. During scanning, a wavefield can be acquired by changing the excitation
location of the laser point and measuring waves using the PZT sensor. The corrosion damage can be
detected in the wavefield snapshots using the scattering characteristics of the waves that encounter
corrosion. The structural damage is visualized by calculating the logarithmic values of the root mean
square (RMS), with a weighting parameter to compensate for the attenuation caused by geometrical
spreading and dispersion of the waves. An intact specimen is used to conduct a comparison with
corrosion at different depths and sizes in other specimens. Both sides of the plate are scanned with the
same scanning area to observe the effect of the location where corrosion has formed. The results show
that the damage can be successfully visualized for almost all cases using the RMS-based functions,
whether it formed on the front or back side. Also, the system is confirmed to have distinguished
corroded areas at different depths.
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1. Introduction

Nondestructive evaluation (NDE) techniques have been successfully applied for the past several
decades in various fields, including civil, mechanical, and aerospace engineering [1]. However,
the structural integrity of some structures with restricted accessibility and high-precision geometry,
such as nuclear power plants, is difficult to assess. Specifically, the most frequent issue encountered
in structural health monitoring (SHM) of such structures is the development of corrosion. Corrosion
jeopardizes structural safety when it grows to a critical size, and it can occur not only on the outer
surfaces of structures, but also inside metal plate structures. Since damage to the back side of
a metal plate is difficult to detect, damage detection methods for the back sides of structures are
strongly required. This issue can be overcome using economical non-contact sensors, such as the
classical SHM/NDE method that depends mostly on actuators and piezoelectric (PZT) sensors [2,3].

Sensors 2016, 16, 2150; doi:10.3390/s16122150 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/journal/sensors


Sensors 2016, 16, 2150 2 of 18

Such method can be used to measure wave signals to detect damage using installed PZT sensors [4–8],
which are inexpensive.

Effective corrosion detection methods in SHM should be intuitive, and the results should be
easily understandable. To this end, some researchers have developed acoustic and ultrasonic wave
technologies, including laser vibrometry, laser interferometry, and pulsed lasers. In a previous study [9],
a Lamb wave was generated in a duralumin plate immersed in water. The laser Doppler vibrometer
(LDV) that was used in that study produced a laser beam perpendicular to the scanned surface.
Changes in scan points can be achieved by moving the laser head. In 2003, Kehlenbach et al. [10]
published numerical results showing that Lamb waves can be propagated in an aluminum plate. They
confirmed those results using a LDV and successfully visualized the propagating waves in a damaged
area. Their results showed that the damage detection efficacy depends on the size of the damaged area.
Other experimental results [11–13] have used Lamb waves to detect damage to aluminum plates by
scanning the surface around the damaged side using a LDV. Due to their low noise and narrow line
widths (on the order of a few millihertz), those studies used a single-mode HeNe laser as the preferred
light source for the LDV. Damage was successfully detected by finding areas with the maximum
signal values.

A PZT sensor can also be used in LDV scanning, and the biggest advantage of using an LDV-PZT
system is that any arbitrary waveform can be applied at the excitation location of the laser point with
the highest energy level. However, even though some aspects of LDV systems have improved, such as
automatic focusing and laser spot visibility when measuring very small objects [14], there are still some
disadvantages. For example, if the LDV scans the target structure too quickly, speckle noise, an optical
phenomenon, could be unavoidable [15]. Furthermore, in LDV-PZT method, it is very important
for the LDV sensitivity to depend on the target surface condition and the incident angle of the laser
beam. Therefore, it is advantageous for the laser beam to be perpendicular to a surface of the structure
because most of the signal produced by the incident laser can be reflected straight back to the PZT
sensor. However, when the laser beam scans a large area, the incident angle increases, and the intensity
of the produced signal decreases, which will affect the quality of the signal. The signal-to-noise ratio
(SNR) of the photodetector output is another limiting factor of LDV [16], due to the low sensitivity of
LDV, so multiple ultrasonic signals must be obtained at a single point, and these need to be averaged
to improve the SNR [17].

Other researchers have proposed using LDV with an air-coupled transducer (ACT) for NDE
when scanning large surfaces. This method has effectively detected various types of damage [18].
However, this transducer has a relatively low sensitivity due to the large mismatch in the acoustic
impedance between air and the solid material as well as the high ultrasonic attenuation in air [12].
In addition, two separate lasers have been used to implement a full non-contact damage detection
technique, such as using a fixed Nd:YAG pulsed laser as an excitation laser at the same time as an LDV
to scan the target area [17,19]. However, this method requires averaging the signal to improve the
SNR due to an obviously reduced ultrasonic wave signal. In addition, it is also necessary to control
the laser intensity, including the pulse energy, laser diameter, and wavelength, to prevent burning the
target structure. Researchers should also pay attention to the input waveform of the laser excitation,
which is usually limited to a pulse laser [20,21]. To address those issues, an Nd:YAG pulse laser system
can be used to generate ultrasonic waves that can be received by a PZT sensor. In contrast with other
technologies, this laser pulse system has many advantages including fast wave generation with a low
pulse energy, high spatial resolution, and good detection in complex structures, especially to scan a
large area because it is affected little by the incident angle of the laser beam and the irregular surface
condition [22]. Often, the allowable incident angle for the excitation laser is of up to ±70 degrees and
±20 degrees for the sensing laser [23].

Many techniques have been developed using LDV, Nd:YAG pulsed laser, ACT, and PZT systems
for damage detection by implementing filtering methods and wavenumber-based methods. Ultrasonic
wave imaging has been achieved using methods based on wave propagations, and the results have
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shown good detection abilities for various kinds of damage [24–27]. In recent years, a new method
was developed using a wavefield generated on the structure surface with a scanning laser or an
externally scanned transducer, and many studies have verified the feasibility of this method for
damage detection [28–33]. Several signal processing methods can be used to detect damage through
damage-induced reflected and scattering waves. In this study, the non-contact NDE technique is
applied by generating ultrasonic waves using a laser to visualize corrosion damage on aluminum
plates. The ultrasonic waves are generated with an Nd:YAG pulse laser, and a galvanometer-based
laser scanner is used to scan a specific area on the target structure. At the same time, an ultrasonic
wave propagation image (UWPI) is obtained by measuring the wave responses with a PZT sensor
attached to the central position on the back side of the target structure. The advantages of using such
method are the high spatial resolution, ability to scan large complex structures, and ease of recognition.

Structural damage can be visualized by calculating the root mean square (RMS) values of the
measured wavefield-time signals at every laser excitation point [34,35]. In order to improve the quality
of the RMS snapshots, the authors propose to use the logarithmic values of the RMS function. Not only
that, a weighting parameter can obviously improve the color of the RMS snapshots and compensate
for the attenuation caused by the geometrical spreading and wave dispersion. The RMS value has the
following advantages: (1) it is possible to pinpoint the damage locations; (2) in practical applications,
the RMS snapshots can be produced in a relatively short time; (3) this method can effectively classify
the degree of damage.

Few studies have used this technology to detect corrosion on internal structures or on the backs
of structures, so the authors scan both sides of the plate using the same scanning area. In addition,
few research has previously considered the effects of both the corrosion depth and corrosion size.
The corrosion conditions for different depths and sizes are also discussed to verify the abilities of this
method, including fast scanning of a large area, sensitive locating for corrosion detection, and effective
classification of the damage degree. The major focus is on the experimental analysis.

2. Ultrasonic Wave Propagation Imaging System

As shown in Figure 1, the components of the proposed UWPI system include a Q-switched laser
system, a galvanometer-based laser mirror scanner, an ultrasound sensor, a high-speed digitizer, and
an image processor. This study used a Q-switched diode-pumped high-power solid-state Nd:YAG
laser [36] with a wavelength of 532 nm and a maximum pulse repetition rate of 20 Hz. The energy
of each pulse is 0.658 mJ, the diameter of the laser beam is 0.45 mm, and the energy density is
4.15 mJ/mm2. The laser mirror scanner can adjust the pulse laser scans for a specified location.
The objective of this design is to operate two galvanometers at a wavelength of 532 nm. To ensure
that the laser beam can efficiently scan the 2-D area of the target structure, the operating angles of the
galvanometer are orthogonal to each other. The f-theta lens is installed at the end of the laser scanner
system to reflect the laser beam, which focuses on the target detection area. As shown in Figure 1,
the laser beams scan the target area vertically in the horizontal direction, and the laser scanning path
can be designed by the image processor. Furthermore, the spacing of each laser impingement point can
also be adjusted by the laser control system. Since the laser intensity is adjusted over an appropriate
range (1%), the pulsed laser cannot burn or damage the specimen. At the same time, a reduction in the
laser intensity can prolong the life of the device.

During detection, the laser beams scan the target structure, and the ultrasonic waves are generated
by a thermoelastic mechanism and are then propagated. An ultrasonic transducer installed on the front
or back side of the structure measures the responses of the ultrasonic wave. In this study, the ultrasonic
transducer is an amplifier-integrated acoustic emission (AE) sensor made of lead zirconate titanate
piezoelectric ceramics. Figure 2 shows the process flow for the UWPI system. First, the signals of
a wave reflected along the laser beam path are measured, and the time-domain signal is obtained at
each laser impinging point. A band-pass filter was used in this step to filter the signal and improve
the SNR, and filtered data for each laser beam impinging point on the vertical axis are stacked as
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signal groups in a vertical structure on a spreadsheet. Then, the stacked vertical data are stacked
again serially on the horizontal axis of the spreadsheet. Thus, the spreadsheets can be integrated into
a horizontal plane that can be considered as data for the horizontal scan. Finally, this horizontal plane
can be transformed into a 3-D ultrasonic wave propagation image with three axes: the vertical scan,
the horizontal scan, and the time frame [37]. This method can be used for spreadsheet data to represent
snapshots depicting the time intervals of the detection process. 3-D imaging of the structural damage
analysis can then be generated by playing those snapshots in quick succession [33].

Sensors 2016, 16, 2150 4 of 18 

 

stacked vertical data are stacked again serially on the horizontal axis of the spreadsheet. Thus, the 
spreadsheets can be integrated into a horizontal plane that can be considered as data for the 
horizontal scan. Finally, this horizontal plane can be transformed into a 3-D ultrasonic wave 
propagation image with three axes: the vertical scan, the horizontal scan, and the time frame [37]. 
This method can be used for spreadsheet data to represent snapshots depicting the time intervals of 
the detection process. 3-D imaging of the structural damage analysis can then be generated by 
playing those snapshots in quick succession [33]. 

 
Figure 1. Laser-induced ultrasonic wave propagation imaging (UWPI) system. 

 
Figure 2. Process of the UWPI system. 

  

Figure 1. Laser-induced ultrasonic wave propagation imaging (UWPI) system.

Sensors 2016, 16, 2150 4 of 18 

 

stacked vertical data are stacked again serially on the horizontal axis of the spreadsheet. Thus, the 
spreadsheets can be integrated into a horizontal plane that can be considered as data for the 
horizontal scan. Finally, this horizontal plane can be transformed into a 3-D ultrasonic wave 
propagation image with three axes: the vertical scan, the horizontal scan, and the time frame [37]. 
This method can be used for spreadsheet data to represent snapshots depicting the time intervals of 
the detection process. 3-D imaging of the structural damage analysis can then be generated by 
playing those snapshots in quick succession [33]. 

 
Figure 1. Laser-induced ultrasonic wave propagation imaging (UWPI) system. 

 
Figure 2. Process of the UWPI system. 

  

Figure 2. Process of the UWPI system.



Sensors 2016, 16, 2150 5 of 18

3. Description of the Experimental Specimens and Experimental Setup

As shown in Figure 3, the selected specimens were two 6061-T6 aluminum plates with a size of
500 mm × 500 mm and thickness of 3 mm. The scanned area was 300 mm × 300 mm at the central part
of each specimen. In that area, the system can generate a 151 × 151 point grid (total = 22,801 points)
with a 2-mm interval between points. That is, the spatial sampling rate is 2 mm. In this experiment,
the scanning process was completed in 20 min. After scanning an intact specimen, corrosion damage
was created on both plates using concentrated hydrochloric acid. Figure 3a shows the laser scanning
area for Specimen 1. All corroded areas were the same size of 50 mm × 50 mm, but they had different
depths of 0.5, 1.0, 1.5 and 2.0 mm. Figure 3b shows the laser scanning area for Specimen 2. These had
the same corrosion depth but different dimensions of 5 mm × 5 mm, 10 mm × 10 mm, 15 mm × 15 mm
and 20 mm × 20 mm.

The specimens were corroded by applying concentrated hydrochloric acid every day. When the
concentrated hydrochloric acid was no longer applied, the damage area ceased increasing as soon as
the reaction of the aluminum plate had finished. To ensure safety, the specimens were cleaned after
each reaction had finished. The damage depths were measured and recorded upon completion of each
corrosion reaction, and the specimens were scanned after each corrosion reaction. Since the thickness
of the specimens was small, the authors scanned the back side to compare the results to those of the
front side. In fact, damage is not visible on the back side, so it is more important to be able to detect
damage on the back side than on the front side.
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Figure 3. Sensor locations and scanning areas of the aluminum plate for laser scanning targets
(all distances in millimeters): (a) intact Specimen 1; (b) intact Specimen 2.

The specimen was fixed on a metal support, as shown in Figure 4, tightly clamping the bottom
part of the specimen with two clamps on the metal frame. An AE sensor was fixed in a central position
on the back side of the measured surface to measure the multiple wave signals. The broadband AE
sensor has lower and higher cut-off frequencies of 100 kHz and 2 MHz, respectively. The resonant
frequency of the sensor is 200 kHz ± 20%, and at the resonant frequency, the maximum sensitivity of
the sensor is 120 ± 3 dB. The scanning distance between the laser mirror scanner and the specimen
was 2 m. In this circumstance, the pulsed laser was operated in an open space, and the researcher must
ensure the safety of the operation via access restriction, eye protection, and adequate training.

Figure 5 shows typical waveforms of the signal measured in the intact specimen. In general,
the pulsed laser generates waves contain various frequency components, but as Figure 5 shows,
the original signals already had a low noise level, so it is not necessary to apply further processing.
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In addition, the untreated signal can better show the test results due to the various waveforms,
especially to detect some small cracks.
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Figure 6 shows the dimensions of the corroded areas. The intact specimen is shown in Figure 6a
as reference for the corroded specimens. The corrosion conditions for Specimen 1 are shown in
Figure 6b,c. Figure 6b shows the early stage of corrosion, where the depths of all damaged areas were
0.5 mm. It is worth noting that the specimen was not adequately cleaned after the corrosion reaction,
so the top left corrosion area has some reaction residue. This was a mistake by the operator, but the
experimental results of this mistake were unexpected. Therefore, in Figure 6b, the color for the top left
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corrosion area differs from that of the other three corrosion areas. In Figure 6c, the corrosion depths
for specimen 1 were 0.5, 1.0, 1.5 and 2.0 mm. Figure 6d,e show the corrosion depths for Specimen 2,
0.5 and 1.0 mm, respectively.

Sensors 2016, 16, 2150 7 of 18 

 

the corrosion depths for specimen 1 were 0.5, 1.0, 1.5 and 2.0 mm. Figure 6d,e show the corrosion 
depths for specimen 2, 0.5 and 1.0 mm, respectively. 

  
Figure 6. Dimensions of corroded areas: (a) intact specimen; (b) Specimen 1 (all depths = 0.5 mm); 
(c) Specimen 1 (depths = 0.5, 1.0, 1.5, and 2.0 mm); (d) Specimen 2 (all depths = 0.5 mm); (e) 
Specimen 2 (all depths = 1.0 mm). 

4. Damage Detection Algorithm 

The filtered UWPI data can be inversely transformed to effectively obtain the damage 
visualization image. The figures can be used to describe this process according to the RMS 
distribution of a reflected signal. The equation is given in [19]: 

1
2

2

1

1( , ) ( ( , , ))
T

RMS
i

w x y w x y t
T 

 
  
 
  (1) 

where T denotes the total simulation time, and w(x, y, t) are the signals of the reflected waves. 

Figure 6. Dimensions of corroded areas: (a) intact specimen; (b) Specimen 1 (all depths = 0.5 mm);
(c) Specimen 1 (depths = 0.5, 1.0, 1.5, and 2.0 mm); (d) Specimen 2 (all depths = 0.5 mm); (e) Specimen 2
(all depths = 1.0 mm).

4. Damage Detection Algorithm

The filtered UWPI data can be inversely transformed to effectively obtain the damage visualization
image. The figures can be used to describe this process according to the RMS distribution of a reflected
signal. The equation is given in [19]:

wRMS(x, y) =

[
1
T

T

∑
i=1

(w(x, y, t))2

] 1
2

(1)

where T denotes the total simulation time, and w(x, y, t) are the signals of the reflected waves.
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In addition, the energy distributions of standing waves are not uniform, so the color distribution
in the RMS snapshots will be not uniform. To address that problem, the authors used the logarithmic
values of the RMS function to ease the uniform distribution of the standing wave energy.

Figure 7 shows the wRMS(x, y) and log(wRMS(x, y)) function snapshots of Figure 6c at 400 µs.
The result in Figure 6a shows that the image was too dark, although the damaged areas were
successfully detected. On the other hand, the RMS snapshots were clearly improved by using the
logarithmic values of the wRMS(x, y) function, as shown in Figure 7b. Although the visual effect in
Figure 7b improved significantly, the color distribution is still not sufficiently uniform. For example,
more wave packet signals accumulated in the middle part of the scanning area (the sensor position)
at the early stage, so the color was lighter (gold). This also signifies that in the color axis, the color
becomes lighter as the RMS value increases. On the other hand, the figures also show a significant
level of corrosion, and the greater depth is shown as a deeper color (a smaller value of RMS) in the
RMS snapshots.
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Since the accumulations of standing wave energy in the vicinity of the sensor are more frequent,
larger values are produced near the location of the sensor in the RMS function. Therefore, the farther the
damage is from the sensor, the harder it is to detect. However, the RMS value of the entire area can be
equalized during the subsequent time period by multiplying it with the following weighting parameter:

wRMS(x, y)_Wk =

[
1
T

T

∑
i=1

(w(x, y, t))2 · tk

] 1
2

(2)

where k is the weighting parameter and wRMS(x, y)_Wk is the proposed weighted RMS function.
Therefore, the RMS snapshots can be improved by using the logarithmic values of the wRMS(x, y)_Wk

function.
Figure 8 shows the log(wRMS(x, y)_Wk) function for Specimen 1 (the specimen condition in

Figure 6c) when k = 0, 0.5, 1 and 2. The value that produces the best visual effect can easily be found
through observation, which is k = 2. Therefore, the value of the weighting parameter is 2 in this study.
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5. Discussion of the Experimental Results

5.1. Case 1: Intact Specimen

In Case 1, the intact specimen was scanned to provide a reference point for comparison with
the damaged conditions. The authors used the UWPI and RMS snapshots at 60, 220, and 400 µs
for this discussion because at those moments, the wave propagation phenomenon can be clearly
observed. Table 1 shows the UWPI and RMS snapshots of the intact specimen at 60, 220, and 400 µs.
The results show that the wave packet propagated smoothly and dispersedly from the central location,
with a radial form in the circumferential boundary condition. In addition, the signal waves gradually
weakened due to damping. The RMS snapshots showed a structural condition with no damage, and
as the RMS value increases over time, the color of the RMS snapshots changes following the value of
the color axis.
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Table 1. UWPI and RMS snapshots of the intact specimen at 60 µs, 220 µs and 400 µs (the unit of x and
y axis: mm).
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Table 3. UWPI and RMS snapshots of the back side of Specimen 1 at 60 µs, 220 µs and 400 µs (the unit
of x and y axis: mm).

Time 60 µs 220 µs 400 µs
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It is worth noting that abnormal fluctuations in wave propagation were found in the marked 
rectangle areas, wherein the wave motion in the top left marked area was more active than in the 
other three areas. For the RMS snapshots, the result shows that the four corroded areas were 
detected at 60 μs. Although the depths of the four corroded areas were the same, the color of the 
top left corroded area differed from that of the other three areas. The RMS values of the other three 
corrosion areas were similar. The results at 220 and 400 μs showed that damaged areas were clearly 
observed, with increased stacking of the standing wave energy over time, even though the depth 
was only 0.5 mm. On the other hand, the reaction residue remaining in the top left corroded area 
caused its test result to differ from those of the other damaged areas, even though the depths were 
the same. Also, the energy of the laser increased with the temperature of the pulsed laser system, so 
the RMS values for the left area were larger than those for the right area. For the back side, it is 
worth noting that the detection takes place on the back-side surface, so the figures need to be 
observed in reverse. In Table 3, the results were similar to those shown in Table 2. The same 
phenomena were visible in the same marked positions. However, the results differ slightly because 
the damaged area was on the opposite side to the detection surface. Therefore, the observed 
phenomena were not as clear as in Table 2. The RMS snapshots from the back side show that the 
damaged areas could not be observed in the results at 60 μs and only became recognizable at 400 
μs. Those results show that the proposed system successfully detected the corroded areas on the 
front and back sides, even though the depth was only 0.5 mm. 

Tables 4 and 5 show the results for Figure 6c. Table 4 shows the UWPI and RMS snapshots 
from the front side. At 60 μs, the circles show where the wave propagation was obviously 
interrupted. The influence of the interruption at the top left area (depth = 0.5 mm) was the smallest, 
and that at the top right area (depth = 1.0 mm) was clearly more significant. Furthermore, the 
reflected wave became a source of new waves when the propagating waves encountered the 
corroded areas. Therefore, the wave reflection phenomenon occurred at the bottom left (depth = 1.5 
mm) and bottom right (depth = 2.0 mm) areas. The greater depth indicates that the reflected wave 
occurred at the bottom right area later than at the bottom left area. Therefore, this phenomenon can 
be used for damage detection. In addition, the same phenomenon occurred at 220 μs, and the wave 
motion on the corroded area became blurred. At 400 μs, further blurred wave motions occurred in 
the corroded areas. In this figure, the wave propagation in the bottom right corroded area (depth = 
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It is worth noting that abnormal fluctuations in wave propagation were found in the marked
rectangle areas, wherein the wave motion in the top left marked area was more active than in the other
three areas. For the RMS snapshots, the result shows that the four corroded areas were detected at
60 µs. Although the depths of the four corroded areas were the same, the color of the top left corroded
area differed from that of the other three areas. The RMS values of the other three corrosion areas were
similar. The results at 220 and 400 µs showed that damaged areas were clearly observed, with increased
stacking of the standing wave energy over time, even though the depth was only 0.5 mm. On the other
hand, the reaction residue remaining in the top left corroded area caused its test result to differ from
those of the other damaged areas, even though the depths were the same. Also, the energy of the laser
increased with the temperature of the pulsed laser system, so the RMS values for the left area were
larger than those for the right area. For the back side, it is worth noting that the detection takes place
on the back-side surface, so the figures need to be observed in reverse. In Table 3, the results were
similar to those shown in Table 2. The same phenomena were visible in the same marked positions.
However, the results differ slightly because the damaged area was on the opposite side to the detection
surface. Therefore, the observed phenomena were not as clear as in Table 2. The RMS snapshots from
the back side show that the damaged areas could not be observed in the results at 60 µs and only
became recognizable at 400 µs. Those results show that the proposed system successfully detected the
corroded areas on the front and back sides, even though the depth was only 0.5 mm.

Tables 4 and 5 show the results for Figure 6c. Table 4 shows the UWPI and RMS snapshots from
the front side. At 60 µs, the circles show where the wave propagation was obviously interrupted.
The influence of the interruption at the top left area (depth = 0.5 mm) was the smallest, and that at the
top right area (depth = 1.0 mm) was clearly more significant. Furthermore, the reflected wave became
a source of new waves when the propagating waves encountered the corroded areas. Therefore,
the wave reflection phenomenon occurred at the bottom left (depth = 1.5 mm) and bottom right
(depth = 2.0 mm) areas. The greater depth indicates that the reflected wave occurred at the bottom
right area later than at the bottom left area. Therefore, this phenomenon can be used for damage
detection. In addition, the same phenomenon occurred at 220 µs, and the wave motion on the corroded
area became blurred. At 400 µs, further blurred wave motions occurred in the corroded areas. In this
figure, the wave propagation in the bottom right corroded area (depth = 2.0 mm) was the most
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disorganized, and the results showed that the wave propagation was more severely influenced by
deeper damage. The RMS results clearly showed corroded areas, even at 60 µs.

Table 4. UWPI and RMS snapshots of the front side of Specimen 1 at 60 µs, 220 µs and 400 µs (the unit
of x and y axis: mm).

Time 60 µs 220 µs 400 µs

UWPI
snapshots
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For the back side, the result in Table 5 was similar to that shown in Table 4. The wave propagation
was more severely influenced by the corroded area with a greater depth, and the corroded areas in
the bottom left (depth = 2.0 mm) and bottom right (depth = 1.5 mm) were clearly observed in 60 µs.
At 220 and 400 µs, the color ranges from light to dark for the corroded areas in the following order:
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bottom left, bottom right, top left, and top right. This order follows the depth of corrosion from deep
to shallow, so damage detection on the back side shows a lighter color (a larger value of RMS) as
the damage becomes more severe while damage detection on the front side shows a deeper color
(a smaller value of RMS) as the damage becomes more severe. The results thus show that the system
successfully detected the corroded areas on both the front and back sides, and it distinguished damage
at different depths.

5.3. Case 3: Specimen 2 with Corrosion Dimensions of 5 mm × 5 mm, 10 mm × 10 mm, 15 mm × 15 mm,
and 20 mm × 20 mm

The results from the specimen shown in Figure 6d are shown in Tables 6 and 7. The depth
of the corrosion was 0.5 mm in all areas. In Table 6, no interference phenomenon was detected in
the UWPI snapshots for the front side of the specimen. However, the RMS snapshots successfully
display the corroded areas, even at 60 µs. For the back side, the authors also detected no interference
phenomenon in the UWPI snapshots, as shown in Table 7. According to the result shown in Table 3,
the system can detect damage at a depth of 0.5 mm. The RMS result at 60 µs showed four shallow
traces in the wave propagation paths after passage through the corroded areas. This phenomenon
thus demonstrates the existence of damage in those areas, but the dimensions of the damage cannot
be measured. Unfortunately, although the system successfully observed corroded areas of the same
depth in Table 3, it did not detect corroded areas clearly in Table 7, possibly because the corroded areas
were too small.

Table 6. UWPI and RMS snapshots of the front side of Specimen 2 at 60 µs, 220 µs, and 400 µs (the unit
of x and y axis: mm).

Time 60 µs 220 µs 400 µs

UWPI
snapshots
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The results for the specimen shown in Figure 6e are shown in Tables 8 and 9, and the depth of

the corrosion was 1.0 mm in all areas. Table 8 shows the results from the front side. At 60 and 220 µs,
the marked areas indicate where the interference phenomenon occurred, and the degree of interference
was similar for both cases. The RMS snapshots clearly show the corroded areas, with similar RMS
values. The result for 60 µs showed that, when the waves pass through the corroded areas, the color of
the RMS snapshots at the propagated area of those waves becomes lighter, indicating an increase in
RMS values in those areas. For the back side, the UWPI results shown in Table 9 were very similar to
those shown in Table 8. These cases thus confirm that the results on the back side were very similar to
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the results on front side. However, since the damaged areas were located on the front side, the image
for the front side was clearer than that for the back side. Fortunately, damaged areas with a 1-mm
depth were successfully detected from the back side, as shown in the RMS snapshots of Table 9. Also,
the RMS values for the corroded areas were similar.

Table 7. UWPI and RMS snapshots of the back side of Specimen 2 at 60 µs, 220 µs and 400 µs (the unit
of x and y axis: mm).

Time 60 µs 220 µs 400 µs

UWPI
snapshots
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4. Conclusions 

In this study, numerical and experimental measurements showed that the proposed method 
can be successfully employed to detect and locate corrosion. The proposed method allows for 
high-precision measurements of the Lamb wave propagation phenomenon. The RMS method is 
very sensitive for corrosion detection in aluminum plate and can pinpoint multiple corroded areas, 
even when the depth was 0.5 mm at both sides of the specimen. At the same time, it is important 
that the RMS method is much less sensitive to noise. Furthermore, the logarithmic values of the 
RMS-based functions can be used to improve the corrosion detection quality. A weighting 
parameter can be used to compensate for the attenuation caused by the geometrical spreading and 
dispersion of the waves, and this study obtained the best results using a weighting factor of k = 2 
and the logarithmic value of the RMS-based function. 

If the damage is deep enough (i.e., more than 1 mm), the reflected wave becomes a source of 
new waves in the UWPI snapshots when the propagating waves encounter the corroded area, 
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Table 9. UWPI and RMS snapshots of the back side of Specimen 2 at 60 µs, 220 µs and 400 µs (the unit
of x and y axis: mm).
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6. Conclusions

In this study, numerical and experimental measurements showed that the proposed method can be
successfully employed to detect and locate corrosion. The proposed method allows for high-precision
measurements of the Lamb wave propagation phenomenon. The RMS method is very sensitive
for corrosion detection in aluminum plate and can pinpoint multiple corroded areas, even when
the depth was 0.5 mm at both sides of the specimen. At the same time, it is important that the
RMS method is much less sensitive to noise. Furthermore, the logarithmic values of the RMS-based
functions can be used to improve the corrosion detection quality. A weighting parameter can be used
to compensate for the attenuation caused by the geometrical spreading and dispersion of the waves,
and this study obtained the best results using a weighting factor of k = 2 and the logarithmic value of
the RMS-based function.

If the damage is deep enough (i.e., more than 1 mm), the reflected wave becomes a source of new
waves in the UWPI snapshots when the propagating waves encounter the corroded area, whether the
damage was on the front or on the back side. To detect damage on the front side, the color becomes
deeper as the damage becomes more severe because the RMS value of the corroded areas decreases.
However, to detect damage on the back side, the color becomes lighter as the corrosion becomes more
severe because the RMS value of the corroded areas increases. Therefore, the depth of the corrosion can
be distinguished. Since all damaged areas were located on the front sides of the specimens, the results
for the front side were clearer than those for the back side. When the corrosion depth for Specimens 1
and 2 was 0.5 mm, the corroded areas could not be clearly detected from the back side of Specimen 2,
possibly because the damaged areas were too small. It is worth noting that in Table 2, even though the
depths of the four corroded areas was the same, the corrosion which has the reaction residue remaining
may have the different result, but it can also be obviously detected.

This method can be applied in SHM systems with potential for high detection rates and greatly
reduced operator effort and setup time. Further studies will improve the accuracy of the damage level
classification as well as the visual effects for damage detection. In addition, the study will be extended
for more complex structures to further verify the usability of this technique.
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Nomenclature

NDE Nondestructive evaluation SHM: Structural health monitoring
PZT sensor Piezoelectric sensor LDV: Laser Doppler vibrometer
SNR Signal-to-noise ratio ACT: Air-coupled transducer
UWPI Ultrasonic wave propagation image RMS: Root mean square
AE sensor Acoustic emission sensor w(x, y, t): Signals of reflected waves
wRMS(x, y) RMS function k: Weighting parameter
wRMS(x, y)_Wk Weighted RMS function
log(wRMS(x, y)_Wk Logarithmic values of the weighted RMS function

References

1. Lee, C.; Park, S. Flaw imaging technique for plate-like structures using scanning laser source actuation.
Shock Vib. 2014, 2014, 14. [CrossRef]

2. Tan, K.S.; Guo, N.; Wong, B.S.; Tui, C.G. Comparison of Lamb waves and pulse echo in detection of
near-surface defects in laminate plates. NDT E Int. 1995, 28, 215–223. [CrossRef]

3. Wang, L.; Yuan, F.G. Group velocity and characteristic wave curves of Lamb waves in composites: Modeling
and experiments. Compos. Sci. Technol. 2007, 67, 1370–1384. [CrossRef]

4. Truong, C.T.; Kang, D.H.; Lee, J.R.; Farrar, C.R. Comparative study of laser doppler vibrometer and capacitive
air-coupled transducer for ultrasonic propagation imager and the new development of an efficient ultrasonic
wavenumber imaging algorithm. Strain 2015, 51, 332–342. [CrossRef]

5. Sohn, H. Noncontact laser sensing technology for structural health monitoring and nondestructive testing.
In Proceedings of the Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace
Systems, San Diego, CA, USA, 10–12 May 2014.

6. Giurgiutiu, V.; Zagrai, A.; Bao, J. Piezoelectric wafer embedded active sensors for aging aircraft structural
health monitoring. Struct. Health Monit. 2002, 1, 41–61. [CrossRef]

7. Giurgiutiu, V. Tuned Lamb wave excitation and detection with piezoelectric wafer active sensors for
structural health monitoring. J. Intell. Mater. Syst. Struct. 2005, 16, 291–305. [CrossRef]

8. Royer, R.L.; Rose, J.L. Ultrasonic guided wave imaging techniques in structural health monitoring. J. Intell.
Mater. Syst. Struct. 2009, 21, 377–384.

9. Eudeline, Y.; Duflo, H.; Izbicki, J.L.; Duclos, J. Immersed narrow plate study. Lamb wave identification.
In Proceedings of the 1999 IEEE Ultrasonics Symposium, New Paltz, NY, USA, 17–20 October 1999; Volume 1,
pp. 569–572.

10. Kehlenbach, M.; Kohler, B.; Cao, X.; Hanselka, H. Numerical and Experimental Investigation of Lamb Wave
Interaction with Discontinuities. In Proceedings of the 4th International Workshop on Structural Health
Monitoring, Stanford, CA, USA, 15–17 September 2003.

11. Staszewski, W.J.; Lee, B.C.; Mallet, L.; Scarpa, F. Structural health monitoring using scanning laser vibrometry:
I. Lamb wave sensing Smart Materials and Structures. Smart Mater. Struct. 2004, 13, 251–260. [CrossRef]

12. Mallet, L.; Lee, B.C.; Staszewski, W.J.; Scarpa, F. Structural health monitoring using scanning laser vibrometry:
II. Lamb waves for damage detection Smart Materials and Structures. Smart Mater. Struct. 2004, 13, 261–269.
[CrossRef]

13. Leong, W.H.; Staszewski, W.J.; Lee, B.C.; Scarpa, F. Structural health monitoring using scanning laser
vibrometry: III. Lamb waves for fatigue crack detection Smart Materials and Structures. Smart Mater. Struct.
2005, 14, 1387–1395. [CrossRef]

http://dx.doi.org/10.1155/2014/725030
http://dx.doi.org/10.1016/0963-8695(95)00023-Q
http://dx.doi.org/10.1016/j.compscitech.2006.09.023
http://dx.doi.org/10.1111/str.12144
http://dx.doi.org/10.1177/147592170200100104
http://dx.doi.org/10.1177/1045389X05050106
http://dx.doi.org/10.1088/0964-1726/13/2/002
http://dx.doi.org/10.1088/0964-1726/13/2/003
http://dx.doi.org/10.1088/0964-1726/14/6/031


Sensors 2016, 16, 2150 17 of 18

14. Polytech. PSV-500 Scanning Vibrometer Full-Field Vibration Measurement at Low and Mid Frequencies
Datasheet; Polytech: Waldbronn, Germany, 2016. Available online: http://www.polytec.com/fileadmin/
user_uploads/Products/Vibrometers/PSV-500/documents/OM_DS_PSV-500_E_42370_01.pdf (accessed on
4 December 2016).

15. Stanbridge, A.B.; Ewins, D.J. Modal testing using a scanning laser Doppler vibrometer. Mech. Syst.
Signal Process. 1999, 13, 255–270. [CrossRef]

16. Johansmann, M.; Siegmund, G.; Pineda, M. Targeting the Limits of Laser Doppler Vibrometry. Available
online: http://www.polytec.com/fileadmin/user_uploads/Applications/Data_Storage/Documents/LM_
TP_Idema_JP_2005_E.pdf (accessed on 4 December 2016).

17. Yuan, F.G. Structural Health Monitoring (SHM) in Aerospace Structures; Woodhead Publishing, Elsevier:
Cambridge, MA, USA, 2016.

18. Hutchins, D.A.; Wright, W.M.D.; Hayward, G.; Gachagan, A. Air-coupled piezoelectric detection of
laser-generated ultrasound. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 1994, 41, 796–805. [CrossRef]
[PubMed]

19. An, Y.K.; Park, B.; Sohn, H. Complete noncontact laser ultrasonic imaging for automated crack visualization
in a plate. Smart Mater. Struct. 2013, 22, 025022. [CrossRef]

20. Huang, J.; Krishnaswamy, S.; Achenbach, J.D. Laser generation of narrow band surface waves. J. Acoust.
Soc. Am. 1992, 92, 2527–2531. [CrossRef]

21. Kim, H.; Jhang, K.; Shin, M.; Kim, J. A noncontact NDE method using a laser generated focused-Lamb wave
with enhanced defect-detection ability and spatial resolution. NDT E Int. 2006, 39, 312–319. [CrossRef]

22. Schleyer, G.; Brebbia, C.A. Infrastructure Risk Assessment & Management; WIT Press: Southampton, UK, 2016.
23. Scruby, C.B.; Drain, L.E. Laser Ultrasonics Techniques and Applications; CRC Press: Boca Raton, FL, USA, 1990.
24. Maio, D.D.; Zang, C.; Ewins, D. Effect of vibration excitation location on structural damage detection using

the CSLDV technique. In Proceedings of the Seventh International Conference on Vibration Measurements
by Laser Techniques: Advances and Applications, Ancona, Italy, 19–22 June 2006.

25. Kang, S.; Flynn, E.B.; Jeon, J.Y.; Park, G. Damage detection on thin walled structures with single frequency
excitation and wavenumber filtering. In Proceedings of the 8th European Workshop on Structural Health
Monitoring (EWSHM), Bilbao, Spain, 5–8 July 2016; Volume 4, pp. 3051–3060.

26. Michaels, T.E.; Michaels, J.E.; Ruzzene, M. Frequency–wavenumber domain analysis of guided wavefields.
Ultrasonics 2011, 51, 452–466. [CrossRef] [PubMed]

27. Michaels, T.E.; Ruzzene, M.; Michaels, J.E. Frequency-wavenumber domain methods for analysis of incident
and scattered guided wave fields. In Proceedings of the Health Monitoring of Structural and Biological
Systems 2009, San Diego, CA, USA, 8–11 March 2009.

28. Lee, J.R.; Jeong, H.; Ciang, C.C.; Yoon, D.J.; Lee, S.S. Application of ultrasonic wave propagation imaging
method to automatic damage visualization of nuclear power plant pipeline. Nucl. Eng. Des. 2010, 240,
3513–3520. [CrossRef]

29. Michaels, T.E.; Michaels, J.E.; Mi, B.; Ruzzene, M. Damage detection in plate structures using sparse
transducer arrays and acoustic wavefield imaging. In Proceedings of the Conference on Review of Progress
in Quantitative Nondestructive Evaluation, Golden, CO, USA, 25–30 July 2004.

30. Michaels, T.E.; Michaels, J.E. Integrated monitoring and inspection with attached ultrasonic transducers.
In Proceedings of the Health Monitoring and Smart Nondestructive Evaluation of Structural and Biological
Systems, San Diego, CA, USA, 8–11 March 2009.

31. Ruzzene, M.; Jeong, S.M.; Michaels, T.E.; Mi, B. Simulation and measurement of ultrasonic waves in elastic
plates using laser vibrometry. In Proceedings of the Review of Progress in Quantitative Nondestructive
Evaluation, Golden, CO, USA, 25–30 July 2004.

32. Lee, C.; Kang, D.; Park, S. Visualization of fatigue cracks at structural members using a pulsed laser scanning
system. Res. Nondestruct. Eval. 2015, 26, 123–132. [CrossRef]

33. Lee, J.R.; Ciang, C.C.; Jin, S.H.; Park, C.Y.; Jin, Y.D. Laser ultrasonic propagation imaging method in the
frequency domain based on wavelet transformation. Opt. Laser Eng. 2011, 49, 167–175. [CrossRef]
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