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Abstract: Corrosion is a critical issue for engineered metallic components in mechanical and aerospace
industries. Due to the complexity of aerospace aluminum alloy structure, corrosion is particularly
tend to occur and expand in stress concentration areas, such as the edge of a hole, which causes the
overall structure to be more likely to fail. In this paper, a Lamb wave-based active sensing method
with improved sensors network was used to detect the hole-edge corrosion expansion. A0 wave
packet of Lamb wave is extracted from signals, and two damage factors are used as characteristics of
the signals. Probabilistic imaging algorithm is used to imaging and quantify the hole-edge corrosion
area. Five corrosion extension tests show that the proposed method can effectively locate and quantify
the hole-edge corrosion damage expansion of a single-hole structure; furthermore, the normalized
amplitude damage index and phase change damage index can be used to predict hole-edge corrosion
expansion effectively.

Keywords: corrosion damage detection; Lamb wave; hole-edge corrosion expansion; damage index;
probability imaging algorithm

1. Introduction

Corrosion causes the loss of billions of dollars on an annual basis because of damage to structures
worldwide [1]. The direct costs come in the form of premature deterioration or failure resulting in the
need for maintenance, repair and/or replacement of damaged equipment. Corrosion is a representative
modality of damage in metallic structures serving in humid or corrosive environments, such as
aluminum alloy rivet hole [2]. When working in this environment, the rivet and aluminum alloy
structure are prone to corrosion when there is moisture or fluid in the rivet and aluminum alloy
structure. These defects are a real threat to the reliability of the structure, because they will grow rapidly
and lead to catastrophic failure of the whole system [3]. Therefore, improving the understanding
of corrosion in the initial stage is the key measure to prevent the deterioration and failure of these
structures in the future. In the past, once corrosion was found in the key structure, it was considered
ought to be repaired as soon as possible until completed. In fact, by increasing the frequency of
monitoring, the structure can still be used until it must be replaced. The structure health monitor
technology to monitor them can switch from scheduled maintenance to condition-based maintenance
or replace time-consuming and labor-consuming nondestructive testing [4,5].

At present, there are many detection methods for corrosion, mainly including ultrasonic technology,
magneto-optical imaging technology, magnetic particle testing technology, radiographic testing
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technology, eddy current testing technology, visual inspection method, etc. [6]. These methods are
mainly used for regular maintenance, which are time-consuming, laborious and difficult to inspect
the inaccessible parts. The corrosion damage of the structure is increasing with the service time of
the structure. When the corrosion reaches the damage tolerance during the empty window period of
regular maintenance, the lag of maintenance leads to a great potential safety hazard.

In recent years, elastic waves, especially guided waves, have been increasingly studied and used
to monitor structural damage [7,8]. Ultrasonic Lamb wave is particularly concerned in structure
health monitoring (SHM) researches and the corrosion monitoring technology [9–11]. Jenot detected
and evaluated the corrosion thickness of steel plate by measuring the group velocity of S0 mode
Lamb wave [12]. The research showed that the group velocity of Lamb wave is very sensitive to the
decrease of structure thickness. Rao et al. achieved thickness reconstruction of corrosion damage
accurately by using the dispersion region of selected guided waves and reconstruction algorithm [13].
Piezoelectric (PZT) sensors were employed as another effective tool due to the high accuracy and high
speed of response signal. Yu et al. used PZT sensors for corrosion damage monitoring in plate-like
aluminum structures [14]. Thomas et al. designed a circular array of piezoelectric disk active sensors
to detect material loss in thin plates [15]. Recently, corrosion damage identification and location
have been becoming a vital issue in the SHM field. Rathod proposed a method to quickly identify
corrosion damage types and locate damage in metal plates, using wavelet coefficients to calculate
the cumulative damage index under different damage sizes [16]. Rathod et al. used the symmetrical
failure mode algorithm to locate the damage in plate-shaped aluminum [17]. Bao et al. used the
transmitter beamforming and weighted image fusion based on the multiple signal classification
algorithm to locate the corrosion damage on the thin plate [18]. Hua et al. used three different types
of damage index to locate the corrosion damage of aluminum plate [19]. Adam Stawiarski et al.
studied the fatigue damage initiation of isotropic circular hole plate by using elastic wave propagation
phenomenon [20,21]. Marek Barski et al. designed an SHM system for crack length detection and
evaluation, and carried out simulation and experimental verification [22]. Giurgiutiu et al. proposed
the damage index (DI) based on root mean square value and Cohen type excitation cross time-frequency
analysis, in order to quantitatively evaluate the corrosion damage of internal and external surfaces and
the structural thickness loss [23]. However, there are few reports on monitoring the corrosion of rivet
hole structure [24]. Rivet holes in aircraft aluminum alloy may be corroded by air or other factors;
therefore, it is necessary to investigate the corrosion damage around rivet holes.

In this study, a Lamb wave-based on active sensing method with improved sensors network
design was improved to detect the hole-edge corrosion expansion. A hole-edge corrosion monitoring
experiment for aluminum alloy plate based on Lamb waves was designed. A real corrosion environment
of rivet hole was simulated during experiments, then the corrosion area was expanded in turn.
The probability imaging algorithm was used to image and quantify the corrosion area. Two Dis, namely,
normalized amplitude and phase change, were extracted from the A0 wave packet for predicting
the area of corrosion damage. In the forthcoming section of this paper, the propagation of guided
waves and the extraction of characteristic parameters are briefly introduced. Then, the propagation of
corrosion damage at the hole-edge of single-hole aluminum alloy plate is monitored. The imaging
results are quantitatively analyzed and compared with the evaluation results of two damage indexes.
Finally, a conclusion is drawn.

2. Background

2.1. Guided Wave in Aluminum Alloy

Generally speaking, there are two kinds of layout when using piezoelectric sensor to monitor
damage: pitch-catch and pulse-echo [25]. Pitch-catch is used in this study, and its principle is shown in
Figure 1. The PZT transducer generates ultrasonic guided waves which propagate into the structure,
interact with the corrosion damage, carry the damage information, and are picked up by another
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PZT transducer. For structural discontinuities, with corrosion intersecting or approaching one or
more sensors path, wave signals propagating along the affected path are modulated, and information
about damage can be obtained from detected signals. Guided waves can propagate in the structure
with minimum distortion and are sensitive to induced defects. When a propagating guided wave
encounters a discontinuity in the geometry of the structure, the wave will be scatted, reflected, and mode
converted [26].
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Figure 1. Monitoring principle of piezoelectric sensors based on guided wave.

Time of flight (ToF) and time window of guided wave signal are important research objects in
damage detection. ToF is the time of flight from an actor to a receiver. It can be used to express
the propagation distance and calculate the propagation velocity. The calculated time window is
the main component of the received signal with relatively large amplitude and more information
and energy. The time window is the time duration between Tstart and Tend, which are given in
Equations (1) and (2), respectively:

Tstart = T1 + ToF−
1
2

T0 (1)

Tend = T1 + ToF +
1
2

T0 (2)

where T1 represents the wave excitation time of an actuator, which is the middle time point of T0 time
window, ToF is the time of flight from an actuator to a receiver, and T0 is the period of excitation wave
envelope. The time window is illustrated in Figure 2.

The current methodology used for the diagnostic process is based on comparing the current
sensor responses to previously recorded “baseline” sensor responses from the undamaged structure.
The baseline is the health signal measured by the PZT sensors when the structure is undamaged.
The difference between the damage signal and health signal contains information about existing
damage [27].
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Figure 2. Schematic illustration for the time window calculation.

2.2. Corrosion Damage Parameters Selection

The damage characteristic parameters used in the existing references represent the characteristic
difference between the damage signal and the baseline signal, and the influence of corrosion damage on
the signal is quantitatively analyzed [28,29]. For the hole-edge corrosion damage, the common damage
factors included normalized amplitude, phase difference, and so on [2]. In this study, two parameters
related to amplitude and phase, respectively, were extracted from signals as two damage factors.

When an elastic wave travels through a region where material properties change, wave scattering
and transmitting occurs [30]. As shown in Figure 3a, when the excitation signal from piezoelectric
sensor propagates through the corrosion damage area, it interacts with the damage edge and alters
the wave amplitude. The response signals are influenced by several factors, including the power of
the input signal, attenuation of the signal, geometry of monitored structure, sensor array, and so on.
A way to partially alleviate this situation can be achieved through normalization of the sensor signal.
In this study, the Hilbert energy spectrum values of the baseline signal and the damage signal are
calculated for signal normalization [31]. The damage index is defined as the normalization of signal
amplitude difference, which according to the energy spectrum values before and after the damage is
determined as:

DIE =
|Eh − Ed|

max(Eh, Ed)
(3)

where Eh and Ed are the maximum energy value of Lamb wave signal in health state and damage state,
respectively. The maximum energy value is defined as the amplitude of the signal after normalization.

When the excitation signal passes through the corrosion damage area, it will bypass the damage
as shown in Figure 3b. The red line is the baseline signal and the blue line is the damage signal.
The propagation path of wave and the arrival time of wave packet increase ∆t. When the corrosion
area expands, the thickness of structure decreases. In terms of dispersion nature of guided wave,
the product of wave frequency and structural thickness will changes, so that the velocity of guided
wave and the arrival time also change. Therefore, the damage factor of wave phase is expressed as:

DIP =
Td − Th

Th
(4)

where Th is the ToF of direct wave of health signal and Td is the ToF of direct wave of damage signal.
Probabilistic imaging algorithm is used to image the hole-edge corrosion damage expansion.

As shown in Figure 4, transducer A is for excitation and transducer S is for receiving. There are 6 sensors
in the figure, corresponding to 30 paths. Assuming that a certain echo is caused by defect M, then its
path is AM + MS, which is a constant. Then, A and S are two focuses of ellipses. After calculating the
damage probability of the monitoring point for each single path in the elliptical region, the damage



Metals 2020, 10, 1469 5 of 16

probability of this point is obtained by the sum of these damage probabilities for all the paths in the
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Next, the damage probability of each point (x,y) of monitoring area is calculated as:

P(x, y) =
n∑

k=1

∫ Tend

Tstart

θ(Lk(x, y))·D2
k(t)dt (5)

where P(x, y) is the possibility of each point (x,y) as the defect location, θ is the weight the k-th
path to the point, Dk(t) is the difference between the damage signal and the health signal of the
k-th path, Tstart and Tend are the start time and the end time of the extract time window respectively,
Lk is the relative distance of the point (x,y) to the k-th path, k is the path number, and n is the total
number of paths.

The relative distance between each monitoring point M and the sensors A, S is expressed as:

Lk(x, y) =
dAM + dSM

dAS
− 1 (6)



Metals 2020, 10, 1469 6 of 16

where dXY is the distance between the point X and point Y. In order to express the importance of path
AM + SM to the damage probability of monitoring point (x,y), the weight θ is defined as the correlation
of the k-th path signal and the damage probability of the point (x,y), which is expressed as:

θ(Lk(x, y)) =

 1− Lk(x,y)
β Lk(x, y) < β

0 Lk(x, y) ≥ β
(7)

where β is the coefficient. β increases when ellipse enlarges, and then the ellipse contains more paths.
When the defect is on the sensor path, θ is considered to be 1. The weight of each point on the
same ellipse is the same. The weight decreases as the ellipse enlarges, and eventually converges to 0.
When the point (x,y) is on the path, L = 0 and θ = 1.

3. Experimental Procedure

3.1. Experiment Equipment

ScanGenie-II integrated structural health monitoring scanning system produced by Acellent
Technologies (Sunnyvale, CA, USA) is used in the experiment. The monitoring system accompanied
with piezoelectric sensors array can achieve multi-site health monitoring scanning of a large area.
The main technical indicators of the equipment are shown in Table 1. Figure 5 shows the overall test setup
which includes ScanGenie-II piezoelectric monitoring device, piezoelectric sensors, digital acquisition
software, signal generator, connecting box, and testing specimen. The appearance and geometry of the
piezoelectric sensors used in this paper are shown in Figure 6, and the parameters are shown in Table 2.

Table 1. Piezoelectric monitoring equipment technical indicators.

Device Number ScanGenie-II

Frequency 10–700 kHz

Conversion Rates 1.5, 6, 12, 24, 48 MHz

Integrated Power Amplifier ±60 V

Memory 16,000 Samples

Sampling Rates 6, 12, 24, 48 MS/s

Resolution 12-bit

ADC Range ±1 V
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Table 2. Performance of piezoelectric sensor.

Product Number SMD07T05R412WL

Material SM412

Geometry diameter: 7 mm
thickness: 0.5 mm

Resonance frequency 4.25 MHz ± 5%

Electrostatic capacitance 2.5 nF ± 30%

3.2. Test Design

The specimen is made of aluminum 2024-T3 with the dimension of 400 mm × 200 mm × 2 mm.
The material properties of specimen are summarized in the Table 3. A through hole with a diameter
of 10 mm is made in the center of the specimen. The layout of the piezoelectric sensors is shown in
Figure 7. PZT sensors are bonded to the surface of the aluminum plate numbered from 1 to 6 as shown
in Figure 8. AW106 epoxy resin AB adhesive is selected to stick the sensors. A total of 30 effective
sensing paths is achieved because the sensors are used as both transmitter and receptor.

Table 3. Material properties of aluminum for experiment.

Specimen Material Grade Aluminum 2024-T3

Poisson’s Ratio 0.33

Density 2.78 g/cc

Young’s Modulus 73.1 GPa

Fatigue Strength 130 MPa

3.3. Excitation Signal

In this study, the Acellent SMART Suitcase is used to record the pitch-catch signals of the
piezoelectric sensors mounted on the specimens during the experiment. The diagnostic waveform
from SMART Suitcase is a five-peak sine wave with a center frequency ranged from 50 kHz to 200 kHz.
As shown in the Figure 9, when the product of frequency and specimen thickness is less than
0.7 MHz·mm, the Lamb wave has only two modes, i.e., A0 and S0. Such a frequency, in the
non-dispersion region aforementioned, is lower than the cut-off frequencies of high-order modes in
the aluminum plate, and as a consequence, only the S0 and A0 modes co-exist. As shown in Figure 2,
at this frequency, the A0 mode features higher magnitude in a captured signal in comparison with the
S0 mode [32]. Therefore, the time window of A0 wave packet is extracted. With the change of f ·d,
the group velocity of the A0 mode changes more significant than the S0 mode. It reflects that under the
premise of fixed frequency, the A0 mode Lamb wave is more sensitive to the variation of the structural
thickness, which is advantageous for the identification of corrosion defects.
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The excitation signal is a smoothed 5-count Hann-windowed sine tone burst as shown in Figure 10.
The expression of the excitation signal is [30]

u(t) = A
[
H(t) −H

(
t−

N
fc

)]
×

(
1− cos

2π fct
N

)
sin 2π fct (8)

where fc is the central frequency of the signal, N is the number of crests, A is the signal amplitude,
and H(t) is the Heaviside step function. The excitation signal of 90 kHz is shown in Figure 10.
Through these means, it is intended that the dispersion effect is minimized and the characteristics
of wave propagation is readily understood. The smoothed tone burst resulted from this process is
numerically synthesized and stored in PC memory as the excitation signal. The sampling rate is
24 MSPS, and the sampling length is 10,000 points.
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3.4. Corrosion Process

After the experiment setup, the Lamb wave for 30 actuator-sensor paths of health condition
are obtained by the Acellent PZT device. The hole-edge damage in the center of specimen is made
artificially with diameter of 10 mm. Hydrofluoric (HF) acid solution provided by Hengxing Reagents
is used to make the artificial hole-edge corrosion on the specimen. The chemical compositions of
hydrofluoric acid are shown in Table 4.

Table 4. The chemical composition of hydrofluoric acid.

Molecular Formula HF

Content of HF ≥40%

Impurity content (%)

Fe ≤0.0001
Cl ≤0.001

PO4 ≤0.0002
Heavy metal (Pb) ≤0.0005

Fluorosilicate (SiF6) ≤0.04
Others ≤0.004

The corrosion experiments are carried out five times and the process of initial hole-edge corrosion
is presented below. First, the corrosion-resistant PVC pipe with an inner diameter of 19 mm is fixed at
the hole-edge corrosion position. An etching solution groove is formed on the surface of the aluminum
plate. In order to prevent the corrosion solution from flowing out of the preset hole, the plastic piece is
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fixed with glass glue on the back side of the corrosion hole as shown in Figure 11. After the glass glue
solidified, 8 mL of hydrofluoric acid is taken up using a medical syringe and completely injected into
the PVC tube corrosive solution tank. In the preliminary test, hydrofluoric acid corrodes the surface of
plate with bubbling. When no bubbles continue to be produced in the tank, the corrosion is completed.
Finally, remove the PVC tube, glass glue and plastic piece.
Metals 2020, 10, x FOR PEER REVIEW  10 of 16 

 

 

Figure 11. Sample being corroded. 

In  the second corrosion experiment,  the corroded area  is filled with glass glue, and a 22 mm 

diameter PVC pipe adhered to the aluminum alloy plate concentrically with the prefabricated hole 

with glass glue. After the glass glue is solidified, the same etching solution is poured into the same 

etching  as  in  the  previous  step.  In  the  following  corrosion  experiments,  PVC  pipes  of  different 

diameters are used to control the contact area between hydrofluoric acid solution and test piece, so 

as to control the corrosion area. Glass glue is filled in the corroded area to prevent the corrosion area 

from re‐corrosion. According to the pre‐test, the volume and time of corrosion solution are obtained, 

and the corrosion depth is 0.35 mm. Five corrosion states are shown in Figure 12, and the specific 

volume and time are shown in Table 5. After the corrosion reaction is over, the glue and PVC tube 

are removed and data are collected. 

         

(a)  (b)  (c)  (d)  (e) 

Figure 12. Five corrosion states, from (a) to (e). 

Table 5. Corrosion state and specific volume and time. 

Corrosion State 

Amount of 

Hydrofluoric 

Acid Added (mL) 

Corrosion 

Diameter 

(mm) 

Corrosion 

Area (mm2) 

Corrosion 

Time (h) 

No Corrosion  0 
0 

10 (hole) 

0 

78.5 (hole) 
0 

1st Corrosion  8  16  122.5  8 

2nd Corrosion  10  23  336.8  15 

3rd Corrosion  12  30  628  22.5 

4th Corrosion  14  39  1115.5  27 

5th Corrosion  16  49  1806.3  32 

4. Results and Discussion 

During  corrosion  experiment, both  the health  and damage  signals  are  collected by Acellent 

device. Figure  13  shows  the  comparison  of  received  signal  of  sensor pair  2–5 with  and without 

Figure 11. Sample being corroded.

In the second corrosion experiment, the corroded area is filled with glass glue, and a 22 mm
diameter PVC pipe adhered to the aluminum alloy plate concentrically with the prefabricated hole with
glass glue. After the glass glue is solidified, the same etching solution is poured into the same etching
as in the previous step. In the following corrosion experiments, PVC pipes of different diameters are
used to control the contact area between hydrofluoric acid solution and test piece, so as to control the
corrosion area. Glass glue is filled in the corroded area to prevent the corrosion area from re-corrosion.
According to the pre-test, the volume and time of corrosion solution are obtained, and the corrosion
depth is 0.35 mm. Five corrosion states are shown in Figure 12, and the specific volume and time are
shown in Table 5. After the corrosion reaction is over, the glue and PVC tube are removed and data
are collected.
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Table 5. Corrosion state and specific volume and time.

Corrosion
State

Amount of Hydrofluoric
Acid Added (mL)

Corrosion
Diameter (mm)

Corrosion
Area (mm2)

Corrosion
Time (h)

No Corrosion 0 0
10 (hole)

0
78.5 (hole) 0

1st Corrosion 8 16 122.5 8

2nd Corrosion 10 23 336.8 15

3rd Corrosion 12 30 628 22.5

4th Corrosion 14 39 1115.5 27

5th Corrosion 16 49 1806.3 32

4. Results and Discussion

During corrosion experiment, both the health and damage signals are collected by Acellent device.
Figure 13 shows the comparison of received signal of sensor pair 2–5 with and without corrosion
damage. Each group of signals is collected six times to get the average value and filtered in order to
eliminate the human error and the external environment noise. Figure 14a,b show the comparison of
health signal and damage signal of sensor pair 2–5 and sensor pair 3–6, respectively.
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Figure 13. Comparison of health signal of sensor pair 2–5 and received signal of corrosion damage.
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Generally speaking, both the S0 and A0 modes can be used for identifying a variety of structural
damage [33]. In recent years, some studies have shown that A0 mode has higher sensitivity to small
damage at low frequency [34]. In order to identify the damage, the half-wavelength of the selected
mode must be less than or equal to the damage size to allow the wave to interact with the damage.
In this study, the wavelength of A0 at 90 kHz is 24.88 mm, and its half wavelength is 12.44 mm.
The wavelength of S0 is 59.99 mm at 90 kHz, and its half wavelength is 29.99 mm. A0 mode has a
shorter wavelength at the given excitation frequency, so it is more sensitive to the damage. At the
same time, the A0 mode in the Lamb wave signal is usually have more energy than the S0 mode at a
relatively low frequency (such as 90 kHz), resulting in high signal-to-noise ratio signals [35].

As can be seen from Figure 13, A0 mode is studied. One reason is that it is confirmed that A0 is
more sensitive to corrosion damage than S0; another reason is, as shown in Figure 2, the amplitude of
A0 is greater than S0, which is easier to extract wave packet for analysis. After the A0 wave packet is
partial enlarged, as shown in Figure 14, it can be seen that with the expansion of the corrosion area,
the amplitude of A0 wave packet increases gradually, and the phase shifts backward.

Generally speaking, when Lamb wave encounters damage, its amplitude will decrease. However,
it can be clearly seen in Figures 13 and 14 that the amplitude of A0 wave packet increases. One of the
reasons for this is that, with the expansion of corrosion area, the thickness of the structure is reduced,
and the proportion of damage become larger, which makes the attenuation of signal weaker. The other
reason is that the mode conversion occurs when Lamb wave passes through the damage, and the
S0 wave packet is transformed into A0 wave packet when passing through the defect. In addition,
wave interference may also be one of the reasons [36]. Therefore, the amplitude of S0 decreases and
the amplitude of A0 increases. However, due to the S0 wave packet submerged by the crosstalk,
the A0 wave packet is used to extract characteristic parameters.

In order to facilitate observation after experiment, the specimen is cut to measure the real corrosion
damage area by an optical microscope. Figure 15 shows the real and predicted corrosion damage of five
times corrosion. The red area is identified as the corrosion damage area, which is closely consistent with
the position of the corrosion area. The experimental prediction results are compared with the actual
corrosion results to demonstrate the effectiveness of proposed method. Table 6 shows the corrosion
state and corrosion area measurement results. The first predicted hold-edge corrosion damage area is
145.7 mm2. The first real hole-edge corrosion damage area is 122.5 mm2. The percentage error δx refers
to the error between the predicted damage and the real damage, which is calculated as:

δx =
|x0 − x|

x
× 100% (9)

where x is the area of real corrosion and x0 is the area of predicted corrosion damage. The percentage
error between the first predicted corrosion damage area and the first real corrosion damage area is
18.9%. With the increase of corrosion area, the error is relatively reduced. When the damage area
increases, the imaging effect becomes more obvious. Thus, the variety of A0 wave packet is more
obvious, and the imaging results are more accurate.

The formula (1) and (2) mentioned in Section 2.2 are used to calculate the damage factors,
respectively, DIE and DIP. The curves related to the damage area are drawn respectively as shown
in Figures 16 and 17. It can be seen that with the increase of corrosion area, both the amplitude and
the phase change of the A0 wave packet increase. The results show that DIE and DIP can reflect the
variation trend of the damage size.
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Table 6. Corrosion state and corrosion area measurement results.

Corrosion State Actual Corrosion Area
(mm2)

Predicted Corrosion Area
(mm2) Percentage Error

No Corrosion 0
(hole 78.5) - -

1st Corrosion 122.5 145.7 18.9%

2nd Corrosion 336.8 388.9 15.5%

3rd Corrosion 628 715.3 12.3%

4th Corrosion 1115.5 1202.7 7.8%

5th Corrosion 1806.3 1963.3 8.7%
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5. Conclusions

A Lamb wave-based active sensing method with improved sensor network design is presented
to detect the hole-edge corrosion expansion. The method uses A0 mode Lamb waves to detect the
corrosion damage expansion in an aluminum plate. With the development of the hole-edge corrosion
propagation test, A0 mode is extracted from signals. Two damage indexes, namely, normalized
amplitude and phase change, are used as characteristics of the signals. The probabilistic imaging
algorithm is applied to calculate the possibility of each point as the defect location pixel matrix value.
Five predicted images of corrosion damage are taken on the same aluminum alloy plate and used
to estimate the actual corrosion size. Percentage error of damage area is calculated to detect the
comparative difference between the predicted and actual results quantitatively. Through the above
researches, quantitative detection of corrosion propagation at hole-edge is achieved using Lamb wave
with the probabilistic imaging algorithm. Normalized amplitude damage index and phase change
damage index can be used to characterize the corrosion area. Both normalized amplitude damage
index and phase change damage index monotonically with the increase of corrosion area, so they can
be used to predict hole-edge corrosion expansion.
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