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Abstract 

 

This study presents a novel monitoring method for multiple hole-edge corrosion 

damage in porous aluminum alloy plate structures based on Lamb wave tomographic 

imaging technique. An experimental procedure with a layout using 16 piezoelectric 

transducers (PZTs) was designed. The iterative algebraic reconstruction technique 

(ART) method was used to locate and quantify the corrosion damage at the edge of the 

hole. The hydrofluoric acid with the concentration of 8% was used to corrode the 

specimen artificially. To estimate the effectiveness of the proposed method, single-

hole and double-hole corrosion monitoring were both conducted on multi-hole plate.  

The results show that the Lamb-wave-based tomographic method can be used to 

monitor the porous aluminum alloy plate with multiple hole-edge corrosion damage 

accurately. 

 

 

1.  Introduction 
 

Aluminum alloys are widely used in aviation, automotive, construction, and 

manufacturing because of their advantages such as high strength and low density. 

However, various types of corrosion occur on the surface of aluminum structures during 

the practical service environment. In the aviation field, aviation aluminum alloys will be 

corroded due to bad flight conditions, surface coatings damage[1, 2]. The aluminum 

alloy plate with holes is the most common notch component widely used in the 

engineering field, such as the connection of a screw and a rivet of a plate.  

For the aircraft structure under the corrosive environment, the corrosion solution 

attached to edge or interior of hole is difficult to evaporate, making the internal 

environment worse than the outside of structure. Under the action of cyclic stress, the 

oxide film on the surface of hole is easily destroyed, which leads to the formation of 

corrosion pits at the edge of holes[2, 3]. However, the corrosion pits will further result 

in the stress concentration. Under the long-term service conditions, the structure 

gradually lose its original function due to corrosion fatigue. Research shows that the 

stress leading to fracture is mainly concentrating on the edge of the hole[4]. Therefore, 

monitoring the corrosion of the hole has a significant engineering significance. 
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Corrosion monitoring techniques include direct and indirect monitoring. Direct 

monitoring techniques are consisted of monitoring based on linear polarization method, 

resistance probe method, electrochemical impedance spectroscopy, electrochemical 

noise analysis and other methods; indirect monitoring techniques contain optical sensing 

technology, acoustic emission technology, PH value method and corrosion indication 

paints and other methods. Resistance probe method requires strict processing of the 

sample. Electrochemical noise method, due to the random transition of its own electrical 

state during corrosion process of metal, the relationship between its chemical signal and 

the corrosion metal electrode has not yet established a complete test system, so it is not 

conducive to the monitoring and research of metal corrosion. AC impedance technology 

is time-consuming and cumbersome, and has a large interference effect[4]. Lamb wave-

based corrosion damage monitoring has obvious advantages. Firstly, lamb waves are 

sensitive to corrosion damage in the interior of the metal structure and some 

inaccessible parts. It can detect corrosion damage in key structural parts in time. 

Secondly, lamb wave monitoring can achieve regional monitoring through design of 

reasonable sensor network and quantitative algorithms when damage occurs. In the path 

of the sensor, the damage can be well positioned and quantified. In recent years, some 

scholars have carried out researchs on Lamb wave-based monitoring algorithms for 

piezoelectric sensors. Kevin et al. used the ART algorithm to monitor the damage of the 

aluminum alloy plate[5]. Mahadey et al. introduced the normalized energy value as the 

damage feature parameter[6]. Zhao et al. proposed a reconstruction algorithm for 

probabilistic inspection of defects based on probability imaging. Zhao et al. compared 

ART and RAPID, and gave applicable conditions[7]. Wang et al. studied the corrosion 

of holes in single-hole aluminum alloy plates and studied corrosion[8]. At the same 

time, many scholars have carried out research on damage monitoring for different 

materials[9-12]. However, few scholars focused on the corrosion location and degree of 

aluminum alloy materials. Thus, the location and quantification of multiple hole-edge 

corrosion damage on the porous aluminum alloy plate still need to be further studied.  

In this study, the experiments of single-hole and double-hole corrosion damage 

monitoring of porous aluminum alloy structures based on piezoelectric sensors are 

designed. Combined with the ART algorithm and homogenous method, we realized the 

qualitative and quantitative monitoring of single-hole and double-hole corrosion 

damage. The paper is organized as follows. In section 2, the materials used in the test, 

the test equipment and the experimental scheme were introduced. Additionally, the data 

and image processing methods were introduced. In section 3, by comparing the 

tomography result and the real corrosion damage, we discussed the applicability and 

accuracy of the proposed method for monitoring the single-hole and double-hole 

corrosion damage of the porous aluminum alloy plate. 

 

2.  Experiment 
 

2.1 Materials 

 

An acid solution was used to conduct the hole edge corrosion test on the sample. The 

solution was 15 ml of a hydrofluoric acid solution with an 8% concentration. The 

hydrofluoric acid solution was provided by Hengxing Reagents. The chemical 

composition is shown in Table 1. 
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Table 1. 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 2304-T3 aluminum alloy plate with a thickness of 2 mm was used as the test 

material. The chemical composition is shown in Table 2. Six holes were uniformly 

punched on the plate surface. The geometry and the schematic diagram are shown in 

Figure 1. 
 

Table 2. The constituents of 2024-T3(unit : mass fraction). 

Cu Mn Mg Cr Zn Al 

3.8%-4.9% 0.3%-1.0% 1.2%-1.8% 0.10% 0.25% Bal 

 

 

 

a                     b  

Figure 1. (a) The geometry of the specimen and (b) the real specimen. 

 

The piezoelectric ceramic sensor was provided by STEMIC, United States. The 

geometric dimensions are shown in Figure 2. The parameters of the piezoelectric 

ceramic sensor are shown in Table 3. 
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Figure 2. The geometry of the PZT. 
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Table 3. The properties of PZT sensor  

Part Number SMD07T05R412WL 

Piezo Material SM412 

Dimensions 7mm x 0.5mm 

Resonant Frequency   �� 4.25 MHz ± 5% 

Electrostatic Capacity   �� 2.5 nF ± 30% 

Test Condition 25±3℃ 

 

 

2.2 Experiment device and experiment process 

 

2.2.1 Experiment equipment  

The instrument system used in this experiment is the SHM-ISS-4.0A integrated 

structural health monitoring scanning system produced by Nanjing Kingsmart 

Monitoring Technology Co., Ltd, China. The overall monitoring system can achieve a 

large area, multi-site active health monitoring scans by designing a large-scale 

piezoelectric sensor array. Its main technical indicators are shown in Table 4. The 

overall test setup is shown in Figure 3, which includes: SHM-ISS-4.0A piezoelectric 

monitoring device, piezoelectric sensor, digital acquisition software, terminal board, and 

testing specimen. 

 

   

Figure 3. The experiment device. 

 

Table 4.  Piezoelectric monitoring equipment technical indicators 

Modle Number SHM-ISS-4.0A 

Maximum Length of Excitation Signal 40000 data points 

Vertical Accuracy 14-bit 

Maximum Output Voltage ±50V 

Working Bandwidth 10kHz~500kHz 

Sampling Rate 1MHz~40MHz 

Sampling Accuracy 12-bit 

Signal Input Range ±5V 

 

 

2.2.2 Test plan design  

The two classic layout of the piezoelectric sensor are the pulse-echo configuration and 

pitch-catch configuration. The pitch-catch configuration was selected because it is 

easier to implement a complete scan for each path. 
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The diagram of the layout of the piezoelectric sensors on the tested structure is shown in 

Figure 4. 16 piezoelectric sensors are arranged on the structure (shown in Figure 5), and 

96 effective sensing paths was achieved. The related studies have shown that the layout 

method is more effective for thickness variation damage. 
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a                     b  

Figure 4. (a) The diagram of the layout of the piezoelectric sensor network and 

 (b) the real layout of piezoelectric sensor network  

 

 
Figure 5. The layout of piezoelectric sensor network(unit : mm). 

 

The two holes on the test structure were corroded by using 15 ml of 8% hydrofluoric 

acid solution and kept it for 11 hours at 23°C. 

In the single-hole edge corrosion test, it has been found that 100 kHz is more sensitive 

to the edge corrosion damage of a single-hole structure. However, when the Lamb wave 

propagates in  the porous aluminum alloy plate, the boundary reflection is serious and 

the Lamb wave has dispersion characteristics. The received signal is more complicated 

than that in a single-hole structure. Therefore, the center frequency of 50 kHz to 200 

kHz is selected to find out the suitable center frequency to monitor porous aluminum 

alloys plate. the excitation signal is a sine trigger signal filtered by a Hamming window 
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for 5 cycles. The excitation voltage is 5 V, the sampling rate is 10 MSPS, and the 

sampling length is 5000 points. 

The test firstly collected the array response signal as a reference signal implying the 

healthy structure, and then tested the corrosion damage on the first row and the first row 

of the sample in the first row of the sample by collecting the array signal through the 

SHM-ISS-4.0A device. The second hole was afterwards corroded by the same process 

and signals are also collected. Each set of data was collected three times and averaged to 

eliminate human errors and external environmental errors. 

 

2.3 Data and image processing method 
 

When the ART algorithm is applied, the monitoring area of the entire aluminum 

alloy plate is discretized. The reconstructed image � �,�  is composed of � = �×� 

square non-overlapping pixel grids. Each side of the square has a side length of 1, and 

the pixel value of the j-th pixel grid is represented by �! 1 ≤ � ≤ � . 

As shown in Figure 6, there are a total of M signals that are to be projected and 

scanned for the reconstructed image. Use �! to present the projection value of the i-th (1

i M) signal, that is, the line integral value of the ray along the ray path on the image to 

be built. The length of the i-th signal scanned on the j-th pixel grid, that is, the weight 

factor, is represented by �!". 

 

 

Figure 6. ART algorithm application diagram. 

 

The relationship between them is as follows 

 

�!"�!

!

!!!

= �! , � = 1,2,⋯ ,� (1) 

which is    

 
�� = � (2) 

among them 

 
� = (�!, �!,⋯ , �!)

!  (3) 

 
�� = �!!,�!!,⋯ ,�!" , � = 1,2,⋯ ,� (4) 
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� = (�!,�!,⋯ ,�!)

!  (5) 

Equation (1) has N unknowns and M equations. In practical calculations, M=96 and 

N=6400. Because the M and N values are very large, it is almost impossible to solve by 

using a general solution of the linear equations. Thus using the following iteration 

method, an initial value is given first when iterating, then calculated according to 

equation (6) 

 
�!
!
= �!!!

!
− �

�!!!
!
∙ �! − �!

�! ∙ �!

�!  (6) 

where k is the number of iterations, �!
! expresses the value of the vector f when the i-th 

equation participates in the calculation at the k-th iteration and λ is the relaxation factor, 

which the general value is 0~2. 

After all M equations have been used, one iteration is completed, and the value of f 

obtained at this time is taken as the initial value of the next iteration. 

After getting the initial matrix, we need to process the matrix to get the detail image. 

Since each specific sensor path is affected by its path, the final result is obtained. To 

better simulate this process in final reconstructed discretization sampling results, a 

homogeneous simulation method was used to construct new images using the original 

images. The dimension of the new image is the same as the original image, but the value 

in each grid is the average of the values of all adjacent grids of the grid corresponding to 

the corresponding positions in the original image. The schematic diagram is shown in 

Figure 7. 

 

 
 

Figure 7. The method of homogenization. 

 

 

3.  Results and discussion 
As can be seen from the figure 7 and figure 8, the pixel value in the image is closely 

consistent with the position of the etching hole. In order to demonstrate the 

effectiveness of the method for monitoring corrosion damage of porous aluminum alloy 

structures proposed in this paper, the experimental prediction results are compared with 

the actual corrosion damage results. For the quantification of its area, the percentage 

error refers to the error between the predicted damage and the real damage. The 

percentage error �� was calculated by applying the following equation: 
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δ� =

�! − �

�
×100% (6) 

where x is the area of real corrosion and �! is the area of predicted one-hole corrosion 

damage. 

Figure 8 shows the real and predicted corrosion damage of a single hole. As shown in 

Table 5, in Figure 8(b), when the pixel value is greater than 0.15, it is identified as a 

corrosion damage area. For the calculation, the predicted corrosion damage area of 

single hole is 301.44 ��!. The real corrosion damage area of single hole is 273.06 

��
!. The percentage error between the predicted corrosion damage area and the real 

corrosion damage area is 10.39%. Thus, for single-hole-edge corrosion damage 

monitoring, it could be concluded that Lamb wave of 90kHz was more applicable to 

predict the corrosion  damage. 

 
 

a                     b  

Figure 8. (a) The area of real one-hole corrosion damage and 

 (b) the area of predicted one-hole corrosion damage 

 

Figure 9 shows the real and predicted corrosion damage of two holes. As shown in 

Table 5, in Figure 9(b), where the pixel value is greater than 0.15, it is identified as a 

corrosion damage area. For the calculation, the single hole corrosion damage area 

predicted by the corrosion holes in the upper left corner is 329.31 ��
!. The true single 

hole corrosion damage area is 273.06 ��!. The percentage error between the predicted 

single hole corrosion area and the true single hole corrosion damage area is 20.60%. 

The single hole corrosion damage area predicted by the corrosion hole in the lower right 

corner is 357.44 ��!. The true single hole corrosion damage area is 273.06 ��!. The 

percentage error between the predicted single hole corrosion area and the true single 

hole corrosion damage area is 25.75%. Thus for double-hole-edge corrosion monitoring 

under the same conditions, the considerable light leakage was observed owing to the 

excessive edge reflection caused by the existence of another hole. However, in spite of 

the light leakage, the position and size of corrosion spots were still able to be predicted. 

The results indicated that the Lamb-wave-based tomographic method can be used to 

monitor the multi-hole corrosion damage accurately. 

The experimental results confirmed that the proposed corrosion damage quantification 

method can accurately quantify the multi-corrosion damage of porous aluminum alloy 

structures. 
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a                     b  

Figure 9. (a) The area of real two-hole corrosion and 

 (b) the area of predicted two-hole corrosion 

 
Table 5.  Damage Simulation and Prediction Results 

 Damage 

threshold 

Actual corrosion area 

(unit is ��� ) 

Predicted corrosion area 

(unit is ��� ) 

Percentage error 

Hole A 0.15 273.06 301.44  10.39% 

Hole B 0.15 273.06  329.31  20.60% 

Hole C 0.15 273.06  357.44  25.75% 
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