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Abstract

:

This paper proposes a phase-reversal method (PRM) for damage imaging in plate structures. The PRM is a novel Lamb-wave-based method that mainly focuses on phase spectrum information of scattering waves reflected from a defect. The PRM reverses the phase angle along the propagation path by using the inverse Fourier transform first, and then the reversal reconstruction of the wave field in the frequency domain is performed for damage imaging. The proposed method analyzes the scattered wave field without using the baseline data and structural parameters. Moreover, dispersion characteristics and anisotropy are not involved in the process of damage positioning, thus making the PRM suitable for damage monitoring of composite laminates. To improve the PRM accuracy further, a combined addition and multiplication method of the correlation coefficient (CAMM) is proposed, which can reduce the effects of phase and noise artifacts and distortion. The results of the finite element simulations and experiments show that the combination of the PRM and CAMM methods can accurately locate damage in composite structures. Therefore, the PRM and CAMM methods have great application potential in damage imaging in composite laminates.
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1. Introduction


Composite materials have been widely used in the fields of aerospace, defense industry, and civil industry because of their excellent properties, such as low density and high specific strength and modulus. However, due to the complex manufacturing technology of composite materials and harsh service environment, damage is inevitable. This damage can reduce the strength of a structure and endanger its safety. Although most composite structures are designed according to the damage-tolerance criteria [1], it is still important to detect and evaluate damage before it occurs and spreads out.



Structural health monitoring (SHM) technology has attracted great attention in the field of damage assessment of composite materials [2]. Many damage-detection methods have been proposed and improved in recent years [3,4,5]. Among them, the damage-detection method based on the ultrasonic Lamb wave has been particularly efficient for large plate structures [6,7,8]. Xu et al. [9] developed a theoretical model for the analysis of PWAS-related Lamb-wave time reversal. The theoretical model is first used to predict the existence of single-mode Lamb waves. Both numerical and experimental results show that the use of PWAS-tuned single-mode Lamb waves can greatly improve the effectiveness of the time-reversal damage-detection procedure. Ryan et al. [10] proposed a modified time-reversal method (MTRM) which requires only one transducer to actuate signals, while the other transducer acts as a sensor for any signal path. The development of MTRM paves the way for implementing time reversal of signals by using a single actuator and multiple sensors, including non-contact sensors, such as a laser vibrometer. Kapuria et al. [11] combined the refined time-reversal method (RTRM) and the reconstruction algorithm for probabilistic inspection of defects (RAPID) to predict the damage location on an aluminum plate. The Lamb-wave time-reversal method is an effective baseline-free damage-detection technique for structural health monitoring. However, the parameters of the composite laminates, including dispersion characteristics and anisotropy, reduce the accuracy of the PRM in locating damage to composite laminates.



Lamb waves have dispersion and multimode characteristics [12,13,14,15], and composite laminates have features of anisotropy and heterogeneity, which makes the signal analysis using the damage-detection methods based on Lamb waves challenging. Therefore, to improve the accuracy of damage detection, dispersion removal [16,17,18] and direction-dependent damage-detection methods [19,20] have been proposed. These methods generally require users to obtain prior information on the structural parameters of composite materials, and this information is often difficult to obtain in practical applications.



In damage imaging, phase and noise artifacts, as well as distortion, may occur due to changes in external environmental parameters, such as temperature and uneven material surface, the dependence of the wave velocity and wavelength on the frequency, and different interactions between defects and material geometrical structure. Liu et al. [21] proposed an image-data-fusion method suitable for elliptic positioning where the amplitude was used as a damage index. The accuracy of the damage location was improved by using the combined amplitude addition and multiplication method.



This paper presents a new damage-detection method, the phase-reversal method (PRM), for composite laminates. The proposed method uses a linear sensor array to receive a Lamb-wave signal and analyzes damage according to the scattering signal phase change. Then it applies the inverse Fourier transform to the damage scattering wave and uses its similarity as a damage index to obtain the damage location. Finally, it calculates the correlation coefficient and uses the data-fusion method to improve the damage-imaging accuracy. In this study, the commercial software COMSOL(Version 5.3) was used to perform numerical simulation and verify the experimental research. In the proposed method, localization of damage in composite laminated structures was realized without using the information on material parameters, dispersion relation, and anisotropy. The results show that the proposed method has great application potential in damage imaging and structural health monitoring of composite laminates.




2. Materials and Methods


2.1. Phase-Reversal Method


Due to the dispersion and multimodal characteristics of guided waves and anisotropy of composite materials, the propagation of Lamb waves in composite materials is very complex, which restricts the application of damage-detection methods based on Lamb waves in composite materials and limits their accuracy of damage imaging. To overcome these limitations, this paper proposes a phase-reversal imaging method. Compared to the existing damage-detection methods, the proposed method can realize the damage detection of composite materials without prior information on material parameters, dispersion relationship, and influence of anisotropic characteristics of composite materials.



The schematic diagram of the phase-reversal method process is presented in Figure 1. In the process of damage imaging based on an ultrasonic guided wave, the guided wave propagates through the structure and interacts with the damage, where the damage can be regarded as a secondary wave source. Therefore, damage localization can be realized by analyzing the scattering wave from the defect. As shown in Figure 1, in phase-reversal imaging theory, sensor arrays with narrow spacing are used for detecting the scattering waves. For each pair of the sensors, the wave velocity of the damage-scattering wave propagating from the damage source to each receiving array element is considered the same within the margin of error, so the anisotropy of composite materials does not affect the phase-reversal method. By using the Fourier transform, the phase spectrum of the damage scattering signal at a pair of sensors can be obtained as follows:


    F m   ω  =   ∫   − ∞   + ∞   u    x m  , t    e  − i ω t   d t     ϕ m ω  = a r c t a a n     I m (  F m   ω  )   R e (  F m   ω  )         m = 1 , 2     



(1)




where   u    x m  , t     are the wave signals detected by two sensors;    x m    are the positions of the sensors; and   I m  •    and   R e  •    denote the imaginary and real parts of a complex value after the Fourier transform, respectively. After the Fourier transform, the harmonic component corresponding to the damaged scattered wave is given by the following:


    u ω     x m  , t   =  A m ω   e  i    k r ω  •    x m   →  − ω t         m = 1 , 2     



(2)




where    A m ω    is the amplitude corresponding to the angular frequency,  ω ;      x m   →    represents the direction vector from the damage point to sensors; and    k r ω    is the wave number of  ω  along the direction of the scattering wave propagation path. The relationship between the phase difference corresponding to each frequency of the damage scattering signal and the difference in propagation path distance,   Δ l  , is given by the following:


  Δ l = Δ ϕ  ω  /    k r ω     



(3)




where      k r ω      is the norm of the wave number, as shown in Figure 1;   Δ l   is the difference in the propagation distance of the damage scattering wave from the source to a pair of sensors, and its value is calculated by   Δ l =  l 2  −  l 1   ; and the phase difference is calculated by   Δ ϕ  ω  =  ϕ 2   ω  −  ϕ 1   ω   .



By reversing the phase corresponding to each frequency along the reverse path from the sensors to the damage scattering source, the phase spectrum,    Φ ω   , of the damage scattering signal at the source can be obtained by the following:


   Φ ω  =    ϕ ω   ¯  − Δ  ϕ ω  ⋅  l ¯  / Δ l  



(4)




where      ϕ ω   ¯    denotes the mean value of the phase angle, and its value is calculated by      ϕ ω   ¯  =    ϕ 2 ω  +  ϕ 1 ω   2   ; and    l ¯    is the average propagation distance, and its value is obtained by    l ¯  =    l 1  +  l 2   2   . It is important to note that this phase-reversal process can only be achieved when the distance between the sensors is small enough. In that case, the wave propagation along each path can be considered to be the same within the margin of error; otherwise, the anisotropy of the wave’s velocity difference will influence the accuracy of the damage imaging.



Assuming that the amplitude of the guided wave is constant during the propagation process, we can construct a Fourier signals,    F *   ω   , using the phase spectrum,    Φ ω   , derived by PRM.


   F *   ω  =  A ω  c o s  Φ ω  + i  A ω  s i n  Φ ω   



(5)







Then the inverse Fourier transform can be used to reconstruct the initial damage scattering signal at the scattering source.


   u *   t  =  1  2 π     ∫   − − ∞   + ∞    F *   ω   e  i ω t   d ω =  1  2 π     ∫   − − ∞   + ∞      A ω  c o s  Φ ω  + i  A ω  s i n  Φ ω     e  i ω t   d ω  



(6)







Three adjacent sensors constitute a group. Theoretically, at the damage scattering source, the initial damage-scattering signals reconstructed by each group of sensors should have similar waveforms. Therefore, the damage imaging index,   D I  , is defined as a similarity index of the signals, and it is calculated by the following:


  D  I n    x , y   =    C n    x , y     m a x    C n    x , y        



(7)




where    C n    x , y     represents the signal correlation coefficient of the reconstructed damage scattering signal at position     x , y    ;  n  represents the sequence number of a group of sensors, and the maximum value of  n  is the number of linear sensors in the same direction, i.e.,   m − 2  . The signal correlation coefficient is defined by the following:


   C n    x , y   =   C o v    u 1 *   t      x , y     ,  u 2 *   t      x , y           V a r    u 1 *   t      x , y       ⋅ V a r    u 2 *   t      x , y            



(8)




where    C n    x , y     is defined as the cross-correlation coefficient at location     x , y     between the        u 1 *   t        x , y       and        u 2 *   t        x , y      ; and        u 1 *   t        x , y       and        u 2 *   t        x , y       are the reconstructed scattering signal at point     x , y    .




2.2. Data Fusion


Image data fusion [22] refers to the synthesis of multiple images by using mathematical methods so as to obtain improved images. In this study, a combined addition and multiplication method of the correlation coefficient (CAMM) based on data fusion is proposed. In the theory of phase-reversal imaging, according to Equation (4), the imaging geometry characteristic denotes a hyperbola passing through damage, whose semi-real axis value is    Φ ω  / 2  . By fusing imaging hyperbolas obtained from several groups of measurement points, the damage location is determined as an intersection point of the hyperbola curves. At the same time, due to the change in external environmental parameters, such as temperature and uneven material surface, the dependence of the wave velocity and wavelength on the frequency, and interaction between defects and material geometry structure, phase and noise artifacts and distortion will appear in damage imaging results. Therefore, according to the geometric characteristics of phase-reversal imaging, the combined addition and multiplication method of the correlation coefficient is proposed. This method can effectively eliminate artifacts and improve the accuracy of damage imaging by adding and multiplying the imaging results.



According to the theory of phase-reversal imaging, the plate-like structure of a composite material can be divided into discrete element points. In general, the distance between adjacent discrete element points should be less than the damage size to meet the requirements for positioning accuracy. In this study, it is assumed that the damage is located at discrete element points, and all the unit points are regarded as possible locations of damage. The signal of each discrete element point is reconstructed by the phase-reversal method, and the correlation coefficient of the signal is calculated. The signal correlation coefficient of the unit point is a pixel point of the damage-imaging matrix. If the unit point represents damage, the signal similarity will be high, and the damage imaging results will be displayed as a hot spot with a high pixel value.



According to Equation (7), the imaging matrices of each group on the x-axis and y-axis can be obtained by the following:


    I n x  = D  I n x    x , y       I n y  = D  I n y    x , y     



(9)







As mentioned before, three adjacent sensors in the same direction are regarded as a group. In Equation (9),  n  represent the sequence number of groups in the same direction, and its maximum value is the number of sensors in the same direction, i.e.,   m − 2  .



The imaging matrices along the x-axis and y-axis are fused by the combined addition and multiplication method of the correlation coefficient (CAMM) to obtain the final imaging result, as follows:


  I =   ∏   n = 1   m − 2      I n x  +  I n y     



(10)







By using the combined correlation coefficient addition and multiplication data fusion–based method, the effects of phase, artifacts, and distortion can be effectively reduced so that the pixel value in the final imaging result is focused on the damage scattering source. Thus, the damage imaging accuracy of the phase-reversal method is improved.





3. Results


3.1. Numerical Analysis Results


In the numerical analysis, an orthogonal anisotropic composite plate was used as a research object. The structural model is shown in Figure 2; the plate size was 200 mm × 200 mm × 1 mm. The excitation source was located in the center of the plate, and the sensors were set up as four orthogonal linear arrays. The through hole with a diameter of 10 mm was used as damage, and its positional coordinates were (50 mm, 70 mm). To improve the calculation efficiency, since the damage type was through-hole damage, the composite material was assumed to be a whole structure. The composite material plate adopted the integral-modeling method, and the specific parameters are given in Table 1.



The commercial finite element software COMSOL was used to calculate the damage scattering model of composite plates. The grid was structured; the unit type was a uniform hexahedral grid with a size of 1 mm; the excitation source was a circular equipotent line model with a diameter of 7 mm; and a linear array measuring point denoted the sensors on the composite plate’s surface. Due to the high sensitivity of the    A 0    mode guided wave to damage and the low complexity of signal analysis, this study used the anti-symmetric    A 0    mode guided wave excited in the center of the plate to realize phase-reversal damage imaging. The excitation signal was a five-peak wave modulated by the Hanning window, and its expression was as follows:


  S =  A 2    1 − c o s     2 π  f c   n    t   ⋅ s i n   2 π  f c      t ∈   0 ,  n   f c         



(11)




where  A  is the amplitude of excitation signal,    f c    is the center frequency which was chosen 100 kHz,  t  is the time duration, and  n  is the wave period which was chosen 5 in this study. The time domain and frequency domain of the excitation signal are shown in Figure 3.



The wave field diagram of the orthotropic composite material plate obtained by the finite element calculation is displayed in Figure 4. As the orthotropic characteristics of the composite material led to the directional dependence of the guided wave’s propagation velocity, the wave front has an approximately diamond shape.



Four orthogonal linear sensors located on the coordinate axis were used to receive the damage scattering signals. The position and number of sensors are shown in Table 2. According to the theory of PRM, the spacing of sensors should meet the error requirements, and in this study, the sensors’ spacing was set to 1 mm. Off-plane displacement signals of each measuring point were extracted, and signals of four typical measuring points are shown in Figure 5, where direct wave signals and damage-scattered wave signals can be clearly identified.



The arrival-time comparison of the damage scattering signals received by the sensors at the symmetrical positions at four linear measurement points is shown in Figure 5. The damage scattering signals first arrived at the positive direction of the x-axis and y-axis, so it could be concluded that the damage was located in the first quadrant of the coordinate system with the center of the plate as an origin.



Since the damage was located in the first quadrant, the signals of forward points on the x-axis and y-axis were selected for phase reversal damage detection. The phase corresponding to the frequencies in the frequency band near the center frequency of the damage scattering signal on the x-axis is shown in Figure 6. The phase was obtained by the Fourier transform, and the frequency interval was 5 kHz. As shown in Figure 6, the phase difference between the scattered signals obtained by different sensors was different.



According to the PRM, the scattered damage signals can be reconstructed, and the similarity of the reconstructed signals can be used as a damage-imaging index. As shown in Figure 7, the imaging matrices of measurement points on the x-axis and y-axis can be obtained respectively by Equations (7) and (8).



The imaging results in Figure 7 show the geometric characteristics of the phase-reversal method. Specifically, the imaging result obtained by the linear receiving arrays in the same direction formed a hyperbola, which passed through the damage. By applying the proposed data-fusion method, the imaging matrices were obtained by Equation (9), and they were overlapping, but the corresponding curves met at the damage position. According to Equation (9), the imaging matrices shown in Figure 7 were superimposed and fused, and the imaging curves obtained from measuring points in different directions will intersect at the damage area. At this time, multiplying the superimposed imaging matrices can eliminate the phase artifacts, noise artifacts, and distortion caused by the change of the external environment and the dependence of wave velocity and wavelength on frequency.



As shown in Figure 8, the imaging results were obtained by the combined addition and multiplication method of the correlation coefficient based on data fusion. The actual damage location coordinates were (50 mm, 70 mm), and the damage location coordinates by PRM and CAMM were (51 mm, 70 mm).




3.2. Experimental Results


To verify the numerical-simulation results, an experimental platform for damage detection of composite materials based on the phase-reversal method was constructed, as shown in Figure 9. The experimental platform included the orthogonal anisotropic carbon fiber composite laminated plate, which was used as a research object; the signal generator, which was used to generate the signal with a center frequency of 100 kHz; the signal amplifier, which was employed to improve the signal energy; and the Doppler laser vibrometer, which was used to measure the vibration signal of structure.



The size of the experimental plate was 800 mm × 800 mm, and its thickness was 1 mm. The information on material parameters was unknown, which confirmed the advantage of the proposed method, i.e., that it does not require prior information on material parameters. The damage forms of a composite plate structure usually include cracks, fiber fracture, debonding, and delamination. To facilitate the extraction of scattered signals and reduce the difficulty of subsequent signal processing, the damage was replaced by a circular magnet with a diameter of 10 mm, whose positional coordinates were 50 mm and 70 mm, and which was pasted on the front and back of the plate. The measurement points were two linear arrays on the x-axis and y-axis; the quantities and positions are given in Table 3.



The signal containing the damage scattered wave measured by the Doppler laser vibrometer is shown in Figure 10, where the red circle indicates the scattered damage signal.



According to the theory of the PRM, the correlation coefficient of the reconstructed damage scattering signal is taken as the imaging index. The accuracy of imaging matrices by PRM is improved through the combined addition and multiplication method of the correlation coefficient (CAMM). As displayed in Figure 11, the actual damage coordinates were 50 mm and 70 mm, and the damage location coordinates obtained by the PRM were 51 mm and 73 mm.



The experimental results showed that the phase-reversal method could successfully realize damage imaging under the condition of unknown material parameters of the composite plate, and the damage-imaging process did not involve the dispersion relationship and was not affected by the anisotropy. Thus, the phase-reversal method is suitable for damage detection in composite materials.





4. Conclusions


The results of the numerical simulation and experimental verification demonstrate that the proposed phase-reversal method can realize damage detection in composite materials without prior information on material parameters, dispersion relationship, and influence of anisotropic characteristics of composite materials. At the same time, the combined addition and multiplication method of the correlation coefficient, which is based on the proposed damage-imaging method, can effectively eliminate the effects of phase and noise artifacts and distortion on the damage-positioning result and improve the damage-imaging accuracy of the phase-reversal method. The damage-positioning accuracy error obtained in the numerical simulation and experiment is less than 3 mm. Therefore, the proposed phase-reversal method can be applied to damage detection in composite materials, and this use has a certain guiding significance for practical engineering applications.
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Figure 1. Schematic diagram of the PRM. 
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Figure 2. Schematic diagram of the composite laminate and sensor array. 
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Figure 3. (a) Time-domain diagram of the excitation signal. (b) Frequency-domain diagram of the excitation signal. 
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Figure 4. Wave-field diagram of the orthotropic composite. 
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Figure 5. Typical received signals, including the incident and reflected waves. 
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Figure 6. Phase spectrum of the damage scattering signal on the x-axis. 
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Figure 7. (a) Imaging result on the x-axis. (b) Imaging result on the y-axis. 
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Figure 8. Damage-imaging result obtained by numerical analysis. 
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Figure 9. Schematic diagram of the experimental setup. 
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Figure 10. (a) Received signals, including the incident and reflected waves on the x-axis. (b) Received signals, including the incident and reflected waves on the y-axis. 
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Figure 11. Damage-imaging result obtained by the PRM. 
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Table 1. Parameters of the orthotropic composite.






Table 1. Parameters of the orthotropic composite.





	Thickness
	E11
	E22
	G12
	G23
	v12
	v23





	1 mm
	178 GPa
	178 GPa
	5.2 GPa
	5.2 GPa
	0.34
	0.34
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Table 2. Location and number of sensors of the four sensor arrays.
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	x-Axis (Positive)
	x-Axis (Negative)
	y-Axis (Positive)
	y-Axis (Negative)





	Sensor location
	15–35 mm
	(−15)–(−35) mm
	15–35 mm
	(−15)–(−35) mm



	Number of sensors
	21
	21
	21
	21
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Table 3. Location and number of the four measuring points.
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	x-Axis (Positive)
	y-Axis (Positive)





	Sensor location
	15–35 mm
	15–35 mm



	Number of sensors
	21
	21
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