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Abstract

:

The finite models of honeycomb sandwich composite with intact and embedded debonding defects are constructed. The sound pressure in fluid domain and the stress strain problem in solid domain are related by acoustic-structure coupling method, which visually shows the propagation process and modal characteristics of the acoustic wave inside the honeycomb sandwich composite. The simulation results show that the transmission longitudinal wave T1 (transmission initial wave) can effectively characterize debonding defects of honeycomb sandwich composite. However, in the actual detection of honeycomb sandwich composite, there are some problems, such as poor Signal-to-noise ratio (SNR) of received signal, incognizable transmission initial wave. In order to solve these problems, this paper proposes to apply polyphase coded pulse compression technique to air-coupled ultrasonic testing system. The actual test results show that the SNR of received signal is effectively improved, the transmission initial wave can be effectively identified, and the compressed signal has a good response to debonding defect. The air-coupled ultrasonic testing C scan result of honeycomb sandwich composite verifies the rationality and correctness of the theoretical simulation and signal processing technique, which promotes industrial application of air-coupled ultrasonic testing technique in the aerospace field.
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1. Introduction


In recent years, honeycomb sandwich composite materials have been widely used in aerospace and aviation industries owing to their excellent physical and mechanical properties, such as high specific strength, high specific stiffness, good sound, and heat insulation property [1,2,3]. In particular, honeycomb sandwich composite materials are used as a structural material in the helicopter rotor, aircraft fuselage, the thermal protective layer of spacecraft, etc. Their performance are directly related to the safety and reliability of an aircraft. Therefore, it is necessary to continue the rigorous quality inspection of honeycomb composite materials.



However, owing to the influence of temperature, pressure, and other factors, honeycomb composite materials often suffer from delamination defects, debond defects, or inclusion defects in the manufacturing and service process [4,5]. These defects significantly reduce the fatigue life and mechanical strength of honeycomb composite materials, and seriously affect the safety and reliability of components. At present, although the preparation process is strictly controlled, production defect cannot be avoided. Therefore, an effective and reliable non-destructive testing technique should be used for the detection of defects in effects in such materials and components to ensure that the physical and mechanical properties of the components meet the requirements.



Currently, the main technologies used for testing honeycomb sandwich composite materials include X-ray, thermography and ultrasonic methods, etc. The detection performance of X-ray digital radiography methods, thermography and ultrasonic C scan for the characterization of typical defects in honeycomb composite has been studied by Baoquan [6] and Taylor [7]. The detectability of core defect of honeycomb structure by ultrasonic C-scan method was studied by Hagemaier [8]. Another on detection of skin-to-core debonding defect in honeycomb structure using lock-in thermography was shown by Huanxue [9]. However, X-ray technology is less sensitive to area-type defects of honeycomb composite materials, because of debond efects, inclusion defects and other area-type defects, which cause small changes in the energy, leading to low imaging contrast. Thermography technology is very effective for the etection of superficial defects, however it still has great difficulty in detecting deep defects, such as, the debond defects of honeycomb sandwich composite materials with thick skin. The immersion ultrasonic technology is restricted by the coupling agent, which can cause pollution and damage to the surface of honeycomb composite materials. Therefore, it is need to explore a kind of testing technology needs to be explored that does not need a coupling agent, is not limited by the depth of defects in materials, and can detect area-type defects.



Air-coupled ultrasonic testing (ACUT) technique is currently a suitable testing technique, which has very significant advantages, such as, non-destructive, completely non-contact, suitable for in itu testing, strong defect characterization, and can avoid the traditional coupling agent (water, gels etc.) pollution and damage to materials [10,11,12,13]. Therefore, the quality evaluation of honeycomb sandwich composite materials has promising applications based on ACUT technique. However, it is difficult to apply this technique for the inspecting inspection of honeycomb sandwich composite. This is because ultrasound will suffer high attenuation [14,15,16] and various noises [17,18] during transmission, resulting in weak transmitted signal and poor signal-to-noise ratio. Hence, using effective methods [19,20,21] to overcome these limiting factors is the key to applying the air-coupled ultrasonic testing technique to the quality inspection of honeycomb sandwich composite materials.



In this paper, the application of air-coupled ultrasonic technology to the non-destructive testing of debonding defects of honeycomb sandwich composites is studied and demonstrated. First, a reasonable two-dimensional finite element model of honeycomb sandwich composite is established by analyzing the three-dimensional structural characteristics of honeycomb sandwich composite. Based on Fluid–Solid coupling wave control equation, the acoustic structure boundary is established, and the visualization of ultrasonic propagation inside honeycomb sandwich composite is achieved. Second, a finite model of honeycomb sandwich composites with pre-embedded debonding defects is established. The simulation results of sound wave propagated in the complete model and the embedded defect model are compared and analyzed, and the effect of sound wave and defect is visualized. Third, aiming at the problem of weak transmission signal and poor signal-to-noise ratio in the actual detection of honey sandwich composite, the P3 polyphase coded pulse compression technology is proposed to enhance the original transmission signal, and the enhanced signal has a good response to the debonding defect. Finally, based on the air-coupled pulse compression signal, the C-scan of honeycomb sandwich composite with embedded debonding defect is carried out, and the accuracy and effectiveness of air-coupled ultrasonic testing technology are verified.




2. Theory and Model


2.1. Finite Element Method


Due to the different physical properties of medium, the modes of ultrasonic wave in different mediums are also different. For example, when ultrasonic wave propagates in air and liquid, only longitudinal wave exist because viscosity is negligible; when ultrasonic wave propagates in solid, due to the effect of shear force, there are both longitudinal wave and transverse wave. However, when there are both solid and air mediums in the process of ultrasonic propagation, the situation will become more complicated. For honeycomb sandwich composite, the ultrasonic propagation in air can be attributed to pressure acoustics problem in fluid field. The ultrasonic propagation in aluminum, glass fiber reinforce polymers (GFRP), epoxy resin adhesive layer can be attributed to stress-strain problem in solid field. The ultrasonic propagation at the fluid–solid coupling interface can be attributed to fluid-solid coupling stress-strain problem under certain continuous conditions. Therefore, it is necessary to analyze and discuss wave equation in fluid mechanics, structural mechanics equation, fluid-solid dynamic coupling equation, and boundary conditions to provide an accurate and reliable theoretical basis for finite element analysis.



The propagation of sound wave in air can be expressed as [22]:


[Mf]{Pf¨}+[Kf]{Pf}={Ff}



(1)




where [Mf] is mass matrix of air medium; [Kf] is stiffness matrix of air medium; {Pf} is acoustic pressure vector of unit node in air medium, {Ff} is the external force vector.



The propagation of sound wave in aluminum, glass fiber reinforce polymers (GFRP), epoxy resin adhesive layer can be written as [22]:


[Ms]{U¨}+[Ks]{U}={Fs}



(2)




where [Ms] is mass matrix of olid medium, {Fs} is pressure load of solid medium,[Ks] is stiffness matrix of solid medium, {U} is displacement vector of solid medium.



However, when sound wave reaches the fluid-solid coupling interface, the dynamic interaction between the fluid medium at fluid interface and the solid medium at solid interface need to be considered. Therefore, the discrete form of sound wave control equation of fluid-solid coupling interface [22] can be expressed as:


[ρ0RfT[Mf][Ms] 0]{{U¨}{Pf¨}}+[0 [Kf][Ks]−R]]{{U}{Pf}}={{Ff}{Fs}}



(3)




where [R] is the coupling matrix at the fluid-solid coupling interface. This equations mean that the nodes at fluid-solid interface are continuous and the nodes both have displacement component and pressure component.




2.2. Finite Element Model


2.2.1. The Development Model


Honeycomb sandwich composite consists of glass fiber reinforced polymer (the four layer structure of the honeycomb sandwich composite skin in this paper is [0°/90°/0°/90°]), aluminum honeycomb core and epoxy resin adhesive layer, as shown in Figure 1. The real model of honeycomb sandwich composite is three-dimensional case. In the actual finite element analysis, there are some problems such as difficulty in modeling, mesh division, high computational complexity, etc. In order to overcome these problems, by analyzing the structural characteristics of honeycomb sandwich composite and the propagation path of acoustic wave in honeycomb sandwich composite [23,24], three-dimensional problem can be simplified into a two-dimensional problem, as shown in Figure 2. Figure 2b is partial enlargement of the honeycomb composite material of Figure 2a. Figure 2c is a cross section of the honeycomb core of Figure 2b. After observing the structural rule of honeycomb core in Figure 2c, it can be found that when vertically dividing along the honeycomb core, there is mainly a case where the dividing is performed in the form of A-A (The simplified two-dimensional model is shown in Figure 3. The spacing between honeycomb core walls in model will be different. Here, taking only vertically dividing at 1/2 honeycomb core wall as example). Therefore, based on this two-dimensional model, it is reasonable to study the propagation rule of acoustic wave inside the honeycomb sandwich composite.



The transient two-dimensional honeycomb sandwich composite model established in this paper is based on Comsol Multiphysics software. A transmitter is arranged in the upper part of air domain in the FEM. In order to maximize the energy of sound source coupled into honeycomb sandwich composite, the distance between honeycomb sandwich composite and sound source is set as the focal length of sound source. A receiver is arranged in the lower part of air domain. The received signal of receiver is synthesized by sound pressure P integral of the discrete points on the line source. The two-dimensional model includes the air domain, honeycomb sandwich composite sample, and radiation sound source, as shown in Figure 3.



In order to investigate the effect and response of ultrasonic wave to debonding defects of honeycomb sandwich composite, air layer is embedded in the middle of the epoxy resin adhesive layer to simulate the presence of debonding defect in the real adhesive layer, as shown in Figure 4.




2.2.2. Finite Element Mesh and Time Step


In order to accurately invert the propagation of sound wave in medium and take into account the amount of simulation calculation, based on previous research and reference literature [22,25], we deduce that a single wavelength in medium contains at least 10 element meshes. Therefore, the medium meshing needs to satisfy the conditions given by Equation (4).


Lmesh≤110Cf



(4)




where C is sound velocity in medium, and f is frequency of sound wave. In the actual experiment, a relatively high-frequency air-coupled transducer (400 kHz) was used to improve the resolution. Therefore, during the simulation, the working frequency of loaded excitation signal is 400 kHz.



And, taking into account the actual conditions of the layers of the honeycomb sandwich composite sample, different mesh sizes are selected for different medium layers. The mesh type is free triangular mesh. The size of largest unit in free triangular of each medium layer is shown in Table 1.



In order to fully display the details of propagation of sound wave, time step was set to 30 ns.



The macroscopic properties of GFRP materials are found to be orthogonal anisotropy, and the physical properties are shown in Table 2. The linear elastic material is used in other solid domain (Aluminum honeycomb core and epoxy resin adhesive layer), and the material properties are shown in Table 3.






3. Specimen and Experimental Setup


3.1. Specimen


A honeycomb sandwich composite sample was prepared for use in air-coupled ultrasonic testing experiments. The size of the honeycomb sandwich composite sample is 66 mm × 185 mm × 5 mm. The skin of the honeycomb sandwich sample was glass fiber reinforced polymer (GFRP) with a thickness of 0.5mm. The honeycomb core was aluminum with a thickness of 3.6mm. The honeycomb core is regular hexagon with a side length of 0.2 mm and an aperture of 3.46 mm. Ten size of polytetrafluoroethylene (PTFE) with Φ3 mm, Φ4 mm, Φ5 mm, Φ6 mm, Φ7 mm, Φ8 mm, Φ9 mm, Φ10 mm, Φ12 mm, Φ15 mm were preset in the adhesive layer of honeycomb sandwich composite sample to simulate debonding defects, as shown in Figure 5.




3.2. Experimental Setup


A schematic diagram of the air-coupled ultrasonic testing experimental setup is presented in Figure 6. The Signal generator Tektronix AFG3102 (Tektronix, USA) is used to produce an exciting signal with a specific coded sequence and bandwidth (33-bits P3 polyphse coded sequence with 3-cycles per-pulse and -6dB bandwidth is 138 kHz). Then, the signal is amplified by Power Amplifier (AR-75A250A, AR, USA) to excite Transmitter (YiChao, focused, the resonance frequency is 400 kHz and the diameter is 30 mm, Yichao, Suzhou, China). The excited ultrasonic signal passes through honeycomb sandwich composite sample and is received by Receiver (YiChao, focused). Then, the weak detected signal passes to Gain Amplifier and Bandpass Filter device (Panametrics 5800, Olympus, Japan) for gain compensation and filtering, acquired by an 8 bits, 250 Msps ADC (NI PCI-5114), which is embedded in PC. Then, the acquired data is transmitted to PC for processing operation. In conjunction with mechanical scanning module, including mechanical two-dimensional scanning frame (QMI LS-06), motion controller (QMI MC-ST-02), servo motor, etc., the air-coupled ultrasonic testing system can perform C-scan of honeycomb sandwich composite sample.





4. Results and Discussion


4.1. The Mode of Acoustic Wave in Honeycomb Sandwich Composite


Under air-coupled condition, the acoustic wave radiates to the calculation area, and reflection, transmission, and other acoustic phenomena occur after contact with the honeycomb sandwich composite sample. Based on the two-dimensional honeycomb sandwich composite model, the simulation result of sound field distribution with 19.32 μs is shown in Figure 7. In Figure 7, since part of acoustic wave energy is very low, logarithmic enhancement processing is performed on the simulation result for the convenience of observation. Figure 7 shows that the reflected longitudinal wave (R), edge longitudinal wave (El), transmitted longitudinal wave (T1), transmitted longitudinal wave (T2), and leakage Lamb wave (LL) can be clearly distinguished in air domain; and there are multiple Lamb wave (L) modes in the solid domain. After knowing the existence of acoustic wave type in the model, the effect of acoustic wave and defect can be analyzed accurately and reasonably.




4.2. Defect Characterization Using Air-Coupled Ultrasonic Wave


Based on the acoustic mode in honeycomb sandwich composite, acoustic response of debonding defect of honeycomb sandwich composite is studied, and the air-coupled ultrasonic characterization method of internal debonding defect of honeycomb sandwich composite is established. In order to accurately analyze response of the debonding defect of honeycomb sandwich composite to ultrasonic signal, a model with pre-embedded debonding defect in epoxy resin is established, as shown in Figure 4.



Figure 8 shows the sound field distribution of a intact honeycomb sandwich composite model and a honeycomb sandwich composite model with embedded debonding defect at 20.01 μs. Figure 8a shows the sound field distribution of the intact model at 20.01 μs, and Figure 8b shows the sound field distribution of pre-embedded debonding defect model at 20.01 μs. Comparing with Figure 8a and 8b, it is shown that the lamb wave in aluminum honeycomb core wall in direct contact with the debonding defect is seriously attenuated, and the corresponding leakage lamb wave is hardly visible; the transmitted longitudinal wave T1 is significantly attenuated, and the waveform is not visible, as shown in Figure 8b. Considering that the air-coupled ultrasonic vertical transmission method is used in the actual testing, the debonding defect of honeycomb sandwich composite can be effectively characterized by the transmission longitudinal wave T1.



As can be seen from comparison between Figure 9a,b, the transmitted longitudinal wave T1 can be effectively recognized, and the amplitude of the transmitted longitudinal wave T1 is significantly attenuated in the defect area and the non-defect area. This indicates that the transmission longitudinal wave T1 has a good response to the debonding defect, that is to say, it can effectively characterize the debonding defect based on the transmission longitudinal wave T1. Meanwhile, as can be seen, the A-scan also includes a plurality of multiple model signals, and it is difficult to identify them. However, it can be seen from simulation calculation results of Figure 8 and Figure 9 that the transmission longitudinal wave T1 (transmission initial wave) can effectively characterize the debonding defect of honeycomb sandwich composite material when an air-coupled transmission method is used.




4.3. Actual Detection of Debonding Defect Based on Air-Coupled Ultrasonic Testing


According to the analysis in Section 4.2, based on the finite simulation results, the air-coupled ultrasonic transmitted longitudinal wave T1 can effectively characterize debonding defect, but the effect is unsatisfactory in actual quality evaluation of honeycomb sandwich composite. This is because the ultrasound needs to pass through multiple air-solid coupling interfaces during actual detection, and will be affected by a variety of noise, resulting in serious energy attenuation, high noise level, poor signal-to-noise ratio, and the transmission initial wave cannot be identified (as shown in Figure 10). Therefore, the received signal of Figure 10 could not be used to evaluate the quality of honeycomb sandwich composite.



In order to overcome these problem, pulse compression technique in radar field is introduced into ACUT system. The advantage of this signal processing technology is increase the average transmitted power while still maintaining the range resolution [26,27,28,29]. When pulse compression technique is applied to ACUT system, the problem of poor SNR and weak transmission signal can be significantly improved. This technique is specifically performed by a matched filter, which correlates the received signal with the reference signal. In actual processing, to improve the computational efficiency of correlation algorithm, the pulse compression is usually implemented in frequency domain. The implementation steps are as follows: first, the time-reversed function of reference signal r(t) is processed by the Fast Fourier transform (FFT); second, the Fast Fourier Transform is implemented on received signal z(t); then, the two transformed signals are multiplied in frequency domain; lastly, the multiplication result is processed by Inverse Fast Fourier transform (IFFT), and finally the compressed signal o(t) is output. The above process can be expressed by Equation (5):


o(t)=IFFT{FFT{r(−t)}·FFT{y(t)}}



(5)







According to the modulation information of ultrasonic signal, this signal processing technique can be divided into phase modulation pulse compression technique (e.g., Barker-coded pulse compression) and frequency modulation pulse compression technique (e.g., non-linear chirp pulse compression technology). This paper focuses on the application of P3 polyphase coded pulse compression technique. The phase angle of P3 polyphase code signal can be expressed as:


θn=π(n−1)2N2,n=1,…,N2



(6)




where N is the number of bit. When a value of N is given, the P3 polyphase coded sequence with specific phase angle can be generated. Through previous research [18], it is clear that when P3 polyphase coded signals are applied to actual ACUT, in order to obtain higher SNR and amplitude of transmitted signal, polyphase coded signal with higher bit number and 3-cycles per sub-pulse should be selected, and the length of polyphase coded signals need to meet the hardware requirement of ACUT system (Section 3.2) (that is, when the length of polyphase coded signal exceeds 100 bits, the pulse compression signal will be distorted and the effect of pulse compression will be poor). Therefore, when 33-bits P3 polyphase coded signal with 3-cycles per sub-pulse is selected, good processing effect can be obtained, as shown in Figure 11. The compressed signal of Figure 11a is collected in intact area, and the compressed signal of Figure 11b is collected in defect area. As can be seen from comparison between Figure 10 and Figure 11a, the amplitude level and SNR of transmission signal are greatly improved (the amplitude of transmission signal increased from 0.07 V to 2.08 V, and the SNR (Signal-to-noise ratio) of transmission increased from 1.0 dB to 9.2 dB). Comparing Figure 11a,b, it can be seen that the transmission initial wave of P3 polyphase coded pulse compression signal significantly attenuate in the defect area, which is consistent with the simulation result as shown in Figure 9. In actual detection, the distance between transducer and sample is much larger than that of simulation model, so the transmission initial wave arrives later, but the law and result are consistent, that is, P3 polyphase coded pulse compression signal has a good response to the debonding defect of honeycomb sandwich composite. Therefore, the characterization of debonding defect of honeycomb sandwich composite based on P3 polyphase coded pulse compression signal is reasonable in the actual ACUT detection.




4.4. Image of Debonding Defect with Air-Coupled Ultrasonic Waves


According to the above simulation results and signal processing experimental results, ACUT technique can reasonably evaluate debonding defects of honeycomb sandwich composite. In order to verify the actual detection results, C-scan of honeycomb sandwich composite was carried out. The scanning speed is 15 mm/s, the excitation voltage is 400 V, the gain compensation is 105.9 dB, the operating frequency of air-coupled transducer is 400 kHz, the scanning area is 60 mm × 173 mm, and the scanning step is 0.5 mm. The C-scan result of honeycomb sandwich composite is shown in Figure 12. It can be seen that the result is consistent with the layout of debonding defects shown in Figure 5, and the natural debonding defects in the honeycomb sandwich composite sample are also detected, which further illustrates the correctness of theoretical simulation and actual detection.





5. Conclusions


In the paper, according to three-dimensional structure characteristic of honeycomb sandwich composite, a two-dimensional finite model of honeycomb sandwich composite is constructed. The sound pressure in the fluid domain and the stress-strain problem in solid domain are related by acoustic-structure coupling method, which visually show the propagation process and modal characteristics of the acoustic wave inside the honeycomb sandwich composite.



Based on the two-dimensional finite element of honeycomb sandwich composite, the time domain signal response of debonding defect in the material is analyzed. The simulation result of the two-dimensional finite element model can correctly invert the propagation process of acoustic wave in the honeycomb sandwich composite, the SNR of received signal is good, and the transmitted longitudinal wave T1 can be clearly identified. By comparing and analyzing the sound field distribution of the finite model with or without debonding defect at the same time, it can be clearly found that the debonding defect can be effectively characterized by the transmission longitudinal wave T1 (transmission initial wave), that is, when there is a debonding defect in the finite element model, the transmission longitudinal wave T1 attenuates seriously, and the decrease of sound pressure energy is very obvious. However, in actual ACUT detection, due to the influence of various noises, the noise level of received signal is high, the SNR is poor, and the transmission initial wave cannot be recognized. Therefore, the P3 polyphase coded pulse compression technique (the P3 polyphase coded signal with optimum parameters is 33-bits P3 polyphase coded signal with 3-cycles per sub-pulse) is applied to ACUT system to solve such problems. The actual processing results showed that the received signal is effectively improved (the SNR is good and the transmission initial wave can be effectively identified), and the transmission initial wave has significant energy difference between the defect area and the intact area. Therefore, it is reasonable to evaluate the quality of honeycomb sandwich composite based on P3 polyphase coded signal.



The ACUT C-scan of honeycomb sandwich composite was carried out. The imaging result was consistent with the actual characteristics of the internal defect of honeycomb sandwich composite, and the natural debonding defects in the honeycomb sandwich composite were also detected. This shows the ACUT technique is very effective for detecting debonding defects of honeycomb sandwich composite. This promotes the development of ACUT technique in the field of composite material quality evaluation and expands the application range of ACUT technique in the aerospace field.
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Figure 1. The diagram of honeycomb sandwich composite. 
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Figure 2. The honeycomb sandwich composite model simplification process. (b) is the partial enlargement of the honeycomb composite material of (a); (c) is a cross section of the honeycomb core of (b). 
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Figure 3. The two-dimensional model of honeycomb sandwich composite. 
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Figure 4. The two dimensional model of honeycomb sandwich composite embedded with debonding defect. 
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Figure 5. Honeycomb sandwich composite sample and defects layout. 
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Figure 6. Schematic diagram of experimental setup; DAQ: Data Acquisition; PC: Personal Computer. 






Figure 6. Schematic diagram of experimental setup; DAQ: Data Acquisition; PC: Personal Computer.



[image: Applsci 09 00283 g006]







[image: Applsci 09 00283 g007 550]





Figure 7. The simulation result of sound field distribution with 19.32μs in honeycomb sandwich composite. 
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Figure 8. The sound field distribution of a intact honeycomb sandwich composite model and a honeycomb sandwich composite model with embedded debonding defect at 20.01 μs; (a) The sound field distribution of an intact honeycomb sandwich composite model at 20.01 μs; (b) The sound field distribution of a honeycomb sandwich composite model with an embedded debonding defect at 20.01 μs. R: reflected longitudinal wave; El: edge longitudinal wave; T1: transmitted longitudinal wave; T2: transmitted longitudinal wave; LL: leakage Lamb wave; L: Lamb wave. 
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Figure 9. A-wave signal obtained from the computational simulation of the intact model and the embedded defect model. (a) corresponds to the intact model, and (b) corresponds to the embedded defect model. 
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Figure 10. The original signal for detecting honeycomb sandwich composite material. 
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Figure 11. The P3 polyphase coded pulse compression signals are collected separately from the defect area and the intact area. (a) is the compressed signal collected in the intact area, and (b) is the compressed signal collected in the defect area. 
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Figure 12. The C-scan result of honeycomb sandwich composite. 
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Table 1. The actual size information of each component of honeycomb sandwich composite; GFRP: glass fiber reinforce polymers.
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	Medium
	Longitudinal Sound Velocity m/s
	Shear Wave Velocity m/s
	Mesh Size/μm





	Air
	340
	-
	100



	Aluminum honeycomb core
	6260
	3080
	100



	Epoxy resin adhesive layer
	2800
	1100
	50



	GFRP
	2743
	1380
	50
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Table 2. The material properties of GFRP; Ei: Elastic Modulus (i = 1,2,3); Gij: Shear Modulus (i = 1,2,3; j = 1,2,3); Vij: Poisson’s Ratio (i = 1,2,3; j = 1,2,3).






Table 2. The material properties of GFRP; Ei: Elastic Modulus (i = 1,2,3); Gij: Shear Modulus (i = 1,2,3; j = 1,2,3); Vij: Poisson’s Ratio (i = 1,2,3; j = 1,2,3).





	E1/MPa

E3/MPa
	E2/MPa
	G21/MPa

G23/MPa
	G13/MPa
	V12
	V21

V23
	V13

V31





	23270
	7750
	2758
	4580
	0.41
	0.13
	0.15
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Table 3. The material properties of solid domain.
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	Solid Medium
	Elastic Modulus/GPa
	Poisson’s Ratio
	Density/(Kg·m−3)





	Aluminum
	6.8
	0.32
	2700



	Epoxy resin adhesive
	1
	0.38
	1180











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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