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Introduction: Current research has mostly simplified CFRP components as isotropic media or homogenized them as anisotropic media, which fails to present the actual acoustic propagation behavior inside the CFRP components and restricts the accuracy of decoupling sound line tracking results and defect feature information.
Method: Based on clarifying the influence of fiber direction on the spatial distribution of CFRP elastic properties, this paper proposes an acoustic modeling method for CFRP multi-directional plates considering the coupling effect of multi-layer structure and elastic anisotropy.
Results: There are two main innovations: 1. The model is optimized using the Voigt representation method, which can quantitatively characterize the elastic anisotropy of any homogeneous material with a 6 × 6 elastic stiffness matrix containing 21 independent elastic constants. In this paper, the elastic stiffness matrix only includes five independent elastic constants; 2. Finite element simulation is used to analyze the propagation rules of ultrasonic waves inside CFRP and compare the detection methods with or without sound coupling layer.
Discussion: The acoustic characteristics of the sound coupling layer are changed to find the optimal coupling method, reduce the refraction of ultrasonic waves in the specimen layer, and make the sound line path more accurate.
Keywords: acoustic modeling, acoustic propagation behavior, CFRP components, multi-layer structures, elastic anisotropy
1 INTRODUCTION
Carbon Fiber Reinforced Plastics (CFRP) is a structural material composed of high-strength carbon fibers as the reinforcing phase and resin as the matrix. Carbon fibers, as the main load-bearing part of CFRP, are continuous filaments with a diameter of approximately 5–10 μm, made from polyacrylonitrile and asphalt filaments through a carbonization process. Carbon fibers possess characteristics such as lightweight, high strength, high modulus, and stable chemical properties. CFRP, with its high specific strength, high specific stiffness, good fatigue and corrosion resistance, as well as ease of large-scale molding, has gained attention in the aerospace field. It is gradually replacing traditional metal materials as load-bearing components in aircraft structures, playing a vital role in achieving lightweight, high-performance, and cost-effective aircraft structures. Due to factors such as manufacturing technology and cost control, the application of composite materials in civil aircraft has been limited to around 10% (HUANG et al., 2023). er, with the continuous improvement of advanced composite manufacturing technolHowevogy, their application scope in civil aircraft has gradually expanded from fairings, elevators, rudders, spoilers, and secondary load-bearing components to primary load-bearing components such as central-wing box and fuselage (LIU et al., 2023). Defects in CFRP components are inevitable during manufacturing and service stages, mainly due to the diversity of material compositions, complexity of structures, and instability of manufacturing processes.
Nondestructive Testing (NDT) is based on the premise of not compromising the functional performance of the object being tested. It applies various physical principles and chemical phenomena to effectively inspect and test various engineering materials, components, and structures, in order to assess their continuity, integrity, safety, reliability, and certain physical properties. This includes detecting the presence of defects in the material or component, and assessing the shape, size, orientation, distribution, and internal contents of these defects. Furthermore, when there are no significant defects that impact usage within the object being tested, NDT can also provide information on the organization and distribution of materials, as well as stress states (CAI et al., 2023).
To simulate the acoustics of CFRP (Carbon Fiber Reinforced Polymer) components, it is necessary to understand their internal microstructure. The acoustic characteristics of CFRP components are complex and mainly influenced by the coupling effects of three factors: complex geometric shape, multilayer structure, and elastic anisotropy. Therefore, the key to acoustic modeling of CFRP components lies in clarifying the individual effects of these three factors and their coupling mechanisms. However, existing research work often simplifies CFRP components as either isotropic media or homogenizes them as anisotropic media. For instance, Willmann et al. conducted health monitoring of CFRP laminates under cyclic loading by assuming isotropic specimen parameters based on vibration-acoustic modulation measurements (Erik et al.). Morokov et al. combined high-frequency ultrasound with a long-focal-length transducer beam acoustic microscope and mechanical testing machine to visualize the evolution of damage inside isotropic CFRP laminates (Egor et al., 2022). Qin et al. characterized impact fatigue damage in CFRP composites using nonlinear acoustic resonance methods, assuming CFRP materials as isotropic media (Wei et al., 2020). Zhang et al. performed finite element analysis by homogenizing CFRP as an anisotropic medium to simulate fatigue phenomena in specimens (Zhang et al., 2020). These studies share a common limitation, as they fail to accurately simulate the actual sound wave propagation behavior inside CFRP components, which restricts the accuracy of guided wave results and defect characterization information.
In this paper, a novel acoustic modeling method is proposed that takes into account the microstructural characteristics of typical CFRP components, as well as the coupling effects of factors such as multilayer structure and elastic anisotropy. By utilizing this finite element acoustic simulation, it is possible to reveal the influence of the acoustic characteristics of CFRP components on the behavior of ultrasonic wave propagation, analyze the causes of interference signals, and provide theoretical support and a model foundation for subsequent research.
2 ACOUSTIC MODELING OF CFRP PLATES
2.1 CFRP plate specimens
To investigate the properties of aerospace CFRP components, CFRP multidirec-tional plate specimens were prepared, as shown in Figure 1. These specimens were made by stacking carbon fiber/epoxy resin prepregs and then solidifying them through hot pressing. Detailed information about the specimens can be found in Table 1.
[image: Figure 1]FIGURE 1 | CFRP plate sample.
TABLE 1 | CFRP sample information.
[image: Table 1]2.2 Principles of CFRP plate acoustic modeling
The acoustic model established in this article needs to accurately describe the spatial distribution of the acoustic characteristics of CFRP components, in which elastic characteristics are the most critical factor. It can be determined that the local elastic characteristics of CFRP components are directly related to their fiber direction. Taking into account the variation of fiber orientation with the ply in CFRP multidirectional plates, this paper establishes an acoustic model using Bond transformation theory. This model is based on the layer information obtained from metallographic observations (layer quantity, layer order, and single layer thickness), as well as the measured elastic stiffness matrix values of CFRP unidirectional fiber layers. By considering the coupling effect between multi-layer structures and elastic anisotropy, this acoustic model can accurately describe the acoustic characteristics of CFRP components.
2.2.1 Anisotropic elastic waves
CFRP material has the directional arrangement characteristics of high-strength carbon fibers in the resin matrix, which determines that it is essentially an elastic anisotropic medium. For this elastic anisotropic medium, the theory of sound propagation still applies. This article assumes that sound waves propagate in an infinite elastic anisotropic medium, following the Christophel equation:
[image: image]
Where: [image: image] is the mass of the material, [image: image] is the phase velocity of a sound wave, [image: image] is the displacement of a particle, [image: image] is the Kronecker delta symbol, [image: image] is the Christoffel acoustic tensor, which can be defined as:
[image: image]
Where: [image: image] is the elastic tensor of the material ([image: image] is a fourth-order elasticity stiffness tensor, [image: image]), [image: image] is the component of the unit vector of the sound propagation direction. By solving the Christoffel equation, three solutions related to the phase velocity can be obtained, corresponding to three types of waves: quasi-longitudinal waves (qP waves), quasi-perpendicular shear waves (qSV waves), and quasi-horizontal shear waves (qSH waves). Unlike isotropic media, in anisotropic media, the group velocity and phase velocity of sound waves are not consistent. In Figure 2, the spatial distribution of the group velocity of the quasi-longitudinal waves (qP waves) at carbon fiber layup angles of 0°, ±45°, and 90° is shown.
[image: Figure 2]FIGURE 2 | Spatial distribution of quasi longitudinal wave (qP wave) group velocity at different angles of carbon fiber layer.
2.2.2 Multidirectional plate acoustic modeling method and optimization
According to the theory of sound propagation, it is known that the distribution of the speed of sound in a material is closely related to its elastic properties (Yang et al., 2023). By using the Voigt representation method, the elastic stiffness matrix can be used to quantitatively describe the elastic anisotropy of any homogeneous material, and this elastic stiffness matrix is a symmetric matrix that contains up to 21 independent elastic constants:
[image: image]
A schematic diagram of the microstructure metallography image of the cross-section of CFRP layups based on the unidirectional fiber orientation is presented in Figure 3, which is the focus of this study. Observations reveal that within the [image: image] plane perpendicular to the fiber direction, the microstructural features exhibit isotropic distribution regardless of the orientation. However, within the [image: image] plane parallel to the fiber direction, significant differences in structural characteristics are observed among different orientations due to the unidirectional arrangement of fibers, indicating anisotropic distribution. These microstructural features determine the isotropic nature of the CFRP unidirectional fiber layup in the cross-section, with the symmetry axis parallel to the fiber direction. Therefore, the corresponding elastic stiffness matrix only needs to contain 5 independent elastic constants. For a single layup with the fiber direction parallel to the x-axis of the coordinate system (horizontal direction), the corresponding elastic stiffness matrix C can be expressed as:
[image: image]
[image: Figure 3]FIGURE 3 | Schematic diagram of metallographic photos of the cross-sectional microstructure of CFRP layer.
For a CFRP plate, there are a total of [image: image] layers of plies, with [image: image] denoting the thickness of the [image: image]-th layer of ply. The layup angle [image: image] is defined as the angle obtained by rotating the x-axis (the direction of fibers in the 0° ply) counterclockwise around the y-axis (thickness) within the ply plane, in order to align it parallel to the direction of the fibers. In this paper, it is assumed that the ply interfaces have the same material properties as the ply immediately below them. Therefore, the local fiber orientation angle [image: image] at any point [image: image] within the CFRP plate can be expressed as:
[image: image]
In the current 0-xyz coordinate system, the elastic stiffness matrix for the 0° layer can be determined using Eq. 5. Other layers with different fiber orientation angles can be considered as obtained by rotating the 0° layer around an axis by the corresponding angle. Therefore, we can calculate the local elastic stiffness matrix at any point [image: image] by performing a series of Bond transformations. Specifically, in this study, the following transformations were applied to the matrix:
[image: image]
Where [image: image] and [image: image] are the Bond transformation matrices and their transpose matrices, expressed as:
[image: image]
3 ULTRASONIC FINITE ELEMENT SIMULATION
In this paper, the popular and widely used finite element analysis software COMSOL was employed, which can effectively solve coupling problems among physical fields and has high accuracy and powerful post-processing capabilities (Li, 2022). Therefore, in this study, the transient problem of ultrasonic propagation in different media was simulated using the COMSOL finite element software. This approach ensures the reliability and accuracy of the research results.
This experiment focused on the CFRP flat plate specimen shown in Figure 1, with particular emphasis on the following issues.
(1) Under the experimental conditions corresponding to Figure 1, the excitation probe directly contacted the surface of the CFRP multidirectional plate, allowing the ultrasonic wave to directly enter the interior of the CFRP. At this time, the main factors affecting the behavior of ultrasonic wave propagation are the anisotropic acoustic velocity distribution of CFRP and the acoustic mismatch of the interlayer interfaces. By studying the coupling effect between these two factors and their impact on the propagation behavior of incident ultrasonic waves, a foundation can be provided for the subsequent analysis of acoustic propagation behavior under more complex experimental conditions.
(2) In order to ensure effective acoustic energy transmission, direct contact method is rarely used for ultrasonic testing in engineering practice. Typically, an acoustic coupling medium is filled between the transducer and the CFRP component. This testing method not only protects the transducer from wear during sliding scanning but also avoids the blind zone caused by the pulse width of the transducer’s initial pulse. Choosing different acoustic coupling media will change the acoustic matching at the “coupling layer/CFRP" interface, thereby affecting the reflection and refraction behavior of ultrasonic waves at the interface, and consequently influencing the propagation behavior of ultrasonic waves inside the CFRP. In this paper, a comparative analysis was conducted using the two most commonly used acoustic coupling methods in engineering practice, namely, immersion in water and coupling using an organic glass wedge. The influence of introducing an acoustic coupling layer and the changes in its acoustic characteristics on acoustic propagation behavior were studied, providing guidance for the selection of acoustic coupling materials.
The simulation software used in this study is COMSOL Multiphysics 6.0. In the model, the axis is parallel to the 0° fiber direction and the axis is parallel to the thickness direction of the specimen. The solid part (including the CFRP specimen and the organic glass coupling wedge) is modeled using the Structural Mechanics module, while the liquid part (water coupling layer) requires the use of the Acoustic Pressure module. To ensure continuous propagation of the ultrasonic wave between the solid and liquid, a “Multiphysics Coupling Boundary" is defined as the interface between the solid and liquid. The transducer is placed horizontally at the upper boundary of the model. To simulate the excitation of the ultrasonic wave in the time domain, the time-dependent change in stress is described by applying a transient stress boundary condition in a specific direction.
[image: image]
In the equation, [image: image] represents the center frequency of the ultrasonic pulse, and [image: image] is the signal amplitude. When performing finite element simulations, it is crucial to carefully choose two key parameters: the mesh size and the time step, in order to ensure computational accuracy, convergence, and minimize computational time. The finer the mesh size in the computational domain, the higher the computational accuracy, but also the longer the computation time. Typically, the maximum mesh size should not exceed 1/6 of the minimum wavelength in the acoustic model. In this study, we set the maximum mesh size to be 1/8 of the respective minimum wavelength. The time step ΔT primarily affects the convergence of the finite element solution. The Courant-Friedrichs-Lewy (CFL) condition states that for convergence of the finite element computation, the CFL number must satisfy the following condition:
[image: image]
Here, c represents the minimum sound velocity in the acoustic propagation medium of the model, and Δs is the maximum mesh size in the model. In this study, we set ΔT = 1/(25 [image: image]).
In order to maintain consistency with the ultrasonic wave excitation time-domain signal used in practical applications, the following parameter values were chosen in this study: [image: image] = 10 MHz and [image: image] = 22. The left and right geometric boundaries of the model are set as low reflection boundary conditions to attenuate the reflection of ultrasonic waves from the side boundaries. The bottom geometric boundary of the model is set as a free boundary condition to ensure perfect bonding of adjacent layers at the interfaces.
The model mainly includes three types of materials, namely, CFRP, water, and organic glass, with their minimum longitudinal sound velocities being 2,968.5 m/s, 1483.4 m/s, and 2,675.8 m/s, respectively. Based on the finite element calculation parameter selection principle mentioned above, the maximum mesh size and calculation time step of each model at the current ultrasonic detection frequency can be calculated. Figure 4 shows the finite element model of the CFRP specimen studied in this article.
[image: Figure 4]FIGURE 4 | Finite element models of CFRP specimens: (A) direct contact; (B) immersed in water; (C) coupled with organic glass.
4 SIMULATION AND ANALYSIS OF THE SOUND PROPAGATION BEHAVIOR OF CFRP MULTIDIRECTIONAL PLATE
In this section, a pulsed probe with a frequency of 10 MHz was used to inspect the specimen, with the x-axis and y-axis aligned parallel to the 0° fiber direction and the thickness direction of the sample, respectively. The solid part of the model, including the CFRP specimen and the organic glass coupling wedge, was simulated using the structural mechanics module. The liquid part, on the other hand, required the use of the acoustic pressure module to simulate the water coupling layer. To ensure the continuity of ultrasonic wave propagation between the solid and liquid, the interface between the two was defined as a “multi-physics coupling boundary". Additionally, the probe was horizontally placed along the upper boundary of the model.
Figure 5A shows the simulated snapshots of the wavefield when performing direct contact inspection on a CFRP multidirectional plate. Figure 6 displays the ultrasonic wavefront of the CFRP multidirectional plate test sample model. It can be observed from Figure 5 and Figure 6 that the incident wave exhibits multiple modes on the wavefront, with the front-most qP wavefront being approximately elliptical. This indicates that although the multidirectional plate is composed of fibers laid in different directions, it exhibits a relatively strong elastic anisotropy overall. This anisotropy is manifested by the minimum sound velocity in the thickness direction of the multi-directional CFRP plate, which rapidly increases as the deviation angle from the propagation direction to the thickness direction increases. As the wavefront passes through the region, noise echoes become evident. The noise level in the local region is lower, while the noise amplitude in the left and right directions near the probe significantly increases. This is because the fiber layers in different directions in the multi-directional CFRP plate have the same acoustic characteristics in the thickness direction, thus no reflection and refraction occur at the layer interface, avoiding energy loss and noise generation. However, as the angle of deviation from the propagation direction to the thickness direction increases, the mismatch of acoustic characteristics at the layer interface intensifies, leading to higher noise generated by the ultrasound waves propagating along that direction due to interface reflections.
[image: Figure 5]FIGURE 5 | Wavefield snapshot of CFRP multi-directional flat plate specimen model (probe is a small rectangle above): (A–C) Direct contact (D–F) Water immersion (G–I) Organic glass coupling.
[image: Figure 6]FIGURE 6 | Ultrasonic Wave Front of CFRP Multidirectional Plate Sample Model (Probe is a Small Rectangle Above).
From the observations in Figure 5 (c), (f), (i) and Figure 6, it can be seen that with the addition of the coupling layer, the lateral range of the low-noise region between the probe and the multi-directional CFRP plate increases, no longer limited to the local area directly under the probe. Additionally, under direct contact conditions, as the lateral distance from the probe increases, the amplitude of the wavefront energy decreases rapidly. However, in the presence of the coupling layer, the decreasing trend of the energy amplitude slows down when the wavefront can cover a wider lateral range. This is because although the shapes of the wavefronts are similar in both conditions, approximating an elliptical shape, there are differences in the direction of sound propagation. Under direct contact conditions, the incident point of the ultrasonic wave is located at the position of the probe, so the ultrasound wave can only reach further lateral positions when the propagation direction deviates significantly from the thickness direction. In the presence of the coupling layer, the ultrasound waves emitted from the probe at a smaller angle deviation from the thickness direction can reach further lateral positions inside the coupling layer and enter the “coupling layer/CFRP" interface at a smaller angle. This means that the degree of reflection and refraction at the layer interface is weakened, resulting in a reduction in the amplitude of the layer interface echo noise and the degree of refracted sound energy loss. Considering that the elastic anisotropy of CFRP weakens as it approaches the thickness direction, the speed difference of the wavefront propagating in different directions also decreases under the presence of the coupling layer.
Figure 5 (e) and (h) respectively show that when the ultrasound wave propagates to approximately the same depth inside the CFRP with the same thickness of the coupling layer, the difference in lateral propagation distance of the wavefront is more significant under water immersion conditions. This indicates that at the “water/CFRP" interface, the deflection of the ultrasound wave is more pronounced compared to the “organic glass/CFRP" interface. This is because the sound velocity of organic glass (2,675.8 m/s) is closer to that of CFRP ([image: image] 2,922.0 m/s) than to that of water (1483.4 m/s), resulting in weaker refraction at the “organic glass/CFRP" interface at the same incidence angle. Therefore, the area effectively covered by ultrasound is larger, and the low-noise area behind the wavefront is further extended. Additionally, the acoustic impedance matching between organic glass and CFRP is better, which leads to an increase in the incident acoustic energy of ultrasound.
In order to illustrate the impact mechanism of the acoustic coupling layer on the phased array ultrasonic imaging quality of CFRP multi-directional plate specimens and to verify the optimal choice of coupling with organic glass, three experimental conditions were conducted: direct contact, water immersion, and coupling with organic glass, corresponding to Figure 5. Using the ray tracing method, the ray paths between the probe at the starting point and the target point located at coordinates (7, 5.9) inside the CFRP were calculated, as shown in Figure 7. It should be noted that the segmented ray paths inside the isotropic acoustic coupling layer are straight lines connecting the probe and the incident point on the sample surface. Only the segmented ray paths inside the sample are shown here for clarity. It can be observed that compared to the direct contact condition (Figure 7A), both water immersion (Figure 7B) and the use of the organic glass coupling layer (Figure 7C) can cause the incident point to move to the right, with the latter resulting in a larger displacement. There are two main reasons for this result: Firstly, the introduction of the coupling layer allows the ultrasound to propagate within the layer and reach a position closer to the target point along the horizontal direction. When the ultrasound is incident at the “coupling layer/CFRP" interface, it can continue to propagate towards the target point without requiring a large angle of refraction. Additionally, organic glass has acoustic properties closer to CFRP compared to water, which can effectively reduce the refraction of ultrasound at the sample surface. This change in sound propagation behavior at the “coupling layer/CFRP" interface results in a decrease in the angle deviation of the incident ultrasound with respect to the normal direction of the sample surface as it passes through each layer, thereby reducing the influence of CFRP anisotropy and decreasing the level of structural noise generated by the layer interfaces.
[image: Figure 7]FIGURE 7 | Illustrates the ray path of the probe from the starting point to the target (7, 5.9).
5 CONCLUSION
Based on the investigation of the spatial distribution of elastic properties in CFRP influenced by fiber orientation, this paper proposes an acoustic modeling method for laminated CFRP plates considering multi-layer structure and elastic anisotropy coupling. The method improves upon conventional approaches to reduce computational complexity and improve accuracy. Based on finite element simulation, the propagation characteristics of ultrasound waves inside CFRP are analyzed, and a comparison is made between the detection methods with and without a coupling layer, as well as the variations in the acoustic properties of the coupling layer.
In addition to transmitting sound energy, variations in the coupling layer can also alter the acoustic matching at the “coupling layer/CFRP" interface. Due to this effect, the incidence angle distribution of ultrasound waves at the “coupling layer/CFRP" interface changes, directly influencing the degree of tilt of the incident ultrasound wave when passing through the acoustically mismatched ply interface. Compared to direct contact conditions, the use of a coupling layer, especially when selecting a material with acoustic properties similar to CFRP as the coupling layer, can mitigate the adverse effects of CFRP’s complex acoustic properties on sound propagation, reduce the amplitude level of structure noise caused by layer interface reflections, and thereby obtain higher-quality incident wavefronts.
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