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Abstract

:

Biostructures found in nature exhibit remarkable strength, toughness, and damage resistance, achieved over millions of years. Observing nature closely might help develop laminates that resemble natural structures more closely, potentially improving strength and mimicking natural principles. Bio-inspired Carbon Fiber-Reinforced Polymers (CFRP) investigated thus far exhibit consistent pitch angles between layers, whereas natural structures display gradual variations in pitch angle rather than consistency. Therefore, this study explores helicoidal CFRP laminates, focusing on the Non-Linear Rotation Angle (NLRA) or gradual variation to enhance composite material performance. In addition, it compares the strength and failure mechanisms of the gradual configuration with conventional helicoidal and unidirectional (UD) laminates, serving as references while conducting transverse tensile tests (out-of-plane tensile). The findings highlight the potential of conventional and gradual helicoidal structures in reinforcing CFRP laminates, increasing the failure load compared to unidirectional CFRP laminate by about 5% and 17%, respectively. In addition, utilizing bio-inspired configurations has shown promising improvements in toughness compared to traditional unidirectional laminates, as evidenced by the increased displacement at failure. The numerical and experimental analyses revealed a shift in crack path when utilizing the bio-inspired helicoidal stacking sequence. Validated by experimental data, this alteration demonstrates longer and more intricate crack propagation, ultimately leading to increased transverse strength.
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1. Introduction


Composite materials consist of fibers that offer strength, combined with a supporting matrix to maintain structural integrity and withstand shear stress. This combination forms a robust material with properties superior to its individual components [1,2]. The use of composite laminates is increasing due to its high specific strength and outstanding performance under various loading conditions [3,4,5]. However, the weaknesses and disadvantages of composite laminates under out-of-plane loading and resulting failure modes including delamination and matrix cracking should be addressed [6,7,8].



In composite laminates loads directed perpendicular to the fiber’s orientation must be carried by the matrix, which consistently exhibits weaker strength compared to the fiber [9]. Addressing this challenge, several concepts have been presented in the literature over the years to enhance the out-of-plane strength of composite laminates. Altering the stacking sequence and using multidirectional (MD) CFRP [10,11], strengthening individual components [12,13] and employing thinplies [9,14] stand among various solutions proposed to deal with this issue. In the context of altering the stacking sequence, which aim to replicate forms, functions, and principles from the natural world, have led to the creation of lightweight, stronger composite materials capable of withstanding damage. Numerous intricate biological structures in nature, like nacre [15] and the dactyl club of the mantis shrimp [16], prove to be sources of inspiration for bio-inspired structures that offer increased strength and also toughness. Researchers discovered that mantis shrimp clubs possess an inner structure arrangement resembling a spiral, called a helicoidal structure (see Figure 1) [17,18,19,20]. This unique arrangement, artificially achieved by stacking and rotating adjacent fiber layers in helicoidal manner, enable it to have remarkable toughness and strength, and effectively dissipate energy compared to conventional structures [10,21]. Using the aforementioned bio-inspired structure, Grunenfelder et al. [22] manufactured CFRP to achieve high-performance laminates. They concluded that the propagation of damage decreased in helicoidal laminates compared to conventional unidirectional (UD) and cross-ply laminates under impact loading. It has been concluded that the bio-inspired helicoidal configuration holds more promise than traditional cross-ply configurations for investigation. Other studies have reached similar conclusions, further emphasizing the importance of focusing on helicoidal laminates and clarifying their advantages and challenges. Similarly, Cheng et al. [23] presented substantial enhancements in the mechanical performance of the bio-inspired helicoidal laminate, particularly for smaller fiber rotations, surpassing that of the traditional composite laminate. It is generally accepted that the bio-inspired helicoidal laminate redirects intralaminar failures (matrix cracking) by adjusting the angle between each layer, leading to a more complex crack path [24]. Moreover, helicoidal laminates are prone to resistance against interlaminar (delamination) failure, which is known as the cause of catastrophic failure in composite materials [25]. Once delamination becomes the predominant mode of failure, surpassing matrix cracking, it poses a substantial risk of degrading the properties of laminates, potentially leading to catastrophic failures in composite laminates and components over their service life [26,27]. This phenomenon occurs because matrix cracking is recognized as a less-severe form of failure compared to delamination [8]. In essence, delamination can severely compromise the integrity of the entire laminate, resulting in more catastrophic failure. However, helicoidal structures are still susceptible to various intricate damage mechanisms, such as fiber breakage, matrix cracking, fiber/matrix interface separation, and delamination [28,29].



According to the reviewed research and literature, variations in ply orientation significantly impact the strength and toughness of composite laminate structures by changing damage mechanisms or the crack path. Shang et al. [30] conducted experimental and numerical assessments of helicoidal laminates under transverse point loading. They compare the helicoidal stacking sequence with traditional cross-ply laminates and also consider two different pitch angles in helicoidal laminates. Their findings indicated that the helicoidal laminate with a helicoid angle of 10° exhibited improved peak load and stiffness, while also showing reduced occurrences of fiber failure and delamination compared to a similar laminate in terms of the number of layers with a cross-ply layup. As a result, bio-inspired laminates can achieve higher strength if their pitch angles are properly designed to closely mimic nature. The more closely the laminates mimic nature, the higher strength can be achieved.



As we explore the intricate structures found in nature that serve as inspiration for CFRP laminates, particular attention is directed to nonlinear variations in the angles between adjacent layers, as illustrated in Figure 1. This unique design involves a gradual rotation of layers, commencing with smaller angles and progressively increasing to higher ones. Another noteworthy aspect observed in natural structures is the presence of distinct blocks of rotated fibers, a pattern that repeats after completing a full rotation period. This deliberate arrangement contributes to the complexity and strength inherent in these bio-inspired composite structures. However, replicating natural structures presents difficulties in achieving extremely low-angle pitches and ensuring a restricted number of repetitions of the bio-inspired unit throughout the thickness to attain the desired overall thickness.



Due to the manufacturing challenges associated with bio-inspired helicoidal laminates featuring small pitch angles, there is limited literature focusing on taking advantage of these smaller angles or incorporating a gradual change in pitch angle starting from a smaller angle and increasing through the thickness [17,31]. Furthermore, these studies rarely exceed two repetitions of the bio-inspired distinct blocks throughout the thickness [22]. In this context, Jiang et al. [24] developed laminates with helicoidal layups inspired by Non-Linear Rotation Angle (NLRA) from nature to enhance the impact resistance of composite laminates. They utilized a numerical progressive damage model to study the failure behavior of bio-inspired CFRP laminates, validating their model through experimental tests. Their findings suggested that compared to Quasi-isotropic (QI) stacking sequence, laminates with significant rotation angles notably enhance impact resistance. Michele Meo et al. [32] similarly designed bio-inspired helicoidal laminates with functionally graded pitch (FGP) to enhance impact resistance. Unlike traditional laminates, FGP mimics natural structures with varying pitch rotation, optimizing energy absorption. Their results showed a 41% reduction in damaged area, 111% increase in post-impact energy, and notable improvements in mechanical strength and elastic energy capacity compared to benchmarks.



Therefore, in this study, to mimic nature more accurately, CFRP laminates were created with a gradual change in the angle of each layer. This gradual alteration in rotation angle has been neglected in many studies exploring bio-inspired helicoidal CFRP laminates. To closely replicate the dactyl club’s structure within the constraints of manufacturing, as outlined in Section 2.1, this study produced and tested gradual helicoidal CFRP with four blocks of rotated layers throughout the thickness. Additionally, unidirectional and conventional helicoidal laminates were manufactured and used as benchmarks.



Nevertheless, to the best of the authors’ knowledge, prior studies have predominantly emphasized the advantages of helicoidal laminates in impact and compression, with limited exploration into their bending behavior and an absence of consideration for their out-of-plane tensile performance. Hence, in this study, the UD laminates served as the baseline; and two helicoidal laminates one with a constant pitch angle of 20° and the other with NLRA or gradual pitch angle were manufactured and tested under transverse tensile loading. The strength of the mentioned laminates and failure mechanisms using optical microscopic pictures, were evaluated experimentally. Additionally, the failure mechanism and the effect of stacking sequence on the stress distribution of CFRP laminates were studied numerically.
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Figure 1. (a) Mantis shrimp; (b) Dactyl club; (c) Schematic illustrating the helicoidal structure, providing clarity on the origins of the aligned fiber layers’ helicoidal arrangement; (d) SEM image depicting a fracture surface, unveiling a fibrous arrangement organized in a helicoidal pattern. (Adapted from [16,33]). 
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2. Experimental Study


2.1. Bio-Inspired Helicoidal Laminates Manufacturing Limitation


Nature exhibits anti-symmetrical stacking sequences that lead to a couple between in-plane and out-of-plane behaviors in structures [34]. Therefore, mimicking this natural structure synthetically using conventional composite materials may result in warping due to residual stresses from the curing process. This warping is influenced by properties of the laminate, including stiffness, thermal expansion coefficient, Poisson’s ratio, and the sequence in which layers are stacked [35]. Moreover, the asymmetrical structure of conventional composites can result in unpredictable stress concentration because of the unbalanced distribution of stress, making the integrity and stability of the structure undesirable. Therefore, while bio-inspired composites hold promise, their asymmetry restricts their practical application. However, in nature, such concerns are irrelevant since manufacturing takes place under ambient conditions.



Emphasizing mid-plane symmetry simplifies the manufacturing process for helicoidal laminates and eliminates the warping effect that occurs during the curing process. To understand how warping can occur due to the curing process, taking into account the classical laminate theory might be beneficial. This theory is accessible in many references and is presented here briefly based on Reddy’s book [5,23]. The bending–extension coupling stiffnesses can be defined as Equation (1):


  Bij =   ∑  k = 1   N    (       Q  ¯    i j   )   k   (   h   k   2     −   h   k − 1   2   )   i , j = 1,2 , 6  



(1)




in which     Q  ¯    is the transfer matrix for representing the elastic properties of the laminate with different orientations in accordance with the global coordination system. N represents the number of laminas, where hk stands for the distance from the mid-surface to the upper side of the kth layer, and hk−1 denotes the distance to the lower side of the kth layer. If mid-plane symmetry is not established, a non-zero value for Bij results; hence, warping occurs during the curing process.



Another challenge in mimicking nature is the difficulty in obtaining the right small pitch angle for producing synthetical helicoidal laminates. It is important to highlight that selecting a particular pitch angle can impact the symmetry and the number of layers needed to maintain a constant thickness. Additionally, it has an effect on the response of laminate under different loading and deformation conditions; for instance, if 20 plies with a pitch angle of 5° is considered, the plies in the stack would rotate from 0° to only 95°. Each ply is rotated by 5° relative to the previous one, resulting in an unsymmetrical rotation throughout the thickness which in turn would lead to certain generally undesired effects which are addressed later on in this section. To attain symmetry and balance in the helicoidal laminate, researchers incorporated multiple extra mid-plane layers into the laminate sequence [25]. Typically, a higher total number of layers provides designers with increased flexibility in selecting the pitch angle and, consequently, the lamination scheme.



Due to the explained limitations in manufacturing CFRP laminates to prevent warping and the gradual development of angles throughout the thickness in bio-inspired laminates, achieving a complete mimicry of nature has proven challenging and impractical. To closely replicate the natural structure with the required thickness, a gradual design ([0/5/15/60/90/90/60/15/5/0]s) was implemented and manufactured alongside a conventional helicoidal laminate, altering the angle between each layer by 20 degrees ([0/20/40/60/80/100/120/140/160/180]s) (see Figure 2). Furthermore, a benchmark specimen was fabricated, comprising unidirectional plies with a total of twenty layers.



Consequently, in addition to considering bio-inspired mimicry, the unsymmetrical problem was taken into account, and two variations were designed (Table 1 and Figure 2), as described in the following section. Both designs intend to solve the unsymmetrical problem by enforcing a mid-plane symmetry while maintaining the gradual ply rotation pattern in the laminate stacking sequence. The resulting laminates remained flat after manufacturing.




2.2. Laminate Manufacturing


All laminates manufactured in this study utilized unidirectional carbon–epoxy prepreg with a ply thickness of 0.15 mm from the same batch, supplied by Seal Spa of Italy, known commercially as Texipreg HS160T700. Three distinct stacking sequences were fabricated: unidirectional, conventional helicoidal, and gradual helicoidal laminates, as outlined in Table 1 and Figure 2.



All laminates were manufactured using the hand layup method, beginning with a layer-by-layer stacking of the plies and adjusting the angle between each layer according to the designated sequences.



The stacking of the plies layer by layer persists until the desired thickness is attained. To guarantee that all the produced laminates have a consistent thickness of 3 mm, an aluminum mold was employed. Consequently, all configurations maintained a consistent thickness of 3 mm, comprising a total of 20 plies and exhibiting symmetry with respect to the midplane. A release agent was applied to the surface of the mold to make it easier to remove the laminate after curing. Subsequently, the plates were subjected to curing in a hot press at the conditions advised by the manufacturer: 30 bar pressure and a temperature of 130 °C for a duration of 2 h [9]. Following the curing process, the plates were trimmed to achieve the specified desired dimensions of 25 × 25 mm2. Finally, the cured laminates were attached to the steel block, allowing for a transverse tensile load to be applied (see Figure 3). The attachment process included the use of a film adhesive commercially known as Scotch Weld AF 163-2k (3M, Saint Paul, MN, USA). For achieving optimal adhesion of laminates and steel blocks, it is essential to employ distinct surface preparation methods; one for the composite laminate and another for the steel surfaces. The steel surface was first subjected to sanding using a sanding machine, followed by a thorough cleaning with acetone to eliminate any contaminants.



Regarding the composite laminate, initially, the composite laminates’ surfaces underwent preparation involving light sanding using sandpaper and subsequent cleansing with acetone to eliminate any contaminants. Following this, a plasma treatment was conducted on the composite surfaces to enhance their surface energy before the bonding process. Finally, curing required keeping the assembly at room temperature for 24 h under pressure according to the supplier recommendations. Following the curing process, the film adhesive was manually cleaned using sandpaper, ensuring the laminate remained undamaged.




2.3. Testing Method


Five samples for each configuration were manufactured and underwent transverse tensile testing using an Instron machine capacity of 30 kN, subjected to a consistent speed of 1 mm/min (quasi-static) to guarantee test repeatability. The tests were carried out under ambient conditions (room temperature of 24 °C and a relative humidity of 55%). The repeatability of the results was ensured by subjecting a minimum of five specimens to the transverse tensile test. It should be noted that no specific standard was adhered to for these tests; however, the test conditions remained constant for all configurations, ensuring the comparability of the results.




2.4. Numerical Study


Three distinct static linear models were developed in the Abaqus software, each corresponding to a specific configuration: conventional helicoidal, gradual helicoidal, and unidirectional. The models replicated the experiment conditions concerning geometry, loading, and boundary conditions. A composite model comprises 20 distinct plies, with each layer assigned specific angles based on the manufacturing configuration. Two layers, each with a thickness of 0.1 mm, were simulated to replicate the elastic properties of the film adhesive (utilized for bonding the laminate to steel blocks). The film adhesive mentioned was characterized in a prior study [36]. Tests were performed on bulk samples, revealing a Young’s modulus of 1.52 GPa and a Poisson’s ratio of 0.35. The material properties assigned to each lamina can be found in Table 2.



The eight-node linear brick elements (C3D8R) were employed, and a mesh convergence analysis was carried out to verify the model’s accurate elastic response during transverse tensile tests. A study on mesh convergence was performed to confirm the model’s accuracy in elastic response and the consistency of results regardless of the mesh used. For this purpose, the distribution of von Mises stress was analyzed to ascertain the minimum appropriate element size, and the mesh of the model converged at a minimum size of 0.09 mm. A vertical transverse tensile displacement equal to 1 mm was applied to the outer surface of the film adhesive. The boundary conditions and displacement applied is shown in Figure 4.





3. Results and Discussion


3.1. Numerical Results


3.1.1. Influence of Laminate Thickness on Stress Distribution


Accurately determining the out-of-plane tensile strength in CFRP laminates is considered to be of significance in designing these materials, particularly for thinner laminates subjected to multidirectional loading conditions [38]. However, in the context of a laminate subjected to transverse tensile tests, the stress distribution is impacted by both the laminate’s thickness and the adhesive employed for bonding the laminate to steel blocks. In this research, as elaborated in Section 2.2, we utilized a toughened film adhesive to diminish the impact of the adhesive applied between the steel block and laminates on the stress distribution of laminates. Another aspect assessed was the influence of laminate thickness on the stress concentration. Localized stress concentration arises due to the non-uniform stress distribution in transverse tensile loading, and the failure load is affected by the locus in which stress concentration is raised. As a result, to make the investigation of transverse tensile strength independent of laminate thickness and stress concentration, a numerical study was conducted. Figure 5 shows the stress ratio σZ, determined by dividing the maximum stress in direction Z, based on the displayed coordination system, by the mean stress in the unidirectional laminate configuration numerically. As depicted in Figure 5, the stress is relaxed and the stress concentration decreases when the thickness is reduced to 3.5 mm or less (distinguished with a red circle). Based on this conclusion, it was confirmed that the selected 3 mm thickness is suitable for the current study.




3.1.2. Influence of Bio-Inspired Configuration on Stress Distribution


References [39,40] highlight the significant contribution of stress distribution to composite laminate failure. Therefore, the focus of this section is to determine how different pitch angles can affect the stress distribution numerically and crack path in the tested configurations numerically.



All stresses depicted in Figure 6a,b are normalized by dividing them by the maximum corresponding stress observed in the unidirectional configuration, ensuring their comparability. The shear component of stress including SXY, based on the coordination system depicted in Figure 6, primarily induces delamination [40]. According to Figure 6a, the unidirectional configuration experienced higher shear stress. The behavior of laminates remains consistent at similar layer angles. When the orientation reaches 0° degrees, the shear stress is equal for all configurations. However, in the case of gradual and helicoidal configuration, the average shear stress at which delamination is prone to occur is lower compared to the unidirectional configuration. This observation highlights a crucial aspect of bio-inspired laminate performance. The reduced shear stress in gradual and helicoidal configurations implies less susceptibility to delamination. This insight underscores the importance of considering the specific laminate arrangement and layer angles in predicting and mitigating the risk of delamination in composite materials for the studied loading conditions. In Figure 6b, the von Mises stress is illustrated, revealing a noteworthy observation. The uniformity in von Mises stress levels implies that, despite diverse laminate configurations, the overall stress experienced by the material is comparable. To comprehend the reasons for changes in strength, instead of focusing solely on stress distribution throughout the thickness, it is crucial to take into account the various failure mechanisms. This insight underscores the significance of comprehending and addressing specific failure modes within laminated structures, as they have a more significant impact on the material’s strength characteristics than the stress distribution across its thickness in the case of transverse tensile loading conditions.



Shifting our focus from stress distribution to understanding CFRP laminate failure mode and the crack path gives us a clearer picture of their behavior. These failure modes, ranging from delamination to matrix cracking, are pivotal in determining the material’s strength characteristics. Recognizing and addressing these specific failure modes become paramount in optimizing the performance of the studied CFRP laminates. Thus, while the stress distribution provides valuable insights, it is the understanding of specific failure modes that ultimately shape the material’s strength characteristics and its performance under transverse tensile loading conditions. This aspect is discussed in next section.




3.1.3. Influence of Bio-Inspired Configuration on Crack Morphology


The impact of various pitch angles on the failure mechanism can be assessed by examining the shear stress locus by using a proper static linear numerical simulation as discussed in Section 2.4. In each layer-i, the initiation of shearing cracks is a result of the maximum shear stress component. Consequently, within each layer-i, the anticipated formation of shearing cracks implies their occurrence at position(s) corresponding to the points where the shear stress component is maximized (there are two such points per layer, and in this study, the maximum absolute value is considered as maximum shear stress corresponding to each layer). Hence, the influence of the pitch angle on the location of shearing cracks can be evaluated by considering the locus of maximum shear stress of the ith layer.



Figure 7 displays the locus of the absolute maximum shear stress associated with the ith layer for helicoidal, gradual, and unidirectional configurations in panels a to c. As observed in the unidirectional laminate, the crack path follows a straight path, expanding through delamination and rarely growing throughout the thickness in different layers. In the helicoidal laminate, the cracks twist in the thickness direction, and due to the equal change in angle between adjacent layers (20°), the cracks follow a regular and homogeneous pattern. On the other hand, in the gradual laminate, which is characterized by different blocks of symmetry and nonlinear change in adjacent-layer orientation, the crack path exhibits a more intricate pattern. This complexity can have an impact on the strength of the laminate under transverse tensile loading.





3.2. Experimental Results


Influence of Bio-Inspired Configuration on Failure Load


Three distinct configurations, namely unidirectional, helicoidal, and gradual laminates, underwent testing, and the average resulted load–displacement and stress–strain curves are illustrated in Figure 8. To ensure data repeatability and bolster confidence in the presented average values, the Coefficient of Variation (CV) is computed for all configurations. The CV offers a standardized metric for variability compared to the mean, facilitating comparisons and assessing data consistency. The results indicate that the gradual and conventional helicoidal configurations display CVs of 6% and 4.8%, respectively, while the unidirectional configuration shows a slightly higher CV of 12%, all of which are considered acceptable.



A comparative analysis reveals that both helicoidal and gradual configurations exhibit higher failure loads when compared to unidirectional laminates. An increase of 17% in displacement at failure load is observed for the gradual composite laminate compared to the reference unidirectional configuration. This increase in displacement is approximately 5% for the helicoidal configuration when compared to the reference composite laminate. Therefore, it can be inferred that the bio-inspired configuration tends to exhibit greater toughness owing to the intricate nature of the failure mechanisms it experiences.



Figure 9 provides a summary of the experimentally obtained failure loads and the standard deviation for each configuration. In general, the experimental study indicates that the bio-inspired laminate exhibits higher strength compared to the unidirectional configuration. A detailed comparison between the failure loads of gradual and helicoidal laminates reveals that the failure load obtained from the gradual laminate is slightly higher than that exhibited by the helicoidal laminates (11%).





3.3. Discussion


The marginal distinction in the failure load among all configurations can be substantiated by the nearly equal distribution of von Mises stress for each configuration, as depicted in Figure 6b. Thus, the difference in failure load is primarily attributed to the more complex crack pattern throughout the thickness of bio-inspired configurations.



The distinct twisted pattern evident in the helicoidal and gradual configurations, indicated by the shear stress locus in Figure 7, further supports the observation of crack twisting in our experimental study. To clarify the twisting of cracks and the failure mechanisms in the studied configurations, Figure 10 depicts a schematic of the crack path. In the unidirectional configuration, the crack pattern is straight and relatively short. However, in the helicoidal laminate, the cracking path undergoes redirection, resulting in a longer crack path. This extended crack path plays a crucial role in effectively preventing catastrophic propagation of damage as delamination.



In Figure 11, the experimentally observed failure mechanisms for each configuration are presented. It is clear that within the unidirectional laminate, the propagation of cracks takes place smoothly, following a short and straight path. In unidirectional laminate, the dominant failure mode is interlaminar (delamination), which can be considered as more severe than intralaminar (matrix cracking) failure [29]. This is numerically demonstrated in Figure 7, where failure in the bio-inspired configuration is more intralaminar. Comparing the crack paths between the helicoidal and gradual configurations reveals that the helicoidal pattern, featuring a linear increase in pitch angle, results in regular failure surfaces that are distinguished with dotted red lines in Figure 11. Conversely, in the gradual configuration where the pitch angle increases nonlinearly, the failure surface shows irregular and severe changes. This can result in a more intricate crack path, offering higher strength.



In bio-inspired configurations, the failure starts with a shearing crack in ply-i (the layer below), then progresses along the fiber direction of the layer above (refer to Figure 12). As shown in Figure 12, in the bio-inspired configuration, the change in pitch angle acts as an effective barrier to crack propagation, offering higher strength and subsequently achieving a greater failure load. This complexity in crack path significantly enhances the ability of helicoidal and gradual laminates to resist and mitigate damage under applied loads. This experimental observation aligns with the explanations provided in Section 3.1.3 (Influence of bio-inspired configuration on crack morphology), highlighting the intricate crack path in bio-inspired laminates.





4. Conclusions


This research examined how the strength of composite laminates under transverse tensile loading is influenced by a bio-inspired design, incorporating both helicoidal and gradual changes in fiber orientation. Two stacking sequences, ([0/20/40/60/80/100/120/140/160/180]s and [0/5/15/60/90/90/60/15/5/0]s), denoted as helicoidal and gradual, were inspired from nature, manufactured, and subjected to transverse tensile tests for comparison with a reference composite laminate produced using a unidirectional composite. Numerical models of bio-mimetic CFRP laminates were created to analyze the influence of the pitch angle on the stress distribution and failure pattern of various manufactured configuration, as observed experimentally. Loci for the formation of delamination were subsequently analyzed, with a focus on shear stresses. The following conclusions can be drawn:




	
The numerical simulation indicates that the selected thickness of the laminates (3 mm) is sufficiently thin to keep the stress concentration effect on transverse tensile strength negligible.



	
The numerical study also indicated that delamination is prone to happen more in unidirectional laminates than in bio-inspired laminates.



	
The failure mechanism is significantly impacted by the angle between the layers. Where all layers are stacked in a 0-degree direction, the crack path is straight, making delamination more prone. Conversely, by introducing variations in the stacking sequence and incorporating bio-inspired laminates like helicoidal and gradual configurations, the crack path becomes longer and complex. Consequently, it is anticipated that both gradual and helicoidal laminates will exhibit greater strength when compared to unidirectional composites.



	
A rise in displacement at failure load was noted for both gradual and helicoidal configurations, showing an increase of 17% and 5%, respectively, compared to the reference unidirectional composite.



	
The gradual configuration demonstrates the highest strength (17% and 11% improvement in comparison with unidirectional and helicoidal configurations), attributed to the more intricate failure mechanism obtained through both numerical simulations and experimental observations.
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Figure 2. (a) Unidirectional laminate; (b) Conventional helicoidal laminate [0/20/40/60/80/100/120/140/160/180]s; (c) Gradual helicoidal laminate [0/5/15/60/90/90/60/15/5/0]s. 
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Figure 3. Schematic design of steel blocks attached to conventional composite blocks and loading condition. 
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Figure 4. Loading and boundary conditions applied to the model. 
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Figure 5. Effect of laminate thickness on stress ratio. 






Figure 5. Effect of laminate thickness on stress ratio.



[image: Jcs 08 00228 g005]







[image: Jcs 08 00228 g006] 





Figure 6. (a) Shear stress; (b) von Mises stress corresponded to each layer for unidirectional (UD), helicoidal (H), and gradual (G) configurations. 
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Figure 7. Locus of maximum shear stress corresponded to each layer along the thickness: (a) unidirectional, (b) helicoidal, (c) gradual. 
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Figure 8. Load–displacement curves for (a) unidirectional (UD), (b) helicoidal (H), and (c) gradual (G) configurations; (d) average load–displacement curves corresponded to each configuration; (e) stress–displacement curves corresponded to each configuration. 
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Figure 9. Average failure loads for laminates with unidirectional CFRP, helicoidal-oriented CFRP and gradual-oriented CFRP. 
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Figure 10. Comparative analysis of the impact response in composites with and without helicoidal structure (reproduced with permission from Elsevier). 
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Figure 11. Failure mechanism for unidirectional, helicoidal, and gradual configurations. 
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Figure 12. Cracks started along the above fiber layer direction. 
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Table 1. Laminates manufactured with varied stacking sequences.
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	Laminate Title
	Ply Stacking Sequence





	Unidirectional (UD)
	[0]20



	Helicoidal (H)
	[0/20/40/60/80/100/120/140/160/180]s



	Gradual (G)
	[0/5/15/60/90/90/60/15/5/0]s










 





Table 2. Mechanical properties of the CFRP laminates [37].
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	Ex (Mpa)
	Ey (Mpa)
	Ez (Mpa)
	ʋxy
	ʋxz
	ʋyz
	Gxy (Mpa)
	Gxz (Mpa)
	Gyz (Mpa)





	109,000
	8819
	8819
	0.342
	0.342
	0.380
	4315
	4315
	3200
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