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Abstract

:

This study investigates the effects of the number of layers, x-yarn (weft) density, and z-yarn (binder) path on the mechanical behavior of E-glass 3D orthogonal woven (3DOW) composites during low-velocity impacts. Meso-level finite element (FE) models were developed and validated for 3DOW composites with different yarn densities and z-yarn paths, providing analyses of stress distribution within reinforcement fibers and matrix, energy absorption, and failure time. Our findings revealed that lower x-yarn densities led to accumulations of stress concentrations. Furthermore, changing the z-yarn path, such as transitioning from plain weaves to twill or basket weaves had a noticeable impact on stress distributions. The research highlights the significance of designing more resilient 3DOW composites for impact applications by choosing appropriate parameters in weaving composite designs.
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1. Introduction


3D woven composites, distinguished by their intricate interlaced fiber architecture, have attracted substantial interest in recent years owing to their enhanced mechanical attributes, such as superior strength, dimensional stability, and heightened resistance to delamination and impact [1,2,3,4,5]. In contrast to conventional 2D woven composites, which feature yarns interweaving in the warp (y-yarn) and weft (x-yarn) directions, 3D woven composites incorporate an additional set of yarns oriented in the thickness dimension. This design allows for precise control over the fiber distribution across all three dimensions, enabling customization of the composite’s strength based on applications [6]. A study conducted by Fang Peng et al. [7] highlighted the augmented impact resistance observed in 3D printed components with structured filaments, underscoring the advantages of 3D weaving in improving impact properties. Further, M. Saeedifar et al. [8] noted that while 3D woven composites demonstrated a gradual damage progression retaining higher residual strength post-impact, 2D woven composites exhibited a more abrupt and catastrophic failure.



The 3D orthogonal woven composite (3DOW) is distinguished by its intricate design, where three sets of yarns are integrated in three orthogonal directions [9,10,11,12,13]. In this architecture, the x-yarns (weft) and y-yarns (warp) remain straight without any crimp, while the binder (z-yarn) travels from the fabric’s top to its bottom, oriented in the through-thickness direction. Several studies have been dedicated to elucidating the role of the z-yarn in shaping the mechanical performance of 3DOW. Notably, Turner and Zeng [14] demonstrated the absence of visible delamination in the 3DOW composite upon impact, contrasting with unidirectional laminates. This finding accentuated the z-yarn’s pivotal role in mitigating delamination damage propagation, underscoring its viability in applications necessitating impact resistance. Subsequent analyses, integrating both experimental techniques and finite element methods, affirmed the diminished delamination in 3DOW composites [4,15,16,17,18]. This outcome resonates with findings from Sohail et al. [19] and Luo et al. [20], who reported that the major failure mechanisms in 3DOW composite under impact are fiber tearing and matrix crushing, while delamination failure was not significant due to the binding from z-yarns. Ghosh and De’s simulations [21], conducted at the yarn level, revealed that z-yarns played an instrumental role in confining fiber-tensile damage by efficiently directing stress waves. However, they also highlighted potential vulnerabilities: matrix shear damage at the z-yarn interaction points could precipitate cracks and engender void growth, potentially compromising the composite’s structural integrity. Such insights underscore the pressing need for optimal design and integration strategies for z-yarns within 3DOW composites.



Miao et al.’s comparative study accentuated the z-yarn’s role in impeding horizontal propagation of resin damage, resulting in a discontinuous resin damage pattern [22]. Concurrently, other studies, including those by Midani [23] and Dai et al. [24], brought to the fore the nuanced effects of the binder yarn path on a composite’s mechanical attributes, particularly its tensile, compressive, and flexural properties. These studies collectively emphasized the profound influence of the distribution of binding interlacements and resin-rich areas on the composite’s resilience, particularly against delamination. Kumar and Bijiya [25] delved into the mechanical properties of 3DOW fabrics defined by distinct binder yarn paths. Their findings illustrated the intricate relationship between the fabric’s crossover points and its impact absorption capacity. However, their study left a noticeable gap, neglecting an in-depth impact analysis, an oversight that calls attention to potential vulnerabilities in damage initiation sites and delamination lengths under impact loading. Given the significance of impact resistance in the application of 3DOW composites, understanding how binder yarn paths influence impact behavior is crucial.



Another crucial factor that influences the mechanical and impact performance of 3DOW composites is the x-yarn density. Sun’s utilization of micro-CT for evaluating low-velocity damage in 3D composites revealed that the directionality of impact damage was predominantly governed by the weft/warp orientation [26]. Subsequent finite element analyses accentuated the critical role of x- and y-yarns in energy absorption at the impact’s onset. This observation is corroborated by Nasrun et al.’s investigation into the tensile strength of 3D woven fabrics across varied x-yarn densities, which highlighted a direct correlation between tensile strength and increasing x-yarn density [27]. Similarly, Neale et al. [28,29] observed that augmenting the x-yarn density in 3DOW composites not only enhanced specific energy absorption but also total energy absorption. They inferred that nuanced modifications in x-yarn density and weave can substantially bolster energy absorption and strength, eliminating the need for an overhaul of the reinforcement structure. This proposition is further strengthened by Li et al.’s finite element analysis [30], which established a definitive relationship between the mechanical properties of 3D composites and x-yarn density. Hamouda et al.’s statistical examination [31], using the general linear model, emphasized the pronounced impact of x-yarn density on the mechanical properties, namely bending strength, flexural modulus, flexural strength, and tensile strength, of 3DOW composites. Moreover, Midani et al.’s experimental approach [32], subjecting 3DOW composites with varied x-yarn densities to Izod, Tup, and Charpy impacts, elucidated that even though increasing the number of layers may have a more pronounced impact on total penetration energy, variations in x-yarn density still markedly influence total energy absorption.



This study aims to delve deeper into understanding the nuanced effects of x-yarn density and z-yarn path on the impact performance of 3DOW composites, employing finite element models for in-depth analyses. Finite element models are created based on measured dimensions, and in-depth analyses are carried out. We have incorporated the ABAQUS/Explicit user-defined subroutine (VUMAT) based on MAT162 [33,34,35], a progressive composite damage model, to simulate the impregnated E-glass fiber’s damage behavior. Detailed FE analyses and model validation are conducted to reveal the effect of these structural parameters, from aspects of energy absorption, penetration time, and stressed areas in both reinforcement and matrix.




2. Materials and Methods


2.1. Development of the Geometric Model


Midani [32] fabricated 3DOW composite samples with a consistent y-yarn density. The samples varied in z-yarn paths (plain weave, 2 × 2 basket, and 2 × 2 twill) and x-yarn densities (4.87, 5.45, and 5.87 picks/cm/layer). Figure 1 presents schematic views of plain, 2 × 2 twill, and 2 × 2 basket weave patterns, illustrating the distinct weaving structures employed in this study. Low-velocity impact tests were conducted to investigate how these geometrical parameters influence the impact performance of 3DOW composites. Based on the experimental data, we developed eleven models, as depicted in Table 1. The 11 models included three different x-yarn densities for each of the 2-layer, 3-layer, and 4-layer models, and three two-layer models with different z-yarn paths. Using the finite element method, we analyzed how structural parameters influence stress variation in 3DOW composites under low-velocity impacts (Table 1).



Figure 2 shows the yarn-level 3DOW geometry, which was obtained by the commercial finite element software ABAQUS. Here, the orange y-yarn, green x-yarn, and red z-yarn are integrated with a resin matrix to create the 3DOW composite model. In the composite, both y-yarn and x-yarn are considered straight, devoid of any crimp. The z-yarn path was assumed to have a W-shape, as shown in Figure 2.



All reinforcements were assumed to have rectangular cross-sectional shapes with measured dimensions to optimize computational efficiency. Figure 3 showcases a y-yarn cross-sectional shape from a 2L487 plain weave 3DOW composite, clearly illustrating its resemblance to a rectangle, thus supporting the validity of this assumption in the modeling process. The reinforcement and resin are constrained together by a tie constraint to define the contact between them. For computational efficiency, a quarter model with symmetry in both the x- and y-directions was used. A rigid-body model of a spherical striker with a radius of 5.56 mm was placed on top of the composite model, as shown in Figure 2. The reinforcement is meshed using an eight-node solid element (C3D8R in ABAQUS), while the resin mesh combines six-node solid elements (C3D6 in ABAQUS notation) and C3D8R.




2.2. Damage Criterion


As the reinforcements are modeled to mimic unidirectional composites, damage algorithms from traditional laminate composites were utilized. MAT162 is a progressive composite damage model for both unidirectional and woven fabric composites based on Hashin criteria. MAT162 includes the effect of strain rate on material properties like elastic moduli, and its accuracy has been verified and validated [34,35,37,38,39]. While MAT162 encompasses six damage modes for composite materials, this study excludes the delamination mode because it is relevant only when predefined interface layers are applied. Consequently, the damage initiation criteria used in this study include fiber tension-shear, fiber compression, fiber crush through thickness, transverse compression matrix, and perpendicular shear matrix. The detailed damage initiation criteria are listed in Table 2., where subscripts 1, 2, and 3 are local element axes in longitudinal, transverse, and thickness directions, subscripts T and C represent the tension and compression, S1T and S1C are the tensile and compressive strengths in the fiber direction, S2T and S2C are the transverse tensile strengths of the corresponding tensile mode, S12 and S23 are the shear strength in direction 12 and 23, and SFS and SFC are the failure strengths against fiber shear and crush.



A set of damage variables ϖi (i = 1, …, 5) were introduced to associate the growth extents of the damage with the stiffness losses, which can be expressed by:


    ϖ   i   =   max  ⁡      ϕ   j     q   i j        



(6)




where     ϕ   j     is the scalar damage functions controlling the extents of growth and qij is the damage coupling matrix for the unidirectional lamina model.     ϕ   j     is expressed by:


    ϕ   j   = 1 −   exp  ⁡      1     m   j       1 −   r   j     m   j            



(7)




where mj are the material constants for softening behaviors and rj are the damage thresholds given in Equation (5), listed in Table 2. The damage coupling matrix qij for the unidirectional lamina model is presented as follows:


    q   i j   =      1   1   1   0   0     0   0   1   1   1     0   0   1   0   0     1   1   1   1   1     0   0   1   1   1     1   1   1   0   0      i = 1 , … , 6 ; j = 1 , … , 5 .  



(8)




where i represents the 6 moduli (E1, E2, E3, G12, G23, G31), while j represents the five failure modes.



The damage algorithm was implemented in ABAQUS/Explicit using the user-defined subroutine VUMAT. Figure 4 illustrates the logic flow of the VUMAT damage model. At the beginning of each increment, the load is applied to the model, and each element is deformed following the VUMAT-defined linear elastic material. The program performs the calculation and produces the strain, while ABAQUS uses the stiffness matrix set in VUMAT to calculate the new stresses. Once the VUMAT possesses both the strain and the stress, it can determine the failure index (Fi) for each damage mode calculated based on the failure initiation equations listed in Table 2. If the failure index of the element is less than 1, it will advance to the next increment and apply a fresh load, but if it approaches 1, it will calculate the associated damage evolution factor, as shown in Figure 4. The user-defined damage propagation algorithms are then utilized to compute the associated damage factors, which are then used to degrade the corresponding stiffness matrix component. When the damage factor hits 1, the element is marked in VUMAT. If further prerequisites for element deletion are met, ABAQUS will delete the element. Otherwise, the new stresses are calculated based on the modified stiffness matrix and transferred to the following increment until the model element is eroded.




2.3. Model Set-Up and Validation


In our FE analysis conducted using ABAQUS, we meticulously detailed the boundary conditions (BCs) and initial conditions (ICs), as illustrated in Figure 5a. The model emulates the experimental setup through circumferential clamping to ensure equivalent constraint conditions. A tie constraint was applied between the reinforcements and the matrix, securing them together to eliminate any relative motion, thus replicating the integral behavior observed in physical samples. The impact energy was simulated by applying an initial velocity of 4.4 m/s to the striker, correlating to an impact energy of approximately 219 J, with the striker’s mass set at 5.66 kg.



Mesh sensitivity analysis was performed to determine the most efficient mesh configuration for our model, balancing accuracy with computational resource requirements. The analysis led to a reduction in the number of elements from approximately two million in the finest mesh to 281,972 in the coarsest configuration, with corresponding calculation times extending from 23 to 257 h. The selected mesh, featuring an element size of 0.175 mm utilizing C3D8R and C3D6 elements, represents the optimal compromise for this study. This decision, as well as further methodological details, are expounded in Figure 5b, optimizing the balance between computational efficiency and accuracy.



Model validation involved comparing experimental results with FEA predictions regarding energy absorption. In the tup-impact tests conducted by Midani [22], while the test velocity was fixed at 4.4 m/s, actual velocities ranged between 4.36 to 4.45 m/s. The test provides the total energy absorptions, which are then applied by averaging the findings of six to eleven impacts on each structure. In the FEA analysis, the impact velocity is set to 4.4 m/s. Figure 6 compares the total energy absorption predicted by FE models employing the MAT162 damage algorithm to the experimental values. The energy absorption predicted by simulation corresponds well with experimental findings. The majority of FE findings are within the error bar range of experimental results, with only a few falling significantly below the lowest errors, as demonstrated in Figure 6. Moreover, it is evident that the predicted findings are lower than the experimental data, with the exception of 3L487.



Figure 7 presents a comparison between FE model simulations and experimental load-time curves for three 2-layer 3DOW configurations. The simulation for 2L487P initially predicts a higher load than observed experimentally, reaching a slightly Increased peak before following a smooth decline, contrasting with the experimental curve’s rebound and subsequent drop. Similar trends are observed in the other configurations, with 2L545P’s peak notably lower in simulation than in the experiment. This detailed comparison underscores the overall accuracy of the FE models in replicating the load-time response of 3DOW composites under impact, despite certain discrepancies in post-peak behaviors.



For comparison, Table 3 displays the normalized energy absorption of simulations and tests by thickness, total areal density, and preform area density. Except for 2L545P and 2L587, where the experimental tests show often a greater energy-to-thickness ratio than numerical models, the agreement remains strong across other configurations. The model with the largest discrepancy is 4L487P at 15.16%, and the model with the smallest discrepancy is 3L487P at 1.29%. In terms of energy absorption normalized by areal density, most numerical results underpredict compared to experimental findings, with significant differences noted in 2L487twill and 2L487basket at 12.07% and 15.49%, respectively. However, when normalized by preform areal density, the experimental and numerical energy absorptions closely align, reinforcing the validity of our FE analyses. This detailed comparison underscores the overall alignment of normalized energy absorption from FE analyses with experimental results, thereby confirming the close correspondence between simulated and experimental observations in energy absorption metrics. Table 4 shows the damage initiation and panel failure time for 2-, 3- and 4-layer models and these moments will be used in the next section for comparisons.





3. Results and Discussions


3.1. Effect of X-Yarn Density


3.1.1. Effect of X-Yarn Density on Stress Distribution in the Reinforcement


During low-velocity impact, changes in x-yarn density greatly influence how stress is dissipated within the reinforcement. 2-layer 3DOW models with varied x-yarn densities are shown in Figure 8, with y- and z-yarns are along the y-axis and x-yarns along the x-direction. It is evident that as the x-yarn density increases, the areas of stress concentration (marked in yellow and red) decrease. As depicted in Figure 8, this trend is especially noticeable at the bottom of the composite, where 2L487 displays a significantly larger high-stress area than 2L545. Additionally, the stress region in the third x-yarn from the impact center broadens with increasing x-yarn density. It is worth noting that changing from 5.45 to 5.87 picks/cm/layer doesn’t drastically change the size of the high-stress region. However, there is a noticeable decrease in stress magnitudes in the back of 2L545 and 2L587, as shown in Figure 8.



Figure 9 presents the stress distribution in three-layer 3DOW composite models with different x-yarn densities. Similar to the two-layer 3DOW, a increase in x-yarn density is associated with a decrease in high-stress areas for a specific time point. Specifically, the three-layer model, 3L487, exhibits a more expansive high-stress region at its back compared to the 3L545 and 3L587 models, as depicted in Figure 9. The central x-yarn of 3L487 reveals increased stress zones, in contrast to 3L545 and 3L587, which show only minor stress areas, as denoted by the yellow and orange contours.



This trend of x-yarn density influencing stress distribution becomes even more pronounced in the four-layer 3DOW models, as illustrated in Figure 10. The reinforcement’s upper section, especially the central two x-yarns, indicates a much smaller stressed area in models with 5.87picks/cm of x-yarn density than in their lower-density counterparts. For the model’s back, high-stress regions (designated in orange in Figure 10) are nearly absent in 4L545 and 4L587. Furthermore, as x-yarn density increases, the stress propagation along the second x-yarn diminishes in the x-yarn direction.



While the stress contours illustrate the minimal variation in the stress magnitudes at the composite model’s top surface across different x-yarn densities, the influence of x-yarn density on stress distribution becomes more pronounced when analyzing the stress distribution of the middle x-yarn at the back of composite. The stresses are characterized by von Mises stresses across each yarn, and their distribution in various 3DOW models has been studied using finite element modeling.



Figure 11a depicts the von Mises stress distribution on the central x-yarn in the bottom layer of 2-, 3-, and 4-layer 3DOW models subjected to low-velocity impacts. Notably, 2L487 shows the highest stress approaching 1200 MPa—approximately 150 MPa greater than 2L545. In contrast, 2L587 exhibits the lowest peak stress at roughly 900 MPa. This increased stress concentration in 2L487 leads to damage initiation as early as 0.75 ms (refer to Table 4), and by 1.75 ms post-impact, 2L487 has experienced complete failure, while the other models remain undamaged. In the 3-layer model (Figure 11b), the peak stresses observed are approximately 1200 MPa for 3L487, 1050 MPa for 3L545, and just above 990 MPa for 3L587. Furthermore, 3L487 experiences damage onset earlier than its counterparts. The four-layer model accentuates these disparities, as shown in Figure 11c, with 4L487 exhibiting a peak stress significantly exceeding the approximately 930 MPa observed for both 4L545 and 4L587.



The 2-layer model highlights pronounced stress disparities at the back of 2L487 when compared to 2L545, emphasizing the sensitivity of these composites to x-yarn density variations. For 3-layer models, this sensitivity becomes more evident, particularly in the 3L487 model as shown in Figure 9. The four-layer models further reinforce these observations, emphasizing the enhanced influence of x-yarn density with added layers. A critical observation is the inverse relationship between x-yarn density and high-stress concentration areas. Increased x-yarn densities correlate with reduced high-stress zones, denoted by diminishing yellow and red regions on stress contour plots. This phenomenon is likely attributed to a higher x-yarn density, facilitating improved stress distribution across yarns. Such observations imply that increased x-yarn densities could potentially enhance impact resistance through more even stress dispersion. Peak von Mises stresses provide crucial insights into potential material failure points. For instance, 2L487, with its peak stress of approximately 1200 MPa, initiates damage at 0.75 µs and fails completely by 1.75 ms post-impact. In contrast, 2L545 and 2L587 remain intact, highlighting the susceptibility of certain models to impact-induced damage. The early damage onset in models such as 2L487 and 3L487 is directly associated with stress concentrations. This correlation between peak stresses and damage onset offers a robust metric for evaluating material durability under impact. Increased stress concentrations, modulated by x-yarn densities, can induce early damage, leading to complete failure upon impact. These findings underscore the significance of x-yarn density in determining a composite’s impact resilience. A nuanced observation is the marginal difference in peak stresses between 4L545 and 4L587, with 4L487 exhibiting Increased values. This might suggest a potential x-yarn density threshold beyond which stress distribution benefits plateau. Intriguingly, while composite top layers exhibit minimal stress disparities across x-yarn densities, deeper layers, particularly the bottom’s middle x-yarn, reveal pronounced differences.




3.1.2. Axial Stress Distribution


Stress distribution throughout a material’s thickness is a crucial indicator of potential damage. This section addresses the stress variation, specifically the in-plane stress σ1, 5 mm from the impact center.



As the 2-layer composite (2L487) shown in Figure 12, the upper layer significantly shows the highest compressive stresses by 0.15 ms, compared to other models. The distinct compressive stresses observed in the upper layer of 2L487 at 0.15 ms underscore the sensitivity of these materials to change in the x-yarn density. Conversely, tensile stresses at the back remain consistent. This becomes even more evident by 0.45 ms, as depicted in Figure 12, where the bottom layer of this model experiences intensification of tensile stresses beyond those of 2L545 and 2L587.



For three-layer models, as shown in Figure 13, the trend becomes more pronounced. The 3L487 model displays pronounced differential stresses early in the assessment. By 0.15 ms, the top layer of the 3L487 model endures increased compressive stresses, whereas its bottom layer showcases augmented tensile stresses, exceeding those observed in models with a denser x-yarn. A notable transition emerges by 0.45 ms: the top layers predominantly experience tensile stresses, marking a distinct shift from their two-layer counterparts. In particular, the 3L487 model’s bottom layer exhibits significantly increased tensile stresses, as shown in Figure 13.



At 0.15 ms, the 4-layer models display a behavior that markedly differs from both the 2-layer and 3-layer counterparts, as illustrated in Figure 13. Contrary to expectations, their top layers undergo tension. This trend, underscored by the pronounced tensile stresses in the bottom layers of models such as 4L487, elucidates the nuanced effects of x-yarn densities on stress distribution. By 0.45 ms, as seen in Figure 13, most of the 4-layer models are predominantly subjected to tensile stress, echoing the behavior seen in the 3-layer models but differing from the 2-layer configurations. The 4L487 model has the highest peaks, and the differences in these tensile stresses are obvious, especially at the back.



By investigating 3DOW composites’ stress response to impact, our findings highlight the essential role played by yarn density and layering. Initial assessments show that 2-layer composites, particularly the 2L487 model, exhibit noticeable compressive stress at their top layer by 0.15 milliseconds, underscoring how x-yarn density affects performance. By 0.45 ms, this shifts towards intensified tensile stress at the bottom, a trend more pronounced than in other two-layer configurations. Transitioning to three-layer composites, the 3L487 model especially shows early differential stress behaviors, with a shift from compressive to predominantly tensile stresses across layers by 0.45 ms. Four-layer composites show unexpected tensile stresses across layers—intensified further in the 4L487 model. These observations underline the intricate interplay between structural parameters and stress distribution.




3.1.3. Effect of X-Yarn Density on Stress Distribution in the Resin Matrix


The influence of x-yarn density on stress distribution is assessed, focusing on the resin matrix at the composite’s back. The model’s stresses are denoted by the von Mises stresses on the matrix’s back.



Figure 14 illustrates the von Mises stress distribution progression in the composite back of the three two-layer models over four discrete time intervals post-impact. By 0.3 ms, a distinct high-stress region (highlighted in red) appears at the impact center of 2L487 and grows as the impact continues. By 0.5 ms, this stress region has significantly expanded. By 0.7 ms, the stress propagation mainly follows the x-yarn direction, except for 2L487, where propagation along the y-yarn direction is evident, as presented in Figure 14a. The models with denser x-yarn display stress propagation in the y-yarn direction. A notable feature in 2L487 is the premature convergence of stress regions within the resin-rich gaps between y-yarns, as seen in Figure 14a, a phenomenon missing in models with higher x-yarn density. As the impact progresses, 2L487’s stress regions predominantly follow the y-yarn direction, whereas other models transition dynamically from y-yarn to x-yarn directions, highlighting the intricate interplay between yarn alignment and impact response.



Figure 14b measures the areas of variously colored stress zones. At 0.3 ms, the composite back of 2L487 displays a broader stress area, especially under the resin, with stress values exceeding 145MPa. This area is considerably larger in 2L487 than in 2L545, while 2L587 has no regions with stresses above 145MPa, as shown in Figure 14. Moving to 0.5 ms, 2L487 remains predominant in terms of the vast high-stress zone. By 0.7 ms, the overall stress regions of the three models appear to merge, although 2L487 still has a prominent high-stress area. By 0.9 ms, the variations in both the comprehensive and high-intensity stress zones among the models decrease, with 2L587 consistently showcasing the smallest high-stress (represented by red in Figure 14a) region, hinting at potential resin damage.



Figure 15a shows the stress distribution within the resin matrix of the three-layer models. At 0.3 ms, while 3L487’s overall stress region exceeds that of its counterparts, the high-stress domains are similar in size across all models. This trend persists at 0.5 ms. Moreover, Figure 15 depicts minimal stress in the left resin-rich section of 3L587. By 0.7 ms, the adjacent resin-rich areas in 3L487 almost combine. By 0.9 ms, central high-stress regions, resulting from the impact, have spread along the x-yarn direction; however, 3L587’s region is more restricted compared to that of 3L487.



Referring to the quantified stress regions in Figure 15b, initial observations at 0.3 ms show 3L487 with a distinct overall stress region and similar high-stress areas compared to models with denser x-yarn configurations. At 0.5 ms, while 3L487 maintains the most expansive overall stress area, the high-stress (red) regions across models approach similar magnitudes in Figure 15. By 0.7 ms, differences in the stress contour become less pronounced. However, by 0.9 ms, even as the overall stress regions are similar, models with higher x-yarn densities have smaller high-stress areas, as depicted in Figure 15a.



Essentially, the three-layer model intensifies the influence of x-yarn density on stress distribution. Initial post-impact phases predominantly feature 3L487 with an expansive stress region. However, as the impact progresses, models such as 3L587 demonstrate limited stress propagation, highlighting the critical role of x-yarn density in regulating stress dynamics.



In the four-layer models, the influence of x-yarn density is more evident. Significantly, 4L587, with its increased yarn density, displays markedly reduced stress concentration areas, mainly centered at the impact point, as shown in Figure 16a. Notably, 4L587, with its higher yarn density, showcases significantly diminished stress concentration regions, primarily centered at the impact point, as depicted in Figure 16a. Especially at 0.3 and 0.5 ms, the difference in the stress contour of the resin is more obvious, as shown in Figure 16a. The stress contour variation on the back of the four-layer model is more pronounced. At 0.7 and 0.9 ms, the area of the high-stress region represented by the red color in Figure 16b is significantly smaller on the stress contour of 4L587. The stress concentration area is shown to propagate in the x-yarn direction followed by the y-yarn direction after 0.7 ms. By 0.9 ms, the stress concentration predominantly aligns with the y-yarn direction. It can also be seen from Figure 16b that the stress concentration region, which decreases significantly with increasing x-yarn density, is located at the center of the impact.



A clear trend is observed: as x-yarn density increases, stress concentrations decrease. This relationship suggests that higher x-yarn densities might lead to superior stress distribution, thereby potentially enhancing the composite’s impact resistance. Additionally, the unique stress propagation patterns seen in resin-rich zones, particularly in two-layer models, emphasize x-yarn density’s significant role in identifying potential weak points within the composite.





3.2. Effect of the Number of Layers


Regardless of the number of layers, the stress distribution within the central yarn at the bottom layer of 3DOW models demonstrates a remarkable consistency. This phenomenon potentially indicates that the foundational role of the bottom yarn remains invariant, providing a robust structural base irrespective of subsequent layer additions. In contrast, the top yarn’s stress distribution exhibits distinct variations contingent on the layer count, as delineated in Figure 17. This suggests that the top layer predominantly interfaces with external impacts, making it more sensitive to modifications in the composite’s configuration.



In 3DOW models with 4.87 picks/cm x-yarn density, the 2-layer model has the highest peak stress, about 100 MPa more than the 3-layer and 4-layer models, as shown in Figure 17a. The stress waveform morphologies undergo transformations contingent on the layer count. With an x-yarn density of 5.45 picks/cm (refer to Figure 17b), the 2-layer model has much higher peak stress than the 3-layer and 4-layer models. Similar to the 2-layer model, the 3-layer and 4-layer models exhibit stress distribution shifts commensurate with layer variations. The 4L545 model, as depicted in Figure 17c, is characterized by a bimodal peak stress distribution within the impact center.



With a 5.87 picks/cm x-yarn density, the stress difference between the 2-layer and 3-layer models becomes more pronounced. The difference is more noticeable between 2L587 and 4L587, with the former having about 200 MPa higher peak stress. These observations underscore a non-linear interrelation between layer count and peak stress magnitudes. Additionally, the 4L587 model exhibits a bimodal peak stress distribution within the impact zone, mirroring the 4L545 model. The stress waveform’s changes, particularly in 3DOWs with 4.87 picks/cm x-yarn density, relate closely to layer differences. Such morphological changes in the stress waveform might lead to the differential energy absorption and propagation mechanics across the composite with different number of layers. A noteworthy observation for configurations with x-yarn densities of 5.45 and 5.87 picks/cm is the consistently increased stress in the 2-layer models at approximately 20 mm from the impact center, relative to their 3-layer and 4-layer counterparts. This localized stress elevation intimates a heightened susceptibility of 2-layer configurations to localized impacts within this region.



The analysis of 3DOW composites under impact reveals that bottom yarn stress distribution remains stable across different layer counts, highlighting its foundational stability. Top yarn stress, however, varies with the number of layers, reflecting its direct interaction with impacts. Notably, 2-layer models exhibit higher peak stresses than those with more layers, indicating a nuanced relationship between layering and stress response, particularly influenced by x-yarn density. This suggests that layer count, like x-yarn density, is a critical factor in a composite’s impact resilience.




3.3. Effect of Z-Yarn Path


3.3.1. Effect of X-Yarn Density on Stress Distribution in the Reinforcement


When analyzing the stress distribution of the 2-layer group with different z-yarn paths, there is a more pronounced difference in stress dissipation for different x-yarn densities within the group. As shown in Figure 18, the twill structure shows that the second z-yarn near the center of impact undergoes two successive interlacements with the x-yarn at the top of the composite. As a result, this z-yarn has a higher stress level compared to similar z-yarns in the plain and basket structures.



In the basket structure, the z-yarn located at the center of impact at the top of the model has a higher level of stress concentration. At the same time, the central x-yarn on top shows increased stress, as shown in Figure 18. It is noteworthy that in both the basket model and the twill model, the interaction between the second z- and x-yarns occurs in the top region of the composite, which is in contrast to the internal interaction in the plain model. This particular interaction increases the stress in the basket and twill models.



The difference in stress distribution is more pronounced at the bottom. The stress concentration area (marked in orange and red in Figure 18) is smaller in plain weave compared to twill weave and basket weave. A closer look at the stress distribution in the z-yarn shows that the stress region in the center z-yarn of the plain weave is significantly lower than in the other two weaves. Although, as in the twill model, the second z-yarn of the basket intersects the center x-yarn on the top surface, this yarn intersects the x-yarn at two consecutive intersections at the bottom of the reinforcement, as shown in Figure 18. This results in the basket’s z-yarns being subjected to relatively low stresses, in contrast to the stresses evident in the twill weave's z-yarns.



Figure 19 illustrates the stress distribution variation along the top and bottom middle x-yarn at 1 ms post-impact. The twill structure’s peak von Mises stress for this yarn is approximately 560 MPa—surpassing the stress observed in both plain and basket structures by over 100 MPa, as depicted in Figure 19a. Between 14 and 22 mm from the impact center, the plain structure’s yarn exhibits considerably reduced stress compared to the other two models.



From the bottom stress profile in Figure 19b, the basket structure has the highest peak von Mises stress, followed by the twill structure, while the plain structure has the lowest peak stress. As shown in Table 4, the increase in stress concentration resulted in early damage to the basket structure at 0.6 ms. This resulted in the structure failing of the basket model at 1.58 ms after impact, approximately 0.07 ms earlier than the plain structure. These results indicate that the primary yarn stresses in the plain and twill yarns were more uniformly distributed than in the basket yarns at the impact locations simulated.



As shown in Figure 19a, the peak stress of the twill center x-yarn is about 560 MPa, which is significantly higher than that of the plain and basket yarns. Basket models are more susceptible to stress peaks as damage occurs earlier and eventually destroys quickly. In contrast, the delayed damage of the plain model after impact emphasizes their inherent elasticity, suggesting that a more uniform stress distribution enhances impact resistance, as observed in both plain and twill fabrics.



Incorporating the effect of the z-yarn path into the analysis adds to our understanding. As shown in Figure 20, the 2LTwill model at 0.15 ms stands out for its pronounced top compressive stress, thus emphasizing the role of the z yarn path in shaping the mechanical response. This is emphasized by the stress pattern in the middle of the model, as shown in Figure 20; the twill yarn is in compression, while the yarns in plain and basket models exhibit predominantly tensile stresses, further emphasizing this point. 2LTwill’s pronounced compressive stress on the back surface contrasts with the tensile stresses in the 2LTwill and the 2LBasket, showing the profound effect of the variation of the z-yarn paths on the distribution of the stresses along the thickness direction. At 0.3 ms, the top surface of the 2LBasket shows significant compressive stress of 700 MPa (see Figure 20), which greatly exceeds the values of the 2LTwill and 2LPlain. This observation contrasts with the rear surface of 2LTwill, which transitioned from compression to tension, further emphasizing the role of the z-yarn path in determining stress dissipation in 3DOW composites. In conclusion, the weave pattern, whether plain, twill, or basket, greatly affects the stress distribution and impact properties of 3DOW composites.




3.3.2. Effect of X-Yarn Density on Stress Distribution in the Resin Matrix


Figure 21 provides a thorough assessment of stress contours on the back surface of 2-layer 3DOW composite matrix, showing that different z-yarn paths significantly influence stress distribution under impact. This effect is more pronounced in the 2LBasket, where the stress levels in these areas are significantly lower (by 0.5 milliseconds). At 0.7 milliseconds, a continuous section in 2LBasket indicates a stress estimate of about 5 MPa, as shown in Figure 21a. Interestingly, this section extends from the central to the left region, highlighting the complexities of stress propagation depending on the z-yarn path.



Comparative examination of stress contours illustrated by Figure 21b shows that stress areas for 2LTwill and 2LBasket components are substantially smaller than for the area of the 2LPlain model. Specifically, the 2LBasket’s area subjected to a stress range of 5–25 MPa is roughly 76% of that of 2LPlain, pointing to a substantial reduction in the overall stress footprint. By 0.5 ms and 0.7 ms, the stressed area in 2LPlain slightly exceeds that in 2LTwill, with both being notably larger than in 2LBasket. However, it is crucial to note that 2LBasket demonstrates a notably reduced region undergoing stresses exceeding 145 MPa, starkly contrasting with 2LPlain. By 0.9 ms, as shown in Fig. 21b, while the differences between models diminish, the plain weave consistently has the largest stress region near the impact center, with the basket weave a close second.



Comparing 2-layer 3DOW models reveals the pivotal role that the z-yarn path plays in shaping stress dynamics. Switching from plain weave to twill weave narrows stress regions; selecting basket weave reduces both high-stress areas and total stress areas. Choosing a basket weave not only diminishes the high-stress areas but also shrinks the total stressed region. Given the same resin volumes in 2LTwill and 2LBasket, it is reasonable to suggest that the stress distribution in the 2LBasket matrix is not as even as in 2LTwill and 2LPlain. This difference is further highlighted by the noticeable gap in the 2LBasket’s stress contour. This gap consequently suggests that the matrix in this structure likely absorbs diminished impact energy.



Despite its apparent effect on stress distribution, choosing between twill weave and basket weave requires making some compromises. While basket weave minimizes areas of high stress levels while not having as uniform of stress distribution compared to twill or plain weaves may affect its ability to absorb impact energy effectively. These findings offer a basis for fine-tuning 3DOW composites to meet specific applications while emphasizing its role in attaining specific mechanical properties.






4. Conclusions


Finite element models using ABAQUS were developed and validated to study the effects of 3DOW structural parameters on stress dissipation. Stress dissipation in 2-, 3-, and 4-layer 3DOW configurations, with varying x-yarn densities and z-yarn paths, was assessed based on von Mises stress for both reinforcement and resin matrix. In the 2-layer models, the significant impact of x-yarn density on stress distribution is evident, particularly with the pronounced stress concentrations in 2L487. Transitioning to 3-layer and 4-layer models further emphasizes these findings, highlighting the nonlinear relationships among stress distributions, layers, and x-yarn densities.



A key insight from this study is the pivotal role of x-yarn density in influencing stress propagation and concentration. As the x-yarn density increases, there is a marked reduction in high-stress regions, highlighting the potential of denser construction to offer superior impact resistance. This claim is further supported by damage onset in models such as 2L487, illustrating the relationship between increased stress concentrations and premature damage initiation.



Additionally, introducing varied z-yarn paths, especially transitioning from plain to twill or basket weaves, considerably impacts stress dynamics. Importantly, the basket weave, even with its smaller high-stress regions, does not distribute stress as evenly as other weaves. This intriguing behavior offers a trade-off between minimizing high-stress regions and potentially compromising on impact energy absorption.



In summary, this study emphasizes the complex interactions between the number of layers, x-yarn density, and z-yarn paths and their effect on the mechanical performance of 3DOW composites under low-velocity impact. The insights gained suggest potential strategies for customizing these parameters to optimize the material’s performance for specific applications. The results also stress the importance of a deep understanding of each factor’s influence on material behavior, setting the stage for future advancements in composite design and utilization.
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Figure 1. Schematic view of different z-yarn configurations. (the x-yarn is depicted in blue, the z-yarn is shown in green, and the y-yarn is represented in red). 
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Figure 2. Establishment of the FE model of E-glass 3D orthogonal woven composite. 
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Figure 3. Y-yarn cross sections of 2L487 plain weave 3DOW composite [36]. 
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Figure 4. The algorithm logic about the deformation, damage, failure, and deletion of the elements. 
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Figure 5. Setup of FE model of E-glass 3DOW composites. (a) The boundary conditions and initial conditions; (b) study of mesh sensitivity. 
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Figure 6. Comparison of energy absorption from simulation and experiment of 3DOW woven composites. 
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Figure 7. Experimental and numerical load-time curve comparison for (a) 2L487, (b) 2L545, and (c) 2L587. 
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Figure 8. Stress dissipation at the top and back of 2-layer 3DOW with different x-yarn densities. (y and z-yarn along the y-axis, and x-yarn along the x-axis). 
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Figure 9. Stress dissipation at top and back of 3-layer 3DOW with different x-yarn densities. 
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Figure 10. Stress dissipation at the top and back of 4-layer 3DOW with different x-yarn densities. 
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Figure 11. The von Mises stress distribution along centered x-yarn at the bottom layer in (a) 2-layer models, (b) 3-layer models, (c) 4-layer models. 
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Figure 12. In-plane stress distribution in 2-layer 3DOW at 0.15 and 0.45 ms. 
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Figure 13. In-plane stress distribution in 3- and 4-layer 3DOW at different times. 
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Figure 14. Stress distribution in 2-layer 3DOW with different x-yarn density. (a) Stress contour and (b) stressed area at different moments. 
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Figure 15. Stress distribution in 3-layer 3DOW with different x-yarn density. (a) Stress contour and (b) stressed area at different moments. 
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Figure 16. Stress distribution in 4-layer 3DOW with different x-yarn density. (a) Stress contour and (b) stressed area at different moments. 
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Figure 17. The von Mises stress distribution along the centered x-yarn at the bottom layer: (a) with 4.87 picks/cm, (b) 5.45 picks/cm, and (c) 5.87 picks/cm. 






Figure 17. The von Mises stress distribution along the centered x-yarn at the bottom layer: (a) with 4.87 picks/cm, (b) 5.45 picks/cm, and (c) 5.87 picks/cm.



[image: Technologies 12 00049 g017]







[image: Technologies 12 00049 g018] 





Figure 18. Stress dissipation at the top and back of 2-layer 3DOW with different z-yarn paths. 
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Figure 19. Von Mises stress distribution along centered x-yarns under impact at (a) top surface and (b) bottom surface. 
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Figure 20. In-plane stress distribution in 2-layer 3DOW with different z-yarn paths. 
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Figure 21. Stress distribution in 2-layer 3DOW with different z-yarn paths. (a) Stress contour and (b) stressed area at different moments. 
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Table 1. Specifications of 3DOW models.






Table 1. Specifications of 3DOW models.





	Model ID
	X-Yarn Density/Layer

(cm−1)
	Z-Yarn Path
	Y-Yarn Density/Layer

(cm−1)
	Number of Layers





	2L487
	4.87
	Plain
	2.36
	2



	2L487twill
	4.87
	Twill
	2.36
	2



	2L487basket
	4.87
	Basket
	2.36
	2



	2L545
	5.45
	Plain
	2.36
	2



	2L587
	5.87
	Plain
	2.36
	2



	3L487
	4.87
	Plain
	2.36
	3



	3L545
	5.45
	Plain
	2.36
	3



	3L587
	5.87
	Plain
	2.36
	3



	4L487
	4.87
	Plain
	2.36
	4



	4L545
	5.45
	Plain
	2.36
	4



	4L587
	5.87
	Plain
	2.36
	4










 





Table 2. Damage criteria for UD laminate in MAT162.
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Failure Modes

	
Criteria






	
(1) Fiber tension/shear failure mode

	
           σ   1       S   1 T         2   +       τ   12   2   +   τ   31   2       S   F S   2       −   r   1   2   = 0   

	
(1)




	
(2) Fiber compression failure mode

	
           σ   1   ′       S   1 C         2   −   r   2   2   = 0   

	
(2)




	
(3) Fiber crush failure mode

	
           σ   3       S   F C         2   −   r   3   2   = 0   

	
(3)




	
(4) Matrix transverse failure mode

	
           σ   2       S   2 C         2   −   r   4   2   = 0   

	
(4)




	
(5) Matrix perpendicular failure mode

	
           σ   2       S   2 T         2   +         τ   23       S   23         2   +         τ   12       S   12         2   −   r   5   2   = 0   

	
(5)











 





Table 3. Comparison of normalized numerical and experimental energy absorption.
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	Model
	Exp E/Thickness

(J/mm)
	FEA E/Thickness

(J/mm)
	Difference (%)
	Exp E/Areal Density

(kJ/g/mm2)
	FEA E/Areal Density

(kJ/g/mm2)
	Difference (%)
	Exp E/Preform Areal Density

(kJ/g/mm2)
	FEA E/Preform Areal Density

(kJ/g/mm2)
	Difference (%)





	2L487
	13.67
	12.61
	7.77
	8.92
	7.97
	12.22
	18.87
	17.89
	5.48



	2L545
	13.03
	13.67
	−4.91
	8.60
	8.51
	0.96
	18.50
	17.95
	3.04



	2L587
	13.80
	14.52
	−5.22
	9.39
	9.04
	5.29
	19.29
	17.47
	10.44



	2L487twill
	13.34
	11.95
	9.97
	8.60
	7.65
	12.07
	16.86
	17.32
	−2.62



	2L487basket
	13.53
	12.15
	10.13
	8.70
	7.51
	15.49
	18.40
	17.00
	8.28



	3L487
	16.21
	16.0
	1.29
	10.65
	10.15
	5.05
	21.74
	21.84
	−0.45



	3L545
	16.08
	17.56
	9.20
	10.62
	10.77
	−1.31
	21.85
	20.95
	4.30



	3L587
	17.68
	18.05
	2.09
	11.28
	11.09
	1.81
	21.95
	21.62
	1.53



	4L487
	20.31
	17.23
	15.16
	13.02
	10.90
	11.51
	27.41
	22.92
	11.52



	4L545
	21.25
	19.25
	12.19
	12.22
	11.87
	3.04
	26.45
	23.56
	12.28



	4L587
	21.23
	20.02
	5.69
	12.35
	12.26
	0.88
	23.98
	23.43
	2.35










 





Table 4. Moment for reinforcement damage initiation and failure under low-velocity impact.






Table 4. Moment for reinforcement damage initiation and failure under low-velocity impact.





	Model ID
	Damage Initiation (ms)
	Failure (ms)





	2L487
	0.75
	1.65



	2L545
	0.8
	1.7



	2L587
	0.81
	1.76



	2LTwill
	0.69
	1.62



	2LBasket
	0.6
	1.58



	3L487
	0.63
	1.7



	3L545
	0.72
	1.74



	3L587
	0.77
	1.76



	4L487
	0.66
	1.79



	4L545
	0.69
	1.89



	4L587
	0.74
	1.92
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