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Abstract

:

Composite structures have excellent performance related to energy absorption during crush events. Among various factors, geometry has a significant influence on the specific energy absorption (SEA) performance of composites; however, the variation of crush-induced failure mechanisms for various geometric features and the way they affect energy absorption capability have not yet been fully clarified. Moving from simple to complex composite structures, a holistic study investigating the influence of geometry on the SEA is required. This paper presents experimental and numerical investigations of the crushing process for flat plates, semi-circle geometries, and sinusoidal structures with different diameters and numbers of curvatures. In a numerical analysis, a finite element (FE) model with the idea of an artificial plug-initiator was developed for the accurate and realistic crushing behavior of sinusoidal specimens. The results were discussed and compared in terms of the observed failure mechanisms. The sinusoidal structure with the highest energy absorption capability was identified.
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1. Introduction


The automotive and aerospace industries are always under pressure to meet the demands for better safety and crashworthiness performances. While collapsing in a crash event, structures should absorb impact energy in a controlled manner so that high deceleration, which causes fatal injuries, is minimized. Additionally, these structures are also expected to be lightweight to decrease fuel consumption and greenhouse gas emissions. Carbon fiber-reinforced plastic (CFRP) composites are increasingly being used for its crashworthy components in the industry because of their benefits over metallic materials, including a high strength-to-weight ratio and superior energy absorption characteristics. However, the energy absorbed by a composite structure is not easily predicted due to the complexity of the crush-induced failure mechanisms, including not only intralaminar but also interlaminar damage modes.



From the 1980s to the present, there have been extensive literature about the energy absorption of composite structures, and the view commonly shared by the researchers is that there are several different failure modes occurring simultaneously during the crush event, which can be categorized as (i) delamination, (ii) splaying (bending of delaminated layers), and (iii) fragmentation (fiber breakage and matrix cracking as the result of in-plane failure) [1,2,3,4,5]. Each of these failure modes provides a different capability of energy absorption. Among the limited number of studies investigating the levels of energy absorption of different failure modes, Israr et al. [6] carried out both numerical and experimental investigations of the crushing process of CFRP plates and demonstrated that the fragmentation mode occurred due to the fiber breakage absorbing more energy than the other failure types. The dominant failure mode during the crushing of composite structures depends on several factors, such as the selection of the material system, fiber orientation, the strain rate, and trigger mechanisms, which have been the subject of many studies in the past [7,8,9,10,11,12]. Recently, interest in composite coupon-level tests is increasing, since flat plates are easy to manufacture while providing a standardization so that the energy absorption capabilities of different materials and configurations can be systematically compared [6,13,14]. Moving away from flat plates, geometry has a significant influence on the SEA, and it is especially known that corrugated designs, such as sinusoidal geometries, improve the energy absorption capability to a considerable extent. However, most of the previous studies focused on closed geometric features, such as tubular specimens [1,4,15,16,17,18], and there are a limited number of studies based on sinusoidal structures. Hanagud et al. [19] were among the first researchers to carry out experimental tests on sinusoidal specimens; they exhibited that the sinusoidal geometry has great potential in terms of energy absorption. Afterwards, Wiggenraad et al. [20] conducted a complete set of tests to understand the crashworthiness of subfloor composite sinusoidal structures designed for aerospace applications; however, the failure modes were not clearly identified, and the numerical attempts made to predict the crushing behavior were not quite successful. Sokolinsky et al. [21] then estimated the crushing response of carbon/epoxy-corrugated sinusoidal plates accurately by applying a numerical simulation in Abaqus/Explicit. However, this study focused only on the validation of the numerical analysis, with the experimental data obtained from one specific geometry. There was no discussion about the failure modes occurring during the crushing process and how these modes affected the energy absorption capability of the structure. It can be concluded that, among the numerous studies focusing on the crashworthiness of different composite geometries, there has been no work conducting a systematic study to understand the influence of geometry on energy absorption capability, starting from flat plates to complex structures. Moreover, the change of failure modes with different geometries and the relationship between these modes and the amount of absorbed energy are still unclear.



In this paper, the influence of geometry on the SEA of AS4/8552 carbon/epoxy composite structures was investigated through various geometries, such as flat-plate, semi-circle, and sinusoidal specimens. While keeping the cross-sectional area (weight) constant, sinusoidal structures with different numbers of curvatures and diametral sizes were tested, and their energy absorption capabilities were compared. In addition to experimental tests, a finite element (FE) model was developed in Abaqus/Explicit for sinusoidal structures to estimate the SEA numerically. Advances in commercial finite element analysis (FEA) software have enabled engineers to simulate the performance of composite components; however, the crushing behavior and the failure mechanisms cannot always be predicted accurately. For that purpose, the idea of an artificial plug-initiator was incorporated into the FE model to obtain an accurate crushing morphology. After the numerical approach was validated, the crush simulation of another sinusoidal structure with more curvatures was presented. All results were compared in terms of the observed failure mechanisms and their contribution to the SEA values; the structure with the highest energy absorption capability was identified.




2. Experimental Section


2.1. Flat Plate


The flat-plate specimens were manufactured from Hexcel AS4/8552 carbon-epoxy UD prepregs with 198 g/m2 areal weights. The manufacturing process was carried out in an autoclave according to the manufacturer’s recommended cure cycle [22]. During the manufacturing process, 8 plies of prepregs were stacked with a [0/90]2s cross-ply configuration on the flat, steel mold. The 300 mm × 300 mm plates thus manufactured were then cut using a diamond disk cutter into test coupons, with a 56 mm length, 20 mm width, 1.47 mm thickness, and 45° chamfered edge. Chamfered edges were polished and inspected visually to ensure that the cutting operation did not cause any delamination.



A simple fixture with a 50 mm length was designed to provide a supporting system. The illustration of the fixture, the specimen, and the test setup are demonstrated in Figure 1. The unsupported length was specified as 6 mm, which was suitable to prevent the specimen from buckling. Three specimens were tested in a Zwick Z100 testing machine, with a quasi-static speed of 0.5 mm/min. The tests were ended manually before the crushing plate compressed the specimen fixture. The load was measured with a 100 kN load cell, and the displacement was measured from the crosshead movement of the testing machine.




2.2. Semi-Circle Structure


The semi-circle specimens were manufactured from Hexcel AS4/8552 carbon-epoxy UD prepregs by using the same technique as the flat plates. A total of 8 plies of prepregs were stacked on the custom design mold, with a [0/90]2s cross-ply configuration. The schematic of the cross-section is shown in Figure 2. The cross-section of the structure had a semi-circle with a 45 mm radius and 8 mm straight lines positioned at each end-lip for extra stability.



Specimens again had a 1.47 mm thickness and a 56 mm length. A 45° chamfer was also applied to one edge of the specimens to avoid catastrophic failure and to decrease the peak load. Three specimens were tested in the Zwick Z100 testing machine, with a quasi-static speed of 0.5 mm/min. The tests were ended after the displacement of the crushing plate reached 20 mm and the load-displacement curves were obtained.




2.3. Sinusoidal Structures


The design of the sinusoidal structures consisted of different numbers of repeating semi-circle curvatures. The idea was to keep the amount of material (weight) constant while adding more semi-circle curvatures, which would lead to a decrease in the radii. Therefore, the sinusoidal structures with 3 curvatures (with 15 mm radii) and with 5 curvatures (with 9 mm radii) were designed and manufactured. Both structures had 8 mm straight lines positioned at each end-lip, which was the same as the semi-circle specimens. The schematics of the cross-sections of the sinusoidal structures with 3 and 5 curvatures can be seen in Figure 3.



The manufacturing process was carried out in an autoclave by stacking 8 plies of AS4/8552 carbon-epoxy UD prepregs on the custom design molds, with a [0/90]2s configuration. Three specimens with a 56 mm length were tested for their geometries by applying the same testing conditions as the previous samples. Figure 4 shows the semi-circle and sinusoidal test specimens with 3 and 5 curvatures.





3. Numerical Model


3.1. Validation


In addition to sinusoidal structures with three and five semi-circle curvatures, for a deeper understanding of the influence of geometry on the SEA, the crushing of the sinusoidal structure with seven curvatures required investigation. This part of the study was carried out with numerical analysis only for two main purposes: to develop an FE Model, which can predict the energy absorption capability of complex structures with accurate crushing behavior, and to decrease the manufacturing cost. Before that stage, the FE model should be validated by using the sinusoidal structures with three and five curvatures, of which experimental data has already been obtained.



The FE model for the progressive damage of AS4/8552 carbon fiber/epoxy sinusoidal structures with three and five curvatures were developed in Abaqus/Explicit while considering both the intralaminar (in-plane) and interlaminar (delamination) damage mechanisms. Half of the geometry was modeled by applying symmetry conditions. Each of the eight plies were individually extruded and meshed with continuum shell elements (SC8R). Continuum shell elements in ABAQUS have the geometry of a three-dimensional solid element, but their kinematic and constitutive behaviors are similar to those of conventional shell elements. Boundary conditions were applied to be coherent with the experimental procedure. The Abaqus/CAE model can be seen in Figure 5.



The in-plane response of the composite plies was modeled according to the Hashin damage criteria [23] as a homogeneous orthotropic material, which is capable of sustaining progressive stiffness degradation due to fiber/matrix cracking. The failure initiation criteria [23] can be demonstrated as:


   Tensile   fiber   failure   for    σ  11     ≥   0                 σ  11      X T       2  +   α        σ  12    S     2    ≥   1   



(1)






   Compressive   fiber   failure   for    σ  11     <   0                 σ  22      X C       2    ≥   1   



(2)






   Tensile   matrix   failure   for    σ  22     >   0                 σ  22      Y T       2  +   α        σ  12    S     2    ≥   1   



(3)






   Compressive   matrix   failure   for    σ  22     <   0                 σ  22     2 S      2  +            Y C    2 S      2  − 1      σ  22      Y C      +        σ  12    S     2    ≥   1   



(4)




where    σ  11     and    σ  22     are normal stresses in fiber and transverse directions, while    σ  12     symbolizes shear stress;    X T    and    X C    are fiber direction tensile and compressive strength values;    Y T    and    Y C    are transverse tensile and compressive strengths; and  S  symbolizes shear strength. The behavior of the material after damage onset was determined by the damage evolution that was characterized by the degradation of material stiffness. The response of the material was computed from:


   C d  =  1 D          1 −  d 1     E  11         1 −  d 1      1 −  d 2     v  21    E  11      0        1 −  d 1      1 −  d 2     v  12    E  22         1 −  d 2     E  22      0     0   0      1 −  d  12      G  12   D        



(5)




where   D = 1 −   1 −  d 1      1 −  d 2     v  12    v  21    ;    E  11     and    E  22     are Young’s modulus in fiber and transverse directions;    G  12     is the shear modulus; and    v  12     and    v  21     denote the Poisson’s ratios. The symbols    d 1   ,    d 2   , and    d  12     represent the current state of fiber, matrix, and shear damages. In the progressive damage algorithm of Abaqus, even if one type of damage is completed, the element is not deleted unless all other damage variables reach 1. This damaged but not deleted element can still bear some load; however, they have a mostly negligible effect on energy absorption capability. On the other hand, the influence of these elements on the crushing morphology during the deformation can be an issue to overcome.



Other than in-plane failure, delamination is another predominant mode of failure, especially under axial loading. In the case of axial crash, instead of single mode, mixed-mode delamination occurred, which contained opening and shearing modes. Therefore, it was necessary to apply a general formulation dealing with mixed-mode delamination onset and propagation [24]. Camanho et al. [25] proposed a cohesive zone model (CZM) in which the interactions between plies were developed, which can capture delamination initiation and progress under mixed-mode conditions. In this model, cohesive surfaces were defined, which utilized the relation between tractions and separations. The damage initiation was calculated using the quadratic formula given in Equation (6). The linear softening damage law was used for the cohesive damage softening, with the mixed-mode fracture energy criteria based on power law (Equation (7)).


           σ   I         τ   I             2  +          σ   II         τ   II             2  +          σ  III      τ   III             2  = 1  



(6)






           G   I         G I c         ∝  +          G   II         G  II  c         ∝  +          G  III      G  III  c         ∝  = 1  



(7)




where    τ   I       ,    τ   II       , and    τ   III        are interfacial strength values of Mode I, Mode II, and Mode III;    G I c    is the normal fracture toughness;    G  I I  c    and    G  I I I  c    are shear fracture toughness values for Mode II and Mode III, respectively;    G   I        is the normal strain energy release rate; and    G   II        and    G   III        are shear strain energy release rates for Mode II and Mode III, respectively. The desired interlaminar properties for 1 mm mesh size were extrapolated, as suggested in the study of Turon et al. [26]. According to this study, there should be a minimum of 4–5 elements in the cohesive zone (the area from the point of maximum traction to the crack tip) to achieve accurate delamination behavior; the suggested process is to decrease the interfacial strength values artificially to increase the cohesive zone length so that larger elements can be utilized. The input properties required both in-plane and interlaminar failure for the 1 mm mesh size are listed in Table 1 [22,27,28,29].



The velocity of the rigid upper wall was defined as 200 mm/s. A higher value of velocity than the quasi-static test speed was utilized in the simulation in order to reduce step time, which led to a low computational cost. Since dynamic effects become important when the velocity is higher than 500 mm/s, this amount of artificial increase had no significant influence on the simulation results [21]. The friction between the composite specimen and the rigid upper wall played a significant role in finite element analysis. The friction coefficient was taken to be 0.3, as suggested in Ref. [21]. Moreover, to achieve reasonable run times, mass scaling with the factor of 102 was applied. Mass scaling is a technique that artificially increases the mass of the structure to obtain a larger time step, which leads to lower run times [30]. The simulation of the sinusoidal structure with three curvatures took 145 min of run time on a 16-core workstation.




3.2. The Idea of Artificial Plug-Initiator


One of the purposes of this study was to correlate the crushing behavior of the structures in the numerical analysis with the actually observed modes. As will be elaborated in the results section, although the numerical results showed good agreement with the experimental data in terms of load-displacement curves, there were some mismatches that occurred between the observed failure modes and the simulated crushing morphology. At that point, the idea of using an artificial plug-initiator in the finite element model was proposed to initiate delamination properly and create a V-shaped area to simulate the debris wedge formation during testing. Various geometries were designed and implemented in the FE model, and Figure 6 demonstrates the final shape of the artificial plug-initiator, presenting the most accurate results. The different attempts made for the plug-initiator design and their influences on numerical results are presented in the results section.




3.3. Sinusoidal Structure with 7 Curvatures


The validated FE model in Abaqus/Explicit was then applied to the AS4/8552 carbon fiber/epoxy sinusoidal structures with seven curvatures by modeling half of the geometry to benefit from the symmetry conditions. Since the amount of material was desired to be the same as previous geometries, the radius of the repeating semi-circle segments was determined to be 6.43 mm. The schematic of the cross-section and the Abaqus/CAE half model is presented in Figure 7. The simulation of the 10 mm crush took 244 min of run time on a 16-core workstation.





4. Results and Discussion


4.1. Experimental Results of Flat Plate


The first step of the experimental study was to understand the load-displacement trend of the flat plates and failure mechanisms, which resulted in the experimentally observed crushing morphology. Figure 8 presents the load-displacement curves of flat plates with eight plies, obtained from the quasi-static compression tests, and a snapshot taken during the tests.



According to the observations made from the crushing morphology of the flat specimen, at the beginning of the process, delamination started at the interface between the first and second plies, due to the high stress levels at the tip of the chamfer. After that point, the first ply, subjected to the axial load by the moving rigid wall, started to bend, and that created the splaying mode. In a cross-ply specimen, 0-degree plies generally have a higher tendency to bend; therefore, fiber tensile failures can be seen, due to the bending mode. After some plies were splayed, fragmentation occurred at the plies that did not bend or splay. The fragmentation mode was characterized by two types of failure. The first type was matrix cracking, occurring in the 90-degree plies due to shear. The second type was fiber failure in the 0-degree plies, located in the center, due to the micro-buckling of the fibers. After delamination had initiated at all seven interfaces, the load reached its peak level. A stable zone started after about a 1.5 mm crush, where the load fluctuated around a mean load, and the main failure modes were micro-fragmentation and splaying. Specific energy absorption (SEA), which is the energy obtained from the area under the load-displacement curve per crushed mass, was calculated, as can be seen from Table 2.




4.2. Experimental Results of Semi-Circle Specimens


Figure 9 demonstrates the load-displacement curves of three semi-circle specimens tested under quasi-static compression together with the crushing morphology of the first specimen. The SEA value for each specimen was calculated from the division of the area under the curve by the crushed weight, and the average of the results was evaluated to be 48.09 J/g (see Table 3). The reason behind the increase in energy absorption capability by approximately 50% when compared to flat specimens can be explained by the change of failure mechanisms. During the crushing process, in addition to the splaying of the 0-degree plies, vertical ruptures occurred, which are characterized by long matrix cracks. Moreover, the level of fragmentation increased in the plies located near the center, which automatically led to a higher amount of energy absorption.




4.3. Experimental Results of Sinusoidal Specimens


The deformed shapes of the sinusoidal structures with three and five curvatures are given in Figure 10. According to the observations made during the tests, it can be said that the reflection points in the sinusoidal structure, which connected the repeating semi-circle segments to another, created obstacles that made the splaying of the plies more difficult. Therefore, more micro-buckling occurred in 0-degree plies, resulting in fiber breakage, and more matrix cracks were initiated in the 90-degree plies located at the center. Moreover, for the sinusoidal structure with three curvatures, the number of vertical ruptures occurring at the outer plies increased when compared to the semi-circle specimen. This number became much higher for the sinusoidal structure with five curvatures. These observations led to the conclusion that sinusoidal structures have better performance in terms of energy absorption. The load displacement curves (see Figure 11) and the SEA results evaluated from these curves (see Table 4) confirmed this conclusion. Sinusoidal structures with five curvatures absorbed more energy than the others.



A question arose at that point: “For sinusoidal structures having more curvatures than 5, will there be a limit where an asymptotic trend in SAE is observed?” To answer this question, as further investigation, the numerical analysis for the crushing process of the sinusoidal structure with seven curvatures was performed, and the results are presented in the next section.




4.4. Numerical Results


The FE model was developed for the progressive damage of AS4/8552 carbon fiber/epoxy sinusoidal structures with three curvatures, and the comparison between the load-displacement and energy curves of the experimental and numerical studies is presented in Figure 12. Although there were some fluctuations in the load-displacement curve obtained from the numerical study, the overall trend was similar to the experimental data, and more importantly, the model was able to predict the amount of energy absorbed during the crushing process accurately. In this model, the slight kink in the energy-displacement curve corresponded to the point where the crush zone reached the end of the chamfer, after which the energy absorption uniformly increased as the crush zone proceeded.



The main problem posed in the model, however, was that it was unable to simulate the crushing behavior and corresponding failure mechanisms correctly. Figure 13 shows the deformed shape at the end of the simulation when the displacement was 6 mm. As can be seen from the right side of the figure, which demonstrates the cross-sectional view from the middle of the specimen, instead of the splaying of the outer plies and the micro-buckling in the inner plies, a global buckling occurred, which led to a catastrophic failure. Due to the excessive distortion, the model was aborted at a crush distance of 6 mm and did not proceed. Even though the simulated crushing behavior was different from the experimentally observed one, it is interesting that the FE model can still estimate the SEA of the composite structure accurately. The reason behind this can be explained by the repartition of the energy balance during the process. During the early stages of deformation, although the order of occurrence and the distribution of damage modes differed from experimentally observed ones, the overall energy absorbed by those damage modes was consistent with the actual data. However, the main problem arose after some level of deformation, when the damage mode changed dramatically, and catastrophic failure occurred due to local buckling, which terminated the model. Therefore, an artificial plug-initiator was introduced into the simulation to provide an accurate FE model, in which damage modes can occur in the correct order and levels.



During the numerical study, various geometries for the plug-initiator were designed and tried within the FE model. The purpose behind including the plug-initiator in the FE model was to simulate the experimentally observed splaying mode and to create a V-shaped separation between the delaminated plies, which leads debris formation, as occurred in the actual tests. Figure 14 shows three types of plug initiators and their corresponding simulation results to show the evaluation of the damage. As can be seen from the figure, with the type-III plug-initiator, the FE model showed consistency in terms of the crushing morphology observed experimentally. Simulation results showed that the model was successful in demonstrating the failure mechanisms accurately when compared with the actual tests. The numerical model can predict the specimen behavior consistently, without global buckling and excessive distortion (see Figure 15). Moreover, in Figure 16, matrix crack growth at the outer plies and the delamination growth at the first interface was presented step by step, which was also consistent with the actual damage progression.



Aside from demonstrating crushing behavior correctly, the FE model with the plug-initiator estimated the amount of energy absorbed during the crush event accurately. As can be seen from Figure 17, numerical results enabled more stability in load-displacement graphs and showed good agreement with the experimental tests in terms of load-displacement and energy curves.



The FE model was also validated by applying the numerical analysis of the sinusoidal structure with five curvatures. According to the results given in Figure 18, numerical results had a good correlation with the experimental data. The same approach was applied for sinusoidal specimens that had seven curvatures with same properties, boundary conditions, element types, and artificial plug-initiator geometry. The results are presented in Figure 19 and Figure 20. The specific energy absorption (SEA) value of the sinusoidal structure with seven curvatures, which is the energy obtained from the area under the load-displacement curve per crushed mass, was calculated as 66.5 J/g.



Figure 21 shows the overall comparison of SEA values for various geometries, and it can be seen that the sinusoidal structure with five curvatures had the highest energy absorption capability. Beyond that structure, the performance related to energy absorption started to decrease as the number of curvatures increased. The reason behind this observation can be explained by the decrease in the aspect ratio. By decreasing the diameter of the curvatures below a certain level to increase the number of curvatures, specimen geometry converges into the flat-plate shape when its low width-to-length ratio is taken into consideration. Therefore, more instabilities occurred, and the energy absorption performance did not become better than the five-curvature specimen.





5. Conclusions


This paper presented both experimental and numerical investigations for the crushing process of AS4/8552 carbon fiber/epoxy flat plates, semi-circle specimens, and sinusoidal structures. The main goal of this study was to understand the influence of geometry on the specific energy absorption, the variation of the crush-induced failure mechanisms through various geometries, and their contributions to the energy absorption capability.



The overall conclusion derived from the experimental study is that there is a combination of the splaying mode and the fragmentation mode, due to the matrix cracks in most of the 90-degree plies, and fiber breakages in 0-degree plies located at the center of the laminate. The levels and the occurrence rates of these failure modes apparently determines the energy absorption capability. When the crushing morphology of the semi-circle specimens were investigated, more fragmentation was observed at the center, and vertical ruptures occurred at the outer plies, which led to a higher amount of energy absorption, compared to the flat specimens. The level of fragmentation increased even more for the sinusoidal structures, since the number of vertical ruptures increased and so did the reflection points, which connect one of the repeating semi-circle segments to another, creating obstacles that led to more micro-buckling in 0-degree plies. Therefore, sinusoidal structures have greater potential in terms of energy absorption.



The motivation behind conducting both the numerical and experimental studies for sinusoidal structures with different geometric features was to understand the reason behind the change in energy absorption capabilities and to find the structure with the better performance. The idea was to keep the amount of material (weight) constant while adding more semi-circle curvatures, which would lead to a decrease in radii. Therefore, sinusoidal structures with three, five, and seven curvatures were tested under quasi-static compression, and their energy absorption capabilities, with corresponding failure mechanisms, were discussed. The conclusion drawn from the investigation was that the sinusoidal structure with five curvatures gave the highest specific energy absorption result, due to the higher number of vertical ruptures when compared to the sinusoidal structure with three curvatures. On the other hand, for the sinusoidal structure with seven curvatures, the SEA value did not further increase because of the instabilities occurring during the crushing process related to the decreased aspect ratio (the width-to-length ratio).



One of the objectives was to develop the FE model, which can not only estimate the amount of energy absorption but also simulate the failure mechanisms occurring during the crushing process. Accurate FE models were generated in Abaqus/Explicit by including an artificial plug-initiator to obtain realistic simulation results. According to the presented results, the numerical model showed good correlation with the experimental data, was able to estimate energy absorption capability accurately, and simulated the crushing behavior consistently.
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Figure 1. The illustration of the flat-plate specimen with the supporting fixture (left) and the test setup (right). 
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Figure 2. The schematic of the cross-section of the semi-circle specimen. (All dimensions are given in millimeters.) 
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Figure 3. The schematic of the cross-sections of the sinusoidal structures with 3 curvatures (left) and 5 curvatures (right). (All dimensions are given in millimeters.) 
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Figure 4. Manufactured semi-circle (a) and sinusoidal specimens with 3 (b) and 5 curvatures (c). 
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Figure 5. Abaqus/CAE half model of the sinusoidal structure with 3 curvatures: isometric view (left) and front view (right). 
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Figure 6. The finalized version of the artificial plug-initiator design with the position in assembly. 






Figure 6. The finalized version of the artificial plug-initiator design with the position in assembly.



[image: Jcs 07 00056 g006]







[image: Jcs 07 00056 g007 550] 





Figure 7. Abaqus/CAE model (right) and the schematic of the mid-plane of sinusoidal structures with 7 curvatures (left). (All dimensions are given in millimeters.) 
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Figure 8. The results of the flat specimens: load-displacement curve (left) and deformed shape (right). 
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Figure 9. The results of the semi-circle specimens: load-displacement curve (left) and the deformed shape (right). 
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Figure 10. The deformed shapes of the sinusoidal specimens with 3 (left) and 5 curvatures (right). 
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Figure 11. Load-displacement curves of the sinusoidal specimens with 3 (left) and 5 curvatures (right). 
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Figure 12. Comparison of the FE model of the sinusoidal specimen with 3 curvatures using experimental tests: load-displacement curves (left) and energy curves (right). 
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Figure 13. Simulated deformed shapes of the sinusoidal specimen with 3 curvatures: isometric view with demonstrated matrix failure (left) and cross-sectional view from the mid-plane (right). 
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Figure 14. Evaluation of the artificial plug-initiator geometry and the corresponding simulation results compared with the experimentally observed failure modes. 
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Figure 15. Simulated deformed shape of the sinusoidal specimen with an artificial plug-initiator. 
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Figure 16. Matrix crack and delamination growth in the FE model with an artificial plug-initiator. 
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Figure 17. Comparison of the FE model (with a plug-initiator) with experimental tests: load-displacement curves (left) and energy curves (right) of the sinusoidal with 3 curvatures. 
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Figure 18. Comparison of the FE model (with a plug-initiator) with experimental tests: load-displacement curves (left) and energy curves (right) of the sinusoidal with 5 curvatures. 
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Figure 19. Simulated deformed shapes of the sinusoidal specimen with 7 curvatures. 
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Figure 20. Simulation results of the sinusoidal structure with 7 curvatures: load-displacement curve (left) and energy curve (right). 
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Figure 21. The overall comparison of SEA values from flat plates to complex structures. 






Figure 21. The overall comparison of SEA values from flat plates to complex structures.



[image: Jcs 07 00056 g021]







[image: Table] 





Table 1. The material properties of AS4/8552 composite [22,27,28,29].
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	Description
	Unit
	Variable
	Value





	Density
	g/cm3
	  ρ  
	1.58



	Longitudinal Modulus
	GPa
	    E  11     
	141



	Transverse Modulus
	Gpa
	    E  22     =      E  33     
	9.75



	Principal Poisson’s Ratio
	-
	    v  12     
	0.267



	Shear Moduli in 1–2 Plane
	GPa
	    G  12   =  G  13     
	5.2



	Shear Moduli in 2–3 Plane
	GPa
	    G  23     
	3.19



	Longitudinal Tensile Strength
	MPa
	    X T    
	2200



	Longitudinal Compressive Strength
	MPa
	    X C    
	1500



	Transverse Tensile Strength
	MPa
	    Y T    
	81



	Transverse Compressive Strength
	MPa
	    Y C    
	260



	In-plane Shear Strength
	MPa
	  S  
	80



	Interfacial Strength (Mode I)
	MPa
	    τ   I        
	35



	Interfacial Strength (Modes II and III)
	MPa
	    τ  II   =  τ   III        
	70



	Fracture Toughness (Normal)
	[kJ/mm2]
	    G I c    
	0.28



	Fracture Toughness (Shear)
	[kJ/mm2]
	    G  II  c  =  G  III  c    
	2.59
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Table 2. SEA values of flat-plate specimens.
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Specimen No.

	
SEA [J/g]

	
Average






	
#1

	
32.31

	
32.14




	
#2

	
32.18




	
#3

	
31.94
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Table 3. SEA values of semi-circle specimens.
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Specimen No

	
SEA [J/g]

	
Average






	
#1

	
48.22

	
48.09




	
#2

	
48.94




	
#3

	
47.12
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Table 4. SEA values of the semi-circle specimens.
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Number of Curvatures

	
Specimen No

	
SEA [J/g]

	
Average






	
3

	
#1

	
62.71

	
62.64




	
#2

	
62.18




	
#3

	
63.03




	
5

	
#1

	
69.01

	
68.73




	
#2

	
68.24




	
#3

	
68.94
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