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Abstract

:

Nowadays, due to the complexity and design of many advanced structures, cylindrical shells are starting to have numerous applications. Therefore, the main goal of this work is to study the effect of thickness and the benefits of a carbon composite sandwich cylindrical shell incorporating a cork core, compared to a conventional carbon composite cylindrical shell, in terms of the static and impact performances. For this purpose, static and impact tests were carried out with the samples freely supported on curved edges, while straight edges were bi-supported. A significant effect of the thickness on static properties and impact performance was observed. Compared to thinner shells, the failure load on the static tests increased by 237.9% and stiffness by 217.2% for thicker shells, while the restored energy obtained from the impact tests abruptly increased due to the collapse that occurred for the thinner ones. Regarding the sandwich shells, the incorporation of a cork core proved to be beneficial because it promoted an increase in the restored energy of around 44.8% relative to the conventional composite shell. Finally, when a carbon skin is replaced by a Kevlar one (hybridization effect), an improvement in the restored energy of about 20.8% was found. Therefore, it is possible to conclude that numerous industrial applications can benefit from cylindrical sandwiches incorporating cork, and their hybridization with Kevlar fibres should be especially considered when they are subject to impact loads. This optimized lay-up is suggested because Kevlar fibres fail through a series of small fibril failures, while carbon fibres exhibit a brittle collapse.
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1. Introduction


A high specific strength and stiffness, good static and dynamic properties, good corrosion resistance, adjustable properties, competitive cost, and fast manufacturing are factors that make composite materials very attractive in diverse fields of engineering. However, the weakness of these materials lies in their compression and transverse properties, which may even restrict their application. For example, their high sensitivity to low-velocity impacts, which can often occur in service or during maintenance activities, should be considered in the design phase because the resulting damage is difficult to detect [1,2] and, simultaneously, responsible for significant reductions in residual mechanical properties [3,4,5,6].



Regarding low-velocity impact events on through-thickness direction, the literature presents comprehensive knowledge at the level of damage mechanisms [7,8,9,10], residual compression after impact [11], multi-impacts [12] and environmental effects [13,14,15]. On the other hand, it is also possible to find strategies to improve the impact performance, for example, using hybridisation [16,17,18], nano-enhanced resins [19,20,21,22,23] or the inclusion of natural materials such as cork.



Cork is a natural and sustainable material, which presents excellent fire, smoke and toxicity properties associated with a high specific strength and stiffness, excellent damping characteristics, low thermal conductivity, near-zero Poisson coefficient, high damage tolerance to impact loads and resistance to wear [24,25,26]. At the level of benefits found in terms of impact, for example, Reis et al. [27] report improvements in terms of impact strength and glass transition temperature when a polyester resin is filled with cork powder. Another study developed by the same authors shows benefits in terms of the elastic recuperation and damage area when an epoxy resin is filled with cork powder [21]. Simultaneously, the cork increased the penetration threshold and residual tensile strength [21]. Petit et al. [28] and Silva et al. [29] have also achieved significant benefits with the introduction of cork in composite laminates. For example, the latter observed a longitudinal crack and large delamination in monolithic laminates and when the cork layer was introduced, only a longitudinal crack was reported [29]. Amaro et al. [30] analysed the ballistic behaviour and damage tolerance of Kevlar/epoxy-reinforced composites with a matrix filled by cork powder and observed that the minimum velocity of perforation is similar, while there were fewer damaged areas when cork powder was added, in particular for velocities below the minimum perforation velocity. In terms of the residual bending strength, the authors found less sensitivity to impact velocity than samples with neat resin. In addition, cork powder reduces the amount of resin in the composite, making it more environmentally friendly. A similar benefit was observed by Reis et al. [31] in terms of fatigue strength where, regardless of the lower static bending strength, the fatigue life was not affected by adding cork powder into the resin. Finally, Ivañez et al. [32] studied the ballistic impact behaviour of monolithic laminates and composite sandwich plates incorporating a cork core. Low-velocity impact damage has previously been introduced to some laminates and sandwiches and subsequently subjected to ballistic impacts. No significant differences were observed between sandwich plates and laminates; however, the ballistic limit per area density of damaged laminates was reduced when compared to the value given for reference laminates, while in sandwich structures it was almost constant.



However, all these studies were carried out on composite plates, promoting, in this context, the consolidation of knowledge rather than what happens for composites cylindrical shells. In fact, there is not a lot of literature on the subject.



For example, Gong et al. [33] analytically studied the contact force and central deflection of a shell for different impact conditions, shell sizes and curvature values. This analytic solution included the contact deformation and transverse shear deformation, and a good agreement was found between their results and those in the literature. The impact response of cylindrical graphite/epoxy shells was analysed by Krishnamurthy et al. [34,35], and they found that higher impact energies (resulting from higher masses) promote longer contact times and more induced damage. An experimental study developed by Kistler [36] revealed that the impact response is very dependent on geometry. For example, stiffer structures have higher impact strength, less deflection and shorter contact time. Later, Kistler and Waas [37] developed studies in cylindrical graphite/epoxy panels with different thicknesses, curvatures, and boundary conditions. It was noticed that the peak impact force increased for higher thickness values, while the peak centre displacement and contact duration decreased. In fact, curvature effects have become increasingly important for smaller thicknesses. On the other hand, flatter panels had higher peak loads than curved panels, as well as smaller peak displacements and contact durations. With respect to boundary conditions, they found that changing from clamped to simply supported promote lower peak loads, while the peak displacement and contact duration increase. Zhao and Cho [38] analysed the effect of stacking sequence, radius of curvature and thickness on the impact energy threshold. The impact energy threshold is defined as the energy required to cause the initial impact damage. It was observed that the stacking sequence had a significant influence, because more interfaces between different plies can result in a higher impact velocity threshold and smaller damage size for the laminated shells. Regarding the radius of curvature, they observed that its decreasing promoted a higher impact velocity threshold and a smaller damage area. The maximum damage size increased as the shell became flatter because it became stiffer, and the position of the maximum damage area changed from the bottom interface (R = ∞) to the top interface in the composite shells. Finally, larger thicknesses promoted smaller areas of damage because displacement is less prevalent in thicker shells. In fact, damage size is related to total dynamic deformation. Similar results were found by Kumar [39], where a non-linear finite element analysis showed that the impact response is significantly dependent on the shell curvature. Finally, studies developed by Arachchige et al. [40,41] showed that the impact load increases with increasing stiffness, while the contact time decreases, and in relation to the impact velocity a direct relationship with the contact load was found. On the other hand, the hybridization effect was studied by Coelho et al. [42] and a strong effect was observed in terms of static and impact responses. For example, composites cylindrical shells involving only carbon fibres had the highest stiffness and the lowest displacement at maximum load, but with the introduction of the glass fibres and Kevlar fibres these configurations had, respectively, the lowest stiffness and the highest maximum load and displacement. Regarding the impact properties, composites cylindrical shells involving Kevlar fibres had the highest restored energy, while the non-hybrid ones had the lowest restored energy.



Therefore, the main goal of this work is to investigate the benefit of a composite sandwich cylindrical shell, incorporating a cork core, over a conventional composite cylindrical shell in terms of static and impact response. For this purpose, the results will be discussed based on the typical load versus displacement curves as well as load versus time and energy versus time curves. According to the authors’ knowledge, there is still no study in the literature involving the benefits of cork in terms of composite cylindrical shells.




2. Material and Experimental Procedure


Composite cylindrical shells and composite sandwich cylindrical shells were produced by hand lay-up and the overall dimensions are shown in Figure 1. In detail, Figure 1a shows a view of the manufacturing process used in this study and Figure 1b the geometry and dimensions of the specimens.



A system of SR 1500 epoxy resin and a SD 2503 hardener standard, both supplied by Sicomin, was used as matrix and different number of layers and fibres, all in the same direction, were used to produce cylindrical shells with the following stacking sequences: 8C; 6C; 4C; 4C + cork + 4C and 4K + cork + 4C. The “number” represents the number of layers used, C = carbon bi-directional woven fabrics (taffeta with 160 g/m2), K = Kevlar bi-directional woven fabrics (taffeta with 281 g/m2) and cork is a 2 mm-thick NL 20 CORECORK layer (supplied by Amorim Cork Composites) inserted into the middle of the sheets. In detail, the carbon fibres used are of the T300 type, supplied by Toray, which have a density of 1.76 g/cm3 and a filament diameter of 7 µm, while for Kevlar fibres the density is 1.44 g/cm3 and the filament diameter is 12 µm, supplied by DuPont. The density of NL20 cork is 0.25 g/cm3. These systems were placed inside a vacuum bag (see Figure 1a) for 24 h and a maximum vacuum pressure of 0.5 bar was applied for 9 h in order to maintain a constant fibre volume fraction and a uniform thickness to eliminate any air bubbles existing in the laminate. According to the supplier’s datasheet, the post-cure procedure was carried out in an oven at 60 °C for 16 h.



Table 1 summarizes the different thicknesses in terms of materials used and respective configurations.



Static tests were carried out using a Shimadzu AG-100 universal testing machine, with the same support and loading nose used along the impact tests (Figure 2), equipped with a 100 kN load cell at a displacement rate of 3 mm/min. The displacement was obtained directly from the crosshead displacement that is automatically measured by the testing machine with a precision of ±0.01 mm. These tests were carried out under conditions similar to those used in the impact tests, but, in this case, aiming to obtain the static characterization. All tests were carried out at room temperature, and five specimens were tested for each configuration.



Low-velocity impact tests were also performed using a drop weight testing machine IMATEK-IM10, and details of this impact machine can be found in [43]. An impactor diameter of 10 mm with a mass of 2.826 kg was used, which will impact the centre of the samples with free support on the curved edges while the straight edges are bi-supported (Figure 2). An impact energy of 5 J was used, which was previously selected to promote visible damage, but without perforation of the specimens. The impact tests were performed in accordance with the considerations reported in ASTM D 7136 and, for each configuration, five specimens were tested at room temperature.




3. Results


Initially, the static properties were analysed and, for this purpose, bending tests were carried out for each configuration. Figure 3 shows the effect of thickness while Figure 4 shows the cork core effect and the hybridization effect in composite sandwich cylindrical shells. Typical load–displacement curves are shown, but they reflect the behaviour observed for each configuration.



From the static curves related to the effect of thickness (Figure 3), it is possible to note for all materials a linear regime up to a value from which there is a non-linear regime that contains the maximum load. However, increasing the thickness promotes longer linear regimes. For example, compared to cylindrical shells with four layers of carbon, where the linear regime goes up to a load around 120 N, this value is about 269% and 750% higher for cylindrical shells with 6 and 8 layers of carbon, respectively. The zigzag aspect of the curves results from fibre breakage and the subsequent drop in load is a consequence of the propagation of delaminations initiated at the regions with broken fibres, which is reported in the literature [5,6]. A similar behaviour is found when the cork core is introduced or for hybrid sandwich cylindrical shells but with different values. All properties that can be obtained from these curves are shown in Table 2 and Table 3 in terms of average results and respective standard deviation. Stiffness was defined as the slope in the linear region of the load–displacement response and the displacement is the value obtained for the maximum load. The displacement, as reported above, was obtained directly from the crosshead displacement that is automatically measured by the testing machine.



From Table 2, it is possible to observe a significant effect of the thickness on the bending properties, which agrees with the literature [44,45,46]. According to Ganapathi and Balamurugan [46], for example, an increase in the thickness of the shell reduces the instability region. From a quantitative point of view, and compared to thinner shells (4C), the load increases by 63.8% and 237.9% when the cylindrical shells are composed of 6 and 8 layers (6C and 8C), respectively. A similar trend was observed for stiffness, but with values of 393.7% and 1042.1%, respectively. On the other hand, in terms of displacement, as expected, this parameter decreases when the thickness increases. In this case, and compared to thicker cylindrical shells (8C), displacement at maximum load increases by around 12.8% and 238.5% for shells composed of 6 and 4 layers, respectively. In terms of damage mechanisms (see Figure 5), the failure analysis shows fibre fractures, which started in the fibres under compression, and some delaminations around the broken fibres. All these failure mechanisms arose in the indenter/composite contact region and agree with the literature [42,47], where the compressive stress concentration at the loading nose contact region associated with the low compressive strength of the fibres promotes the failure damage described above. For example, Figure 5a shows the failure mechanisms of the thicker shell, where the broken fibres are observed in the contact region of the indenter/composite and the consequent delaminations that result from this collapse. Subsequently, their propagation is visible along the generatrix that contains the contact point and towards the edge of the plate. However, because the stiffness is high, they do not reach the edge of the shell and fibre breakage occurs along the thickness (from the compression to the tensile side).



Regarding the shells with six layers of carbon fabric (Figure 5b), the damage mechanisms are similar, but due to the higher instability of the shell, the fibre breakage occur essentially in the compression side and delaminations along the generatrix that contains the indenter/composite contact point is much longer than the previous ones (Figure 5a). Finally, for the thinner shells (Figure 5c), due to their enormous instability, it is possible to observe that the delaminations reach both edges and, in this case, some fibres break both in the compression and in the tensile side. Therefore, it is possible to conclude that the damages in thicker shells are more severe along the thickness, while in thinner ones the damages are more extensive.



On the other hand, from Table 3, it is possible to observe a significant effect of the cork core and the hybrid effect on the compressive properties. For example, compared to composite cylindrical shells (8C), when a cork layer is inserted into the middle of the shell (sandwich cylindrical shells), it promotes lower maximum loads and stiffness, while the displacement at maximum load increases. Decreases of around 18% and 40.4% can be found for maximum loads and stiffness, respectively, while the displacement at maximum load increases by about 25.5%. These values are in line with others reported in the literature [31,48,49,50], where the insertion of cork into composites decreases the bending strength and modulus, but the bending strain increases. In fact, cork deforms because the cell walls bend and buckle and can undergo large strain deformation. Therefore, the compression behaviour of cork is largely explained by the characteristics of its cellular structure [51]. However, other benefits are achieved, such as better impact performance [21,30,32,52]. In terms of damage mechanisms, Figure 6 shows the typical failure mechanism for the composite sandwich cylindrical shells, which are in line with those observed in Figure 5a. However, because the cork layer absorbs energy, the bottom face did not evidence any visible damage.



Concerning the hybridization, when a carbon skin is replaced by a Kevlar one, it is noticed that a higher maximum load and displacement are obtained, while the stiffness decreases. In this case, there were increases of about 10% and 54.2% for the maximum load and displacement, respectively, while the stiffness decreased by about 47.1%. According to Coelho et al. [42], regarding laminates with six layers, and comparing to cylindrical shells only with carbon fibres (6C), the maximum load is obtained for hybrid cylindrical shells involving carbon and Kevlar fibres, while the lowest value was obtained for those composed of carbon and glass fibres. In terms of stiffness, these authors observed that the highest value was obtained for cylindrical shells only with carbon fibres, while the lowest was obtained for hybrid shells of carbon and glass fibres. Finally, the smallest displacement occurred for cylindrical shells with carbon fibres and the largest value for the system involving carbon fibres and Kevlar. This behaviour was explained by the authors as result of the intrinsic mechanical properties of fibres and respective damage mechanisms. For example, while carbon fibre composites basically fail on the compression side, the glass fibre laminates fail on the tension side [53]. Therefore, when the carbon fibres are placed on the tension side and glass fibres on the compressive side, an increase in flexural strength is obtained while the flexural modulus decreases [53,54]. However, these benefits depend on the fibre content, and according to the literature, the optimum value for hybrid carbon/glass composites is obtained for 12.5% of glass fibres placed on the compressive side [53,55].



In terms of impact response, Figure 7 shows the force–time and energy–time curves for composite cylindrical shells with different thicknesses (Figure 7a) and for composite sandwich cylindrical shells (Figure 7b).



These curves contain oscillations, which according to the literature [56,57], result from the elastic wave and are created by the vibrations of the samples. They are typical curves, representative of the other ones, and similar to those that can be found in the bibliography [19,20,21].



Regardless of the system tested, composite cylindrical shells or composite sandwich cylindrical shells, it is possible to observe that all load–time curves are characterized by an increase in the load up to a maximum value (Pmax) followed by a drop after the peak load. However, for composite cylindrical shells with four layers (4C), after Pmax the load decreases and remains constant with increasing time. This atypical profile is a consequence of large damages, which can be proven through the energy–time curve where no energy is restored. Therefore, this means that the impact energy was mostly converted into damage. For the cylindrical shells with six layers (6C), the load–time curves behave similarly to the one described above. However, when it is analysed simultaneously with the energy–time curve, it is possible to conclude that despite the high damage introduced into the shell there is still a significant amount of restored energy (around 34.2% of the impact energy). Finally, for the cylindrical shells with eight layers (8C), the load–time curves present the typical behaviour reported in the literature [19,20,21]. Nevertheless, when the energy–time curve is compared with the others, it is possible to observe that this configuration absorbs more energy than, for example, the configuration with six layers (about 11.3% more). In this case, this higher amount of energy absorbed is reflected in larger internal damages. Figure 8, for example, shows the failure surface for the various configurations.



From Figure 8, it is possible to notice that for the thinner shells (Figure 8a), the damage starts in the impactor/composite contact zone, in the form of fibre breakage and delaminations around them. There is even full perforation of the shell along its thickness. Regarding the six-layer shells (Figure 8b), damage also starts in the impact zone with fibre breakage, but only on the compression side, and delaminations around the broken fibres that have propagated towards the edge. Although the damage is visible to the naked eye, there was no perforation of the shells due to their greater stiffness. Finally, for thicker shells (Figure 8c), the damage is more localized due to a higher thickness, and the indications expressed in Figure 8c show that it develops more along the thickness in form of delaminations. In this case, thickness is an important parameter both in static and impact strength. In fact, according to Zhao and Cho [38], higher thicknesses promote smaller areas of damage because displacement is less in thicker shells, and the damage size is related to total dynamic deformation. Compared to the flat plates, the damage size becomes smaller and its position changes from the lower interface to the upper interface in composite shells [38]. Therefore, the damage appears first at the top ply and then propagates to the bottom layers; however, the maximum damage area occurs at the top surface [38]. In addition, it should also be taken into account that the severity of the damage is higher because carbon fibres fail mainly on the compression side in composites exposed to bending mode [53]. On the other hand, studies developed by Kistler [36] revealed that stiffer structures have a higher impact strength, less deflection and shorter contact times.



According to the literature [21], the value of Pmax is very important because it depends on the impact energy and represents the peak load value that the composite can tolerate, under a particular impact level, before undergoing major damage. Therefore, Table 4 presents the average values, and respective standard deviation, of the peak load and other parameters (maximum displacement and rebounded energy (elastic recuperation)) obtained from the impact tests. The elastic recuperation is the difference between the absorbed energy and the energy at peak load [19]. From the results, it is possible to observe that all properties are very dependent on thickness, reproducing the same effect found for static properties.



In terms of maximum load (Pmax), this value increases with increasing thickness, reaching an increase of 232.6% for the analysed shells (between 4C and 8C). On the other hand, the displacement decreases by around 46.2% between shells with six and eight layers, while for shells with four layers of carbon fabric the collapse was observed (no restored energy). This behaviour agrees with the studies developed by Kistler and Waas [37] and Arachchige et al. [40,41], where it was observed that the peak impact load increased with increasing thickness, while the peak centre displacement and contact duration decreased. Amaro et al. [58] observed that the maximum load increased with the thickness of the plate, while the displacement decreased, due to delaminations that proved to be the main mode of damage. They found that higher thicknesses were responsible for larger delaminations.



Regarding the elastic recuperation, a decrease of around 32.2% was found between shells with six and eight layers, while for composite shells with four layers of carbon fabric no restored energy was observed. As described above, although visible damage is more severe in shells with six layers of carbon (6C), the energy absorbed is less than in thicker shells (8C). In fact, the maximum damage area occurs at the top surface and propagates to the bottom [38], but smaller areas are expected with increasing thickness due to smaller displacements. However, although the damage at the top surface is less, it propagates along the thickness, promoting, in this case, delaminations capable of absorbing impact energy. According to the literature [59], during an impact event, the energy is absorbed by matrix cracking, delamination and fibre breakage, but most of it is absorbed essentially by deflection and delaminations. Nevertheless, because the deflection is lower due to the greater thickness of the shell, and consequent higher stiffness, it is expected that there will be a greater density of delaminations to absorb the same impact energy. On the other hand, smaller thicknesses promote greater deflections and, consequently, lower delamination density [58].



In fact, according to Garcıía-Castillo et al. [60], thickness is one of the main parameters that determine the impact properties, in particular the perforation velocity or the perforation-threshold energy. However, as an alternative parameter, the literature suggests the areal density (mass per unit area), which has been studied by several authors [61,62,63,64]. A non-linear relationship between perforation-threshold energy and thickness was even proposed by Grujicic et al. [64]. Zhu et al. [65], for example, found that the perforation velocity varies linearly with the laminate thickness within the range of 3 to 14 mm, while He et al. [66] noticed a non-linear relationship for a wide range of thicknesses below 16 mm.



Taking in account these studies, and considering the values shown in Table 4, the maximum load (Pmax) is plotted against the areal density in Figure 9. It is possible to observe a non-linear relationship between maximum load and areal density (thickness), which is in good agreement with the studies developed by Grujicic et al. [64], although the considered impact parameter by these authors is different (perforation-threshold energy). Considering only the six (6C) and eight (8C) layers of carbon, the absorbed energy per areal density is around 1.42 J/kg.m−2 and 1.08 J/kg.m−2, respectively. These results evidence that the effect of the thickness on the impact properties is determinant, because, while the absorbed energy increased by around 17%, the areal density increased about 53%.



When composite sandwich cylindrical shells are compared, in terms of impact response, to conventional composite cylindrical shells (Figure 7b), the load–time curves are very similar, showing only a longer contact time for the sandwich shells. In terms of elastic recuperation, the benefits of introducing the cork layer are evident due to the intrinsic properties of this material. Cork has a high damage tolerance to impact loads [24,25,26] because under compressive loading (during the impact) the cell walls bend and buckle, promoting, in this case, a large deformation. This explains the larger displacements and lower maximum loads observed in shells that incorporate a cork layer. Simultaneously, when the cell walls bend and buckle, they absorb significant amounts of energy with a high viscoelastic return. Therefore, after each impact, cork continues to have the ability to absorb energy, which does not change due to its elastic deformation [51,67]. This evidence is quantified in Table 5 in terms of mean values and respective standard deviations, for peak load, maximum displacement and bounced energy (elastic recovery). For example, compared to the conventional shells (8C), the maximum impact load decreased by around 10.4% when the cork layer was inserted into the middle of the shell, while the maximum displacement increased about 11.9%. In terms of elastic recuperation an increase of around 44.8% is observed. In addition to the reported benefits, cork is also responsible for increasing the impact threshold when inserted into polymeric composites [21,52]. Studies developed by Reis et al. [21] and Silva et al. [52] showed, for example, benefits of around 9% to 12.6% in relation to laminates without cork (neat resin).



However, in relation to the benefits obtained with the hybridization of composite sandwich shells, from Table 5 it is possible to observe, compared to sandwiches shells with carbon alone, lower peak loads and higher maximum displacements, as well as elastic recuperation (restored energy). For example, the maximum impact load (peak load) is 5.8% lower, while the maximum displacement and restored energy are about 4.3% and 20.8% higher, respectively. In this case, the hybridization further improved the impact performance of the sandwiches with the incorporation of aramid fibres (Kevlar), which agrees with studies developed by Coelho et al. [42]. According to these authors, composites’ cylindrical shells incorporating Kevlar fibres showed the highest restored energy, while the non-hybrid ones (6C) had the lowest restored energy, in addition to lower maximum impact load and higher displacements. It was observed by the authors that, as a consequence of higher damages, the restored energy of the carbon shells (1.71 J) was the lowest, while the hybrid configuration involving carbon and Kevlar fibres (2C + 2K + 2C) showed a much higher elastic recuperation (37.4% higher). This shows that stiffer structures (see Table 3) produce higher impact forces, smaller deflections, and shorter contact duration times [36,37,39]. Consequently, an optimization process in design is suggested because the minimum damage zone is achieved for equal bending stiffnesses in both the axial and circumferential directions [38]. In fact, aramid fibres fail not through brittle cracks like carbon fibres, but through a series of small fibril failures, where the fibrils are molecular strands that make up each aramid fibre and are oriented in the same direction as the fibre itself. These small failures absorb a large amount of energy, leading to a very high tenacity.



Finally, the failure surface observed after impact for sandwich shells is shown in Figure 10, where it is possible to observe some similarity with the surfaces obtained in the static tests. In both sandwiches, the damage is very confined to the impactor/composite contact zone.



For sandwiches involving only carbon fibres, fibre breakage occurs on the compression side due to the low compressive strength of these fibres, and around them some delaminations occur. Regarding the hybrid sandwiches, the damage mechanism is very similar but much more confined to the impactor/composite contact zone. As mentioned above, the damage appears at the top ply and propagates to the bottom layers but, due to the cork core, it is expected that it stops at the composite/cork interface and promotes large delaminations in this region.




4. Conclusions


This work studied the effect of thickness on a carbon composite sandwich cylindrical shell and the benefits of a carbon composite sandwich cylindrical shell incorporating a cork core, compared to a conventional carbon composite cylindrical shell. Static bending tests and low-velocity impact tests were performed on specimens that were freely supported on the curved edges, while the straight edges were bi-supported.



In terms of static bending properties, it was possible to find a significant effect of the thickness. For example, compared to thinner shells (4C), thicker shells (8C) have higher peak load and stiffness values of about 237.9% and 2149.3%, respectively, while the displacement at maximum load decreased 70.5%. Regarding the carbon composite sandwich cylindrical shells incorporating cork core, decreases of around 18% and 40.4% were found for the maximum load and stiffness, respectively, while the displacement at maximum load increases about 25.5%. These benefits were explained by the intrinsic properties of the cork. However, when the sandwich shell was hybridized with Kevlar fibres, higher maximum loads (10%) and displacements (54.2%) were obtained, while the stiffness decreased (47.1%) compared to the conventional carbon composite cylindrical shell.



Finally, in terms of impact performance, it was observed that larger thicknesses promote significant improvements in the restored energy because, for example, the perforation was observed for the thinner shells (4C). For composite sandwich shells, improvements in impact strength were obtained when a cork layer was introduced, but they were further increased when a carbon skin was replaced by a Kevlar one (hybridization effect). For example, compared to the conventional carbon shell, when a cork layer was inserted into the carbon shell, it allowed the maximum load to be decreased, but increased the maximum displacement and the restored energy. This trend was further evidenced with the replacement of a carbon skin by Kevlar fibres. Comparing the elastic recuperation, for example, improvements of around 44.8% and 20.8% were found, respectively.



Therefore, this study allows us to conclude that numerous industrial applications that use cylindrical sandwiches can benefit from the use of a cork core and the face that is eventually subject to impact loads should incorporate Kevlar fibres to increase the sandwich’s impact strength. This optimized lay-up is suggested because these fibres fail through a series of small fibril failures, while carbon fibres exhibit a brittle collapse.
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Figure 1. (a) Manufacturing process; (b) geometry and dimensions of the specimens in mm (t = thickness showed in Table 1). 
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Figure 2. Support used in the experimental tests. 
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Figure 3. Effect of thickness on the compressive curves. 
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Figure 4. Cork core effect and hybridization effect on the compressive curves. 
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Figure 5. Failure mechanisms for shells with: (a) eight layers; (b) six layers: (c) four layers. 
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Figure 6. Failure mechanisms for composite sandwich cylindrical shells. 
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Figure 7. Load–time and energy–time curves for: (a) composite cylindrical shells with different thicknesses; (b) composite sandwich cylindrical shells. 
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Figure 8. Failure mechanisms after impact for shells with: (a) four layers; (b) six layers; (c) eight layers. 
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Figure 9. Maximum load versus areal density. 
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Figure 10. Failure mechanisms after impact for: (a) carbon sandwich shells; (b) hybrid sandwich shells. 
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Table 1. Stacking sequences and thicknesses of the samples tested.
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	Stacking Sequence
	Schematic Lay-Up
	Thickness (mm)

Average Value

(Standard Deviation)





	8C
	 [image: Applsci 11 10958 i001]
	2.53 (0.15)



	6C
	 [image: Applsci 11 10958 i002]
	1.58 (0.03)



	4C
	 [image: Applsci 11 10958 i003]
	0.92 (0.02)



	4C + Cork + 4C
	 [image: Applsci 11 10958 i004]
	4.23 (0.09)



	4K + Cork + 4C
	 [image: Applsci 11 10958 i005]
	4.11 (0.03)
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Table 2. Effect of thickness on the compressive strength.
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Laminates

	
Maximum Load (N)

	
Displacement at Max. Load (mm)

	
Stiffness (N/mm)




	
Average

	
Std.

	
Average

	
Std.

	
Average

	
Std.






	
8C

	
1801

	
212

	
3.9

	
0.7

	
812

	
29




	
6C

	
873

	
121

	
4.4

	
1.0

	
354

	
41




	
4C

	
533

	
101

	
13.2

	
2.1

	
71,7

	
8
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Table 3. Cork core effect and hybridization effect on the compressive strength.
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Laminates

	
Maximum Load (N)

	
Displacement at Max. Load (mm)

	
Stiffness (N/mm)




	
Average

	
Std.

	
Average

	
Std.

	
Average

	
Std.






	
8C

	
1801

	
212

	
4.7

	
1.1

	
812

	
29




	
4C + Cork + 4C

	
1476

	
121

	
5.9

	
1.9

	
484

	
37




	
4K + Cork + 4C

	
1623

	
101

	
9.1

	
2.3

	
256

	
32
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Table 4. Average values of the peak load, maximum displacement and elastic recuperation for composite cylindrical shells.
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Laminates

	
Peak Load (N)

	
Max Displacement (mm)

	
Elastic Recuperation (J)




	
Average

	
Std.

	
Average

	
Std.

	
Average

	
Std.






	
8C

	
1959

	
50

	
4.2

	
0.02

	
1.16

	
0.38




	
6C

	
924

	
12

	
7.8

	
0.19

	
1.71

	
0.19




	
4C

	
589

	
4

	
-

	
-

	
-

	
-
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Table 5. Average values of the peak load, maximum displacement and elastic recuperation for composite sandwich shells.
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Laminates

	
Peak Load [N]

	
Max Displacement [mm]

	
Elastic Recuperation [J]




	
Average

	
Std.

	
Average

	
Std.

	
Average

	
Std.






	
8C

	
1959

	
50

	
4.2

	
0.02

	
1.16

	
0.38




	
4C + Cork + 4C

	
1755

	
92

	
4.7

	
0.05

	
1.68

	
0.01




	
4K + Cork + 4C

	
1653

	
21

	
4.9

	
0.13

	
2.03

	
0.01
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