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Abstract

:

This study investigates the quasi-static axial crushing tests of eco-hybrid composites based on flax and E-glass fibres strengthened with polyester resin. Five different configurations of self-supporting webs were fabricated to investigate the crushing behaviours of this eco-hybrid composite with different stacking sequences based on intercalation and sandwich-like sequences. The effect of different open-section web profiles was also investigated. The results were plotted in load-displacement curves and the specific energy absorption (SEA), as well as the crushing force efficiency (CFE), were calculated to evaluate the crushing response of each configuration. The test results verified the crushing mechanisms related to the energy absorption depending on the stacking sequence as well as the frontal profile. In this study, all specimens with the intercalation stacking sequence have achieved higher SEA and CFE than specimens with a sandwich-like stacking sequence. In terms of the frontal profile, the sine wave hat shape had the highest CFE, up to 80% compared to other web profiles. Thus, it demonstrated the capability of a sine wave hat-shape eco-composite based on flax fibre to be applied as a crashworthy material.
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1. Introduction


The concept of crashworthiness arose from the observation that many aviation accidents, such as cabin structure collapse, fire, and passenger impact with hard protruding objects, could be avoided [1,2]. This motivated progressive studies in crashworthiness, which are oriented to designing fuel systems, airframes, seat systems, and restraints that can prevent such accidents from occurring, thus making aviation accidents more survivable to help save lives. Crashworthiness is a critical aspect of a vehicle’s structural stability and is related to the crash energy-absorbing components [3,4,5].



The high vertical impact loads during aircraft accidents need to be absorbed in a controlled manner involving the landing gear, seat system, and aircraft subfloor [1]. When considering the ability to absorb kinetic energy [6], a structure must be able to convert the absorbed energy into inelastic energy to prevent accidents from becoming catastrophic, which leads to structural failure and rupture [2,7,8]. In that sense, the aircraft subfloor section is the most important structural component that needs to be designed to limit the deceleration forces due to crash loads and provide post-crash structural integrity to the cabin structure. Early aviation relied on metallic structures to produce such crashworthiness quality as they exhibited considerable capacity in energy absorption and mitigation of impact load. Metals will naturally undergo plastic deformation when subjected to an intense load [9,10]. However, due to the weight constraint, composite materials are progressively replacing metals in aircraft, automobiles, etc., structures [8,11]. Several types of synthetic fibres used conventionally as reinforcements for composites are carbon fibre, glass fibre, and aramid fibre [11].



Although synthetic fibres are a better alternative to metals in many cases, there are several drawbacks to consider. High material costs, non-recyclability, and pollution are a few of the drawbacks. When brittle type fibres fail, most of them release dust and debris in the crushing zone [12,13,14]. In addition, synthetic fibres are not environmentally friendly because they cannot be recycled, which has increased the quest for a suitable alternative to other materials [15].



In relation to this concern, natural fibres represent an environmentally sustainable alternative to synthetic fibres. Natural fibres are derived from plants and are renewable by nature with a low level of embodied energy compared to synthetic fibres. Natural fibres such as flax fibres, basalt fibres, and jute fibres exhibit high specific properties, low density, low cost, and are less harmful during handling [16]. However, natural fibres alone are weaker than synthetic fibres, which makes them unsuitable for high-stress applications. Like the alloying of metals, the hybridization of natural fibres with synthetic fibres enhances their material properties. This will result in a notable improvement in the load-carrying capacity of such eco-hybrid composites.



In the open literature, many experimental investigations related to composite crashworthiness studies have been reported, such as different types of fibres [17,18,19] and resin [20,21], laminate design [19,22,23], trigger configurations [24], geometry [25,26,27], etc. However, most of these studies used synthetic fibre composites or natural fibre composites, leaving a huge gap in justifying the crashworthiness capability of eco-hybrid composites. Praveen et al. [28] have tried to explore the crashworthiness behaviours of eco-hybrid composite tubes fabricated from epoxy-reinforced glass/kenaf fabrics. Their findings demonstrate that the eco-hybrid composite is more crashworthy than the natural fibre composite [28]. On the other hand, Alkateb et al. have shown that natural flax fibre has great potential to replace synthetic E-glass and mineral-based basalt fibres for crashworthy use [27]. This scenario has motivated this study to examine the crashworthiness behaviour of an eco-hybrid composite made of flax fibre and synthetic glass fibre.



Because of the fuselage subfloor application, it is normally designed with self-supporting web profiles [29]. Besides that, one of the notable advantages of this structure is its ability to self-support without the need for a dedicated test fixture [30], and it is robust to the trigger design [26]. In terms of failure modes, the self-supporting web profiles generally experienced a mixed mode failure, which includes both splaying and fragmentation that could absorb high crash energy. Furthermore, these profiles are also more versatile from the manufacturing standpoint as they are open sections [31]. For that reason, there are several different shapes of self-supporting web profiles reported in the literature, such as hat shapes [30], sine webs [31], and omega [12], due to their ability to maintain stability and continue progressive crushing. For that reason, several configurations of self-supporting web profiles of flax/glass eco-hybrid composites with different geometry and stacking sequences were fabricated to investigate the crushing response under the quasi-static axial crushing tests.




2. Materials and Method


2.1. Specimens


Test specimens were manufactured using hand lay-up. The natural fibre used in this study to form the eco-hybrid composites was Biotex Flax 2 × 2 Twill (Figure 1), supplied by Creative Composite, United Kingdom. As for the synthetic fibre, it was E-glass plain weave fabric (Figure 1) obtained from Chemrex Corporation Sdn. Bhd, 43200 Cheras, Selangor, Malaysia, and all the specimens used polyester resin as the matrix. The flax fibre was selected as it offers low density and cost, high tensile strength and modulus, and availability in the market [32], and based on studies reported in [27,33]. For instance, Meredith et al. [33] compared synthetic carbon fibre with natural fibres including jute, flax, and hemp fibres to understand its energy absorption behaviour. According to the results, flax fibre was able to achieve higher specific energy absorption (SEA) up to 17.4% than carbon fibre and more than 100% when compared to jute fibre. The properties of the flax fibre, E-glass fibre, and polyester resin were listed in Table 1.



To justify the objective of this study, three different self-supporting web moulds, namely 60° hat shape, 90° hat shape, and half-sine hat shape, were prepared. The dimensions of the moulds were set in such a way that the resulting specimens would have a similar frontal area. Figure 2 illustrates the engineering drawing of the frontal shape of each self-supporting web specimen.



The crushing behaviour of composites is also sensitive to fibre architecture, such as the stacking sequence [16,36,37]. For this reason, two profiles of sandwich-like stacking sequences with different orientations of fibres and one profile with an intercalation stacking sequence were fabricated, and each configuration consists of four test specimens. The illustration of intercalation and sandwich-like layup are presented in Figure 3, and all layers were arranged perpendicular (0° direction) to the metallic base (Figure 4).



The manufactured specimens are all listed in Table 2. All three types of self-supporting webs have been manufactured for the intercalation stacking sequence (Figure 3a) to evaluate the impact of frontal profiles that have the same cross-sectional area (IH-60, IH-90, and IH-sine). However, for the sandwich-like stacking sequence (Figure 3b,c), only a 60° hat-shaped web has been constructed (S-H-60-F and SH-60-G) to investigate the effects of the stacking sequence alongside specimen IH-60.



Additionally, the top of the crushed specimen was shaped to form a tulip-type trigger (Figure 4), a design that many researchers have employed to support a persistent crushing mode of failure. Palanivelu et al. [38] mentioned that different levels of energy absorption could be achieved by changing the structural geometry while keeping the other variables constant for all tested composites. Although there were minor variations as indicated by the coefficient of variation (c.v) as shown in Table 2, factors such as thickness, volume, and mass of the specimens were treated as constant variables in this investigation.




2.2. Experimental Test


In this study, all the specimens were tested under quasi-static crushing tests at a constant low loading rate. Thus, the test is easy to control and allows one to precisely observe the crushing processes and damage mechanisms, as reported by many authors [12,13,39]. The test was performed using the Instron 600DX machine located in the Solid Mechanics Laboratory at Universiti Teknologi Malaysia (UTM).



In this test, the metallic base of the machine was fixed, and the moving metallic plate was axially displaced at a constant loading rate of 5 mm/min, the same loading rate imposed in [28]. Figure 4 depicts the test setup and specimen location. A maximum of 30 mm of crushing extension was set as the standard length of crushing for every specimen, which is considered sufficient for progressive crushing.



The load-displacement data for each test was recorded and acquired at a rate of 100 Hz using the Instron 600DX automatic data acquisition system. Then, the total energy absorption of different configurations was calculated by considering a deformation length of 30 mm for all specimens tested. The specific energy absorption (SEA) was calculated using Equation (1) to assess the effectiveness of each configuration in terms of energy absorption capability:


  S E A =    E  p l a t e a u      M  c r u s h     =    P  a v g      ρ A    ,  



(1)




where Eplateau is the energy absorbed in the crushing plateau, Mcrush is the mass of the crushed material, ρ is the density of the material, A is the cross-sectional area, and Pavg is the average crushing load sustained by the specimens during the progressive crushing process.



Similarly, the average peak loads and average crushing loads of each configuration were determined from the load-displacement curve to calculate the respective configuration’s crash force efficiency (CFE) using the formula as follows:


  CFE =    P  avg      P  max     × 100 % ,  



(2)




where Pmax is the maximum peak load sustained by the specimens during the crushing initiation process.





3. Result and Discussion


The crushing behaviour of the tested specimens will be discussed in terms of load-displacement curve, failure mechanisms, and crashworthiness properties.



3.1. Load-Displacement Curve


Figure 5 illustrates an example of axial crushing load-displacement curves of quasi-static crushing tests of all four samples of the IH-60 configuration. The crushing processes of all four samples started from the trigger surface of the samples, which caused a gradual increment of compressive load with respect to crushing extension. All four samples sustained a peak crushing load as they approached a crushing extension of 10 mm on average during the initiation process (Zone I). The crushing process started to fluctuate with a small difference in crushing load, which symbolized the progressive crushing process (Zone II), during which the fibres started to experience sustainable local fragmentation. At this stage, the behaviour of each test sample varied slightly among each other, depending on the number of fibres having local fragmentation [13]. The compressive load applied also caused the buckling of specimens to grow, which resulted in a significant drop in compressive load towards the end of the experiment. This is known as the end of the crushing process (Zone III).



The axial crushing load-displacement curves for other configurations of self-supporting webs are depicted in Figure 6a,b, respectively, for webs with different frontal profiles and different stacking sequences. There is only one representative of each of the four samples of each configuration in both figures. Despite having varied frontal profiles (Figure 6a) and stacking sequences (Figure 6b), all of the studied specimen samples went through the same three major crushing stages, which are crush initiation (Zone I), progressive crushing (Zone II), and the end of crush (Zone III), respectively. The same crushing stages and observations can also be found in [13,39,40]. The consistency of the crushing stages demonstrates that the presence of a tulip-type triggering mechanism is effective in preventing the global buckling failure mode.




3.2. Failure Mechanism


The crushing morphologies of Zone I, Zone II, and Zone III for all configurations are displayed in Figure 7. Most of the configurations were crushed with the progressive folding mode, comprising buckling, local fragmentation, and some splaying modes. It can be noticed that in Figure 5 and Figure 6, most of the configurations sustained peak crushing load as they approached a crushing extension of between 7 and 10 mm on average during the initiation process (Zone I). At this stage, the tip (trigger surface) of the sample is crushed with local fragmentation, and the load grows as the direct contact area between the sample and the metallic base increases [13,40].



Then, the interlaminar crack appears to have caused some fibres to splay due to high transverse shear stress in interfaces, leading to a severe drop in the force (image of Zone II in Figure 7). Besides that, from the physical observations made during the testing, some of the configurations, such as IH-60, SH-60-G, and SH-60-F (Figure 7), experienced buckling about the edges that caused a drop in compressive load after achieving their peak crushing loads in their respective cases. There was visible debris from glass fibsre layers as a result of the local fragmentation during the progressive crushing process. As predicted, the SH-60-G configuration produced the highest volume of debris compared to other configurations, as the outer layers of SH-60-G samples are brittle by nature.



At the end of the crushing process (Zone III), the SH-60-F and SH-60-G configurations were crushed by a combination of splaying and folding modes, with the splaying mode dominant, as shown in Figure 7 (Zone III). While for intercalation specimens (IH-60, IH-90, and IH-Sine), the crushing process was dominated by the folding mode. Moreover, it can be noticed that the number of fractured plies and interlaminar cracks of the samples stacked with intercalation sequences was smaller compared to samples with the sandwich-like sequence.




3.3. Energy Absorption Behaviour


Table 3 presents the average results obtained from testing on four samples of each configuration under axial crushing. The average results were used for the discussion as the testing results showed that the coefficient of variation (c.v.) of these crashworthiness measures was relatively low and acceptable, i.e., less than 20%.



A leading parameter used as a comparative tool is the average crushing load (Pavg) sustained by the samples during the progressive crushing process. The average crushing load of specimens with different frontal profiles and stacking sequences was compared respectively. In terms of the effect of frontal profiles, Table 3 and Figure 6a demonstrates that IH-60 specimens with respect to IH-sine and IH-90 configurations sustained a much higher average crushing load of approximately 19% and 37%, respectively. While regarding the impact of the stacking sequence, the intercalation stacking sequence may withstand more local fragmentation during progressive crushing (zone II) than sandwich-like stacking sequences (SH-60-F and SH-60-G) up to a maximum of 80%, according to Table 3 and Figure 6b.



To evaluate the effectiveness of each configuration with respect to energy absorption capability, the SEA was calculated, as shown in Figure 8. Although the thickness of all configurations was almost similar, the energy absorption behaviour of each configuration differs from one to another. The difference in SEA is mainly due to the different structural geometry of frontal profiles and the difference in the stacking sequence arrangement. When comparing IH-60 specimens (20.36 kJ/kg) to IH-Sine (18.33 kJ/kg) and IH-90 (14.45 kJ/kg) for frontal profiles effects (Figure 8a), it can be noted that IH-60 specimens managed to demonstrate the greatest SEA value with more than 11% and 40.8 percent, respectively. While Figure 8b illustrates the effect of stacking sequence on SEA, it can be seen clearly that the intercalation stacking sequence had better SEA as it showed an additional 28% and 74%, respectively, with respect to sandwich-like stacking sequences (SH-60-F and SH-60-G).



Besides that, the SEA values of the same frontal profile, which was made of a sandwich-like stacking sequence (SH-60-F and SH60-G), recorded a significant difference in SEA values due to the arrangement of the flax and glass fibres. The difference in fibre arrangement has caused the SH-60-F to absorb 36% more energy per kg compared to the SH-60-G. This is because the outer layer of SH-60-G samples, which were made of a glass fibre layer, is brittle, making them collapse easily when subjected to compressive load as observed during the tests. Nevertheless, these average SEA values generally are comparable to other SEA values of synthetic composite materials with different geometric configurations that can be obtained in the open literature, such as woven fabric CFRP (1526 kJ/kg) [41], braided carbon (15–30 kJ/kg) [42], kevlar49/epoxy (25 kJ/kg) [43].



In this study, the frontal profile and the stacking sequence also affected the peak crushing load. As shown in Table 3, the IH-60 configuration exhibited the highest peak load of up to 34.8% (IH-90) and 40.4% (IH-sine), respectively, when considering the effect of frontal profiles, and exhibited more than 24% (SH-60-F and SH-60-G) when considering the effect of stacking sequence arrangements. From Table 2, it is noticeable that the IH-Sine specimens, which produced the second-highest SEA value (Figure 8), exhibited the lowest average peak crushing load (25.87 kN) compared to the other configurations. A similar trend was remarked in a study done by Palanivelu et al. [38]. In fact, a lower peak crushing load is more desirable in crashworthy structures as it may contribute to easier deformation during the crash events and the magnitude of peak load transferred to primary structures could be minimized [38]. In short, the average peak load result is heavily influenced by structural geometry and does not carry a direct proportionality to the corresponding SEA value.



The last result to be discussed in this study related to energy absorption behaviour is the CFE, which is the ratio between the average crushing load and the peak crushing load. This result is important to identify the optimum energy absorber among the tested configurations as presented in Figure 9. The result shows that the IH-Sine configuration produced the highest efficiency (80.57%) compared to IH-60 (67.03%), followed by IH-90 (66.98%)., SH-60-F (58.3%), and SH-60-F (47.12%) configurations, respectively. It reveals that among the studied frontal profiles, the IH-Sine configuration has a better uniformity of crushing load in absorbing the crash energy. For instance, as shown in Figure 9a, it delivered more than 20% compared to other frontal profiles. According to the results presented in Figure 9b, the intercalation stacking sequence (IH-60), as compared to the sandwich-like stacking sequence, has a better crushing efficiency of more than 15%.





4. Conclusions


The crashworthiness behaviour of eco-hybrid composites based on flax and E-glass fibres has been investigated with five different configurations to study the effects of frontal geometry as well as the stacking sequence. It can be concluded that the frontal geometry with a 60° hat shape (IH-60) has the capability to exhibit the highest SEA compared to other frontal profiles. Nevertheless, it has less crushing efficiency when compared to the sine wave-hat shape profile (IH-Sine), which has better crushing load homogeneity. In terms of stacking sequence, it appears that applying the intercalation stacking sequence would be more favorable to produce an eco-hybrid composite for the self-supporting structure that has better energy absorption behaviour with higher SEA as well as higher crushing efficiency when compared to the sandwich-like stacking sequence. The study also revealed the significance of fibre arrangement in the stacking sequence to produce the eco-hybrid composite. This was proven through the comparison between SH-60-G and SH-60-F configurations, where samples with a sandwich-like stacking sequence that had flax as their outer layer sustained higher SEA compared to the specimen fabricated with glass fibre as the outer layer. The result also proved the ability of flax fibres to hold the composite shape together, as the SH-60-F configuration produced less debris at the crushing area compared to the SH-60-G configuration. This result renders it a suitable material to be used in the outer layers rather than brittle glass fibre.



Finally, the sine-hat shape with intercalation stacking sequence can be regarded as the optimum energy absorber among the investigated configurations since it produced the highest crushing efficiency, which is desirable behaviour for any crashworthy component in vehicle structural design.
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Figure 1. The fibres that are used to form the eco-hybrid composites. 
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Figure 2. The frontal view of the self-supporting web specimens (a) 60° hat-shaped (b) 90° hat shape (c) half-sine hat shape. 
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Figure 3. (a) The intercalation stacking sequence, (b) the sandwich-like stacking sequence with glass fiber as the outmost layer, and (c) The sandwich-like stacking sequence with flax fiber as the outmost layer. 
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Figure 4. A schematic diagram of the experimental setup. 
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Figure 5. An example of axial crushing load-displacement curves of all four samples IH-60 configuration. 
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Figure 6. The axial crushing load-displacement response for (a) webs having different frontal profiles, and (b) webs having different stacking sequences. 
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Figure 7. The crushing morphology at each stage of crushing (I: Zone I) (II: Zone II) (III: Zone III). 
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Figure 8. The average results of SEA for (a) webs having different frontal profiles and (b) webs having different stacking sequences. 
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Figure 9. The average results of CFE for (a) webs having different frontal profiles and (b) webs having different stacking sequences. 
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Table 1. Mechanical properties of Flax, E-Glass, and Polyester resin.
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	Materials
	Biotex Flax 2 × 2 Twill [34]
	E-Glass Plain Weave Fabrics [34]
	Polyester [35]





	Arial weight (g/m2)
	200
	600
	-



	Density (g/cm3)
	1.5
	2.50
	1.2



	Tensile modulus (GPa)
	40–60
	58–68
	2–4.5



	Ultimate tensile strength, (MPa)
	370–630
	2000–3500
	40–90
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Table 2. Details of specimen configurations.
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	Stacking

Sequence
	Average Thickness (mm)

(c.v%)
	Average

Mass (g)

(c.v%)
	Volume Fraction Fibre,    V f   
	Volume Fraction Matrix,    V m   
	No. of Specimen





	Intercalation:
	
	
	
	
	



	IH-60
	4.14

(0.29)
	66.32

(1.09)
	0.47
	0.53
	4



	IH-90
	4.12

(0.28)
	66.21

(1.07)
	0.47
	0.53
	4



	IH-sine
	4.15

(0.3)
	62.55

(0.81)
	0.46
	0.54
	4



	Sandwich-like:
	
	
	
	
	



	SH-60-F
	4.14

(0.27)
	59.21

(1.3)
	0.46
	0.54
	4



	SH-60-G
	4.13

(0.29)
	65.3

(0.86)
	0.48
	0.52
	4







Note: I = intercalation, H = hat shape, S = sandwich like shape, F = flax, G = glass fibre, c.v = coefficient of variation.
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Table 3. Average results of the axial crushing test of each configuration.
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	Stacking Sequence
	Density (g/cm3)

(c.v%)
	Peak Load (kN)

(c.v%)
	Average Crushing Load (kN)

(c.v%)





	Intercalation:
	
	
	



	IH-60
	1.44

(1.09)
	36.32

(17.5)
	24.75

(15.5)



	IH-90
	1.48

(1.07)
	26.93

(6.5)
	18.04

(17.4)



	IH-Sine
	1.39

(0.81)
	25.87

(10.5)
	20.84

(14.9)



	Sandwich like:
	
	
	



	SH-60-F
	1.42

(0.86)
	29.06

(8.9)
	16.94

(13.5)



	SH-60-G
	1.37

(1.3)
	29.18

(17.9)
	13.75

(10.6)
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